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Abstract This study investigates how the seven core

resilience principles are integrated into assessments of

forest system resilience to natural or human-induced

disturbances across engineering, ecological, and social-

ecological resilience concepts. Following PRISMA

guidelines, a literature search in the Web of Science

database using the keywords ‘‘resilience’’, ‘‘forest’’ and

‘‘ecosystem services’’ yielded 1828 studies, of which 330

met the selection criteria. The most commonly used

criterion was diversity, a sub-criterion of ‘‘diversity and

redundancy’’, appearing in 50% of studies. The results

indicate that social and governance-related principles,

learning and experimentation (7%), participation (11%),

and polycentric governance (9%) have not been frequently

addressed. Although numerous studies have employed

various principles for assessing forest resilience, none have

considered all seven principles jointly. This highlights a

significant research gap, emphasising the need to quantify

these principles in forest systems. Understanding forest-

community dynamics is essential for enhancing the long-

term resilience and sustainability of both systems.

Keywords Ecological resilience � Ecosystem services �
Engineering resilience � Forest � Resilience principles �
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INTRODUCTION

Forests are vital social-ecological systems of Earth, where

complex interactions between human societies and the

natural environment take place (Biggs et al. 2021).

Increasingly, trends in global environmental changes dri-

ven by natural or anthropogenic disturbances have ren-

dered forests vulnerable to threats arising from these

changes (Ibáñez et al. 2019; Italiano et al. 2023). It is

noteworthy that while some natural disturbances, such as

wildfires or insect outbreaks, are integral components of

forest dynamics, anthropogenic influences like climate

change are changing the frequency, magnitude, and spatial

extent of these disturbances (Guz and Kulakowski 2020).

For instance, climate change has prolonged fire seasons by

18.7% and expanded fire-prone areas by approximately 3%

annually between 1979 and 2013 (Jia et al. 2019). Water

scarcity, droughts, and pest infestation have also adversely

affected larger areas within tropical and temperate forests,

in recent decades (Jia et al. 2019). These disturbances can

interfere with critical ecosystem functions and the delivery

of nearly all types of forest-based ecosystem services,

including provisioning (e.g. timber and non-timber forest

products (NTFPs), such as fruits and honey), regulating

(e.g. carbon sequestration and flood regulation), supporting

(e.g. nutrient cycle) and cultural (e.g. cultural heritage and

recreation) services. These interferences, in turn, can

obstruct the sustainable use of forest resources (Falk et al.

2022) and negatively impact societal well-being (Rani and

Sangwan 2022). Hence, understanding and enhancing for-

est systems’ resilience are critical for maintaining the forest

system, its ecosystem services (Seidl et al. 2016) and the

long-term sustainability of human societies and the natural

environment (Hendrati 2019).
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The concept of resilience has its roots in engineering

and physical sciences as a part of classical stability theory

(Van Meerbeek et al. 2021). It was then applied in the field

of ecology by Holling (1973). Since then, this concept has

undergone an evolutionary process leading to the genera-

tion of diverse definitions and interpretations of resilience

for different implementation scopes. As a result of

increasing trends in disturbances posing threats to the

sustainable development of human communities whose

livelihoods are contingent upon forests, a growing body of

literature has been devoted to studying forest systems’

resilience in recent decades (Wu and Kim 2013; Cantarello

et al. 2017; Sarkki et al. 2017; Islam et al. 2020; Mina et al.

2022; Turner et al. 2022; Nikinmaa et al. 2023; Shumi et al.

2024).

According to Nikinmaa et al. (2020), the three main

concepts of resilience in forest studies are engineering

resilience, ecological resilience, and social-ecological

resilience, with scholars, depending on the nature of their

research, focusing on one of them. Among these concepts,

social-ecological resilience—the capacity of a social-eco-

logical system (SES) to sustain its structure and functions

in the face of internal and external disturbances (e.g. effects

of severe droughts on societies and ecosystems, or

anthropogenic pressures such as deforestation on ecosys-

tems) by withstanding or absorbing shocks and distur-

bances, adapting to them, or transforming (Folke 2006;

Biggs et al. 2012)—offers the most comprehensive per-

spective on forest resilience. As forests are SES, the social-

ecological resilience concept is best suited to addressing

broader environmental challenges and implementing

adaptive management strategies within these systems

(Mayar et al. 2022). Considering the social aspects when

assessing resilience is important because ignoring these

facets and the interaction between humans and forests can

lead to an incomplete understanding of resilience.

Furthermore, enhancing forest resilience necessitates

specific governance arrangements and management poli-

cies to meet current and future societal needs (Schlüter

et al. 2015). Therefore, besides considering all the eco-

logical facets pertaining to forest resilience, principles

relevant to generic policy should also be identified for

enhancing the resilience of forest systems and desired

ecosystem services in the face of disturbances and ongoing

changes. The seven core resilience principles (7PsR) pro-

posed by Biggs et al. (2012) provide a comprehensive

framework encompassing all influential dimensions of

forest resilience, including ecological, social, and gover-

nance factors. Considering these principles for enhancing

and assessing resilience in forest systems is crucial, as SES

are complex adaptive systems that require a multifaceted

approach. These principles are founded on empirical evi-

dence that underscore the interconnectedness of different

components of SES. Each principle addresses a specific

aspect of SES that contributes to resilience. Maintaining

diversity and redundancy (P1) ensures functional backup

and response variety. Managing connectivity (P2) supports

beneficial interactions across landscapes. Slow variables

and feedback (P3) must be closely monitored to prevent

abrupt regime shifts. Complex adaptive systems thinking

(P4) encourages flexible, multi-scale management in the

face of uncertainty. Learning and experimentation (P5)

facilitate adaptive responses through continuous knowl-

edge generation, and broadening participation (P6) ensures

inclusive, stakeholder-driven decision-making. Lastly,

polycentric governance (P7) promotes resilience through

multiple, interconnected decision-making centres operating

across various levels. More information on these principles

and their associated criteria is provided in the supplemen-

tary material (Table S1).

In addition, the role of 7PsR in enhancing and assessing

resilience has been highlighted in different studies. Gillson

et al. (2019) investigated the role of 7PsR in enhancing

resilience in fire-prone areas, and Shumi et al. (2024)

examined the significance of these principles in the man-

agement of woody vegetation and investigated methods to

strengthen the resilience of smallholder farming landscapes

in the Global South.

On an important note, an issue to be addressed in resi-

lience assessments is answering the two fundamental

questions: resilience of what and resilience to what (Car-

penter et al. 2001). In the context of forests as social-

ecological systems, the forest-based ecosystem services

can provide a basis to frame the first question. Forests

provide an array of different ecosystem services, including

provisioning, regulating, supporting, and cultural services.

These services represent the benefits that forests provide to

human well-being and lie at the intersection of ecological

and social systems. Changes in forest resilience affect both

ecological processes and societal needs, making it crucial

to integrate these services in resilience assessments (Seidl

et al. 2016). This framing allows reflecting how ecological

changes (e.g. loss of biodiversity) translate into impacts on

people, and vice versa. Thus, focusing on ecosystem ser-

vices provides a meaningful lens to integrate both eco-

logical dynamics and social dependencies in resilience

assessments. The second question can be answered by

considering different disturbances (e.g. drought, land-use

change), against which the resilience is assessed.

A review of the literature revealed that despite the

widespread adoption of resilience in ecology, a universally

applicable framework for resilience assessment remains

elusive (Baho et al. 2017). This challenge stems from the

complexity of operationalising and quantifying resilience

(Albrich et al. 2020). In addition, a significant portion of

the literature has not considered both social and ecological

123 www.kva.se/en

480 Ambio 2026, 55:479–496

http://dx.doi.org/10.1007/s13280-025-02243-4


aspects when assessing resilience, resulting in an inaccu-

rate perception of the resilience of the region being studied

(le Polain de Waroux et al. 2024).

Hence, there is a crucial need to investigate how com-

prehensively resilience has been assessed in forest systems,

particularly in relation to resilience principles. Through a

scoping review, this paper provides a broad overview of

mapping assessments of forest system resilience in the face

of natural or human-induced disturbances and identifies

gaps in the resilience assessment. Specifically, we aim to

investigate how the 7PsR have been incorporated into

forest-related studies, and how they have been quantified.

By investigating these aspects, this review offers insights

into how resilience in forest studies has been conceptu-

alised and measured, shedding light on the different ways

resilience principles have been quantified. This synthesis

not only helps to unveil the progress made in developing

resilience assessment criteria but also highlights critical

conceptual and methodological gaps that need to be

addressed to advance resilience research in forest systems.

MATERIALS AND METHODS

The following subsections of the methodology explain how

the relevant studies were identified and the information in

them screened. In this review, the Preferred Reporting

Items for Systematic reviews and Meta-Analyses extension

for Scoping Reviews (PRISMA-ScR) checklist were used

to enhance the clarity and transparency of the scoping

review (Tricco et al. 2018). For more information regard-

ing the PRISMA checklist, readers are referred to the

supplementary material S2. Furthermore, data visualisation

and validation are expounded in Sects. ‘‘Data visualisa-

tion’’ and ‘‘Validity’’, respectively.

Search process

The search for relevant studies was conducted via the Web

of Science (WoS) academic literature database. For scop-

ing reviews, WoS is one of the commonly used multidis-

ciplinary databases encompassing a substantial collection

of the most related representative papers across different

research topics, including environmental studies (Rokaya

et al. 2018; Dennen et al. 2020; Vigouroux and Destouni

2022; Ma et al. 2023; Zarei and Destouni 2024).

Initially, a set of keywords for locating relevant papers

was established by referring to the pertinent and bench-

mark literature, including Biggs et al. (2012), Nikinmaa

et al. (2020) and Nikinmaa et al. (2023). For retrieving

papers, the search was conducted on ‘‘All Fields’’ across all

available publication years using keywords related to 7PsR

via the following command:

(‘‘Resilience’’ AND ‘‘forest’’ AND ‘‘ecosystem ser-

vices’’) AND (‘‘diversity’’ OR ‘‘redundancy’’ OR ‘‘con-

nectivity’’ OR ‘‘slow variables’’ OR ‘‘feedback’’ OR

‘‘adaptive’’ OR ‘‘CAS’’ OR ‘‘learning’’ OR ‘‘experimen-

tation’’ OR ‘‘participation’’ OR ‘‘polycentric governance’’).

To ensure the inclusion of all relevant papers, the search

was conducted once more with only the following key-

words: ‘‘forest’’ AND ‘‘resilience’’ AND ‘‘ecosystem ser-

vices’’. The reason for giving consideration to ecosystem

services is the coupled nature of forest resilience and

ecosystem service concepts. Also, this secondary search

served as a validation step to cross-check whether any

additional studies, particularly those addressing 7PsR-re-

lated concepts without using the specific principle terms,

were excluded in the primary search. It is also noteworthy

that, for considering all the relevant papers, different word

endings for keywords such as forest were captured using

the wildcard character, ‘‘*’’, symbol.

All these keywords together yielded 1828 records for the

years 1998 to 2024. This year range was not pre-selected

but reflects the full extent of available records retrieved

using the defined search keywords, with a cut-off date of

March 2024.

Screening process

In the screening process, all the extracted papers were

examined using the selection criteria, including resilience

concepts, resilience principles and criteria, and evaluation

methods. The filtering process of the extracted studies

comprised three main steps (Fig. 1):

1. Excluding studies that do not implement engineering,

ecological, or social-ecological resilience

2. Filtering papers based on 7PsR and their associated

criteria

3. Examining studies for the assessment methods used.

In step one, only those studies that implemented engi-

neering, ecological and social-ecological resilience con-

cepts were selected for further investigations. 480 of the

papers met the three selection criteria. In the next step, the

studies were examined for the consideration or imple-

mentation of resilience principles and their associated cri-

teria. The resilience criteria are defined to enable the

quantification of the resilience value. Hence, different

criteria and sub-criteria are introduced for each principle.

By hierarchically aggregating the values of these resilience

criteria, the overall value of resilience can be determined.

In this study, we merely considered the resilience criteria

that enable the quantification of the seven resilience prin-

ciples directly. These criteria are proposed based on liter-

ature review (Bryant et al. 2019; Albrich et al. 2020;

Nikinmaa et al. 2020; Anamaghi et al. 2023; Behboudian
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et al. 2023, 2024). For more information on resilience

principles and their associated criteria, see the Supple-

mentary material (Table S1). While the trade-offs between

the resilience principles are important, especially as the

principles can reinforce or constrain each other, they were

not considered as separate criteria due to the original for-

mulation of the seven resilience principles by Biggs et al.

(2012), not considering trade-offs as an explicit principle

but rather viewing them as emergent dynamics within and

between principles. However, their implications are

acknowledged and discussed (see Sect. ‘‘Resilience prin-

ciples in the literature’’).

To investigate which resilience principles and criteria

have been used in forest resilience studies, all the papers

underwent a full-text manual review. This led to the

exclusion of 138 papers. At this stage, all irrelevant studies,

such as those whose main objectives did not relate to

studying and improving forest resilience and resilience

mechanisms or that focused on systems other than forests

(e.g. coastal, peatland and farmlands), were excluded from

the list. Moreover, all studies that did not use any of the

listed principles or their related criteria were excluded from

the list of records (excluded n = 12). This screening pro-

cess yielded 330 studies that met all the selection criteria.

In the next step, the assessment methods of the studies

were investigated according to the abstract, keywords, and

methodology sections. The methods were classified into

twelve categories (Table 1). These categories were initially

developed by de Vos et al. (2019) and were further refined

through a manual review of the relevant papers.

Finally, for the selected studies, specific disturbances

(i.e. resilience to what) that hinder the delivery of

ecosystem services in forests, namely climate change, land-

use change, fire, drought, insect outbreak, wind, and other

disturbances (e.g. deforestation) were identified (adapted

from Randhir and Erol (2013)).

Data visualisation

To enhance the presentation of the study’s results, various

visualisation tools were employed. The world map (Fig-

ure in Sect. ‘‘Key questions of resilience’’ was generated

using ESRI ArcMap software Ver. 10.8.2. The alluvial and

radial diagrams (Figures in Sect. ‘‘The use of resilience

concepts and principles in literature’’ and Sect. ‘‘The use of

defined criteria ans sub-criteria for assessing resilience’’,

respectively) were designed using the Flourish website1,

and the combined scatter and bar plot (Figure a in the Sect.

‘‘Methods for resilience assessment’’) was developed with

the Python3 Seaborn library Ver. 0.12.2. Additionally,

UpSetPlots (Fugure b in Sect. ‘‘Methods for resilience

assessment’’ and Figure in Sect. ‘‘The co-occurence of core

resilience principles’’ were employed to depict the inter-

sections among various sets of large complex data using

MATLAB scripts (MATLAB Ver. 24.2).

Validity

To ensure the credibility of the results and screening pro-

cess, a random sample (approximately 10%) of the cate-

gorised records was selected and examined by another

reviewer. The level of agreement between reviewers can be

assessed using Cohen’s kappa coefficient (Cohen 1960).

1 https://flourish.studio/.

Table 1 Methods used in forest resilience assessments (adapted from de Vos et al. (2019))

Name Explanation

Multi-criteria decision-making (MCDM)

methods

MCDM methods use both quantitative and qualitative factors to facilitate the selection of optimal

alternatives by systematically reviewing and comparing multiple criteria

Modelling approaches Studies that utilise ecological/landscape/ecosystem service models

Evidence-based approaches Studies that conduct interviews, surveys, behavioural analysis, case study analysis, and literature

review analysis to describe resilience mechanisms

Conceptual studies Studies that propose theoretical frameworks for assessing or studying resilience

Spatial mapping and analysis Studies that use remote sensing and/or geographic information system (GIS)-based approaches either

to assess resilience or to map ecosystem services

Scenario analysis Studies that investigate forest resilience under different climate change or management scenarios

Mixed method Methods that enable the utilisation of both qualitative and quantitative methods

Social network analysis (SNA) and

agent-based modelling

Studies that identify and map influential stakeholders and investigate the impacts of their interaction

on forests

Statistical approaches Studies that employ statistical methods to evaluate resilience criteria or resilience

Experimental and field studies Studies that conduct experiments in forests or use data from field surveys

Review –

Other For example, records of workshops
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This coefficient measures the accuracy of the review by

investigating the discrepancies in the decisions of different

reviewers regarding the inclusion of the papers for the

review. For more information on this method, readers are

referred to Pérez et al. (2020).

In this study, Cohen’s kappa coefficient was determined

for 35 randomly selected studies. Given that the diversity

criterion was used in 50% of the included studies, this

coefficient was computed specifically for the diversity

criterion. Among the 35 studies examined by another

reviewer, discrepancies in agreement were observed in just

three of the studies, resulting in a Cohen’s kappa value of

0.81. Based on Cohen’s kappa categorisation by Landis and

Koch (1977), the results of the current review fall into the

almost perfect agreement category (Table 2).

As another step to ensure the accuracy of the results, a

macro code was used to select the included studies and a

thorough full-text manual review was also conducted to

cross-check the studies (for more details about the code

readers are referred to the Supplementary material S1).

RESULTS

A total of 1828 peer-reviewed studies on forest resilience

were initially identified. The studies were filtered using the

different selection criteria, including the resilience con-

cepts (i.e. engineering resilience, ecological resilience, and

social-ecological resilience) and resilience principles and

their associated criteria. This screening process yielded 330

studies that met all the selection criteria. For the list of

selected studies, see the Supplementary material S1. The

following subsections elaborate in more detail on the

results obtained.

Key questions of resilience

To address the question of resilience of what, 43% of the

studies have aimed to investigate the provisioning of dif-

ferent forest-based ecosystem services or have tried to

consider them in the resilience assessment process. A list of

these ecosystem services is provided in Table 3. Another

perspective in answering this question is considering forest

health through criteria such as biodiversity and vegetation

Table 2 Results of Cohen’s kappa analysis

Reviewer 1 Sum

Inclusion Exclusion

Reviewer 2 Inclusion 20 2 22

Exclusion 1 12 13

Sum 21 14 35

Table 3 List of ecosystem services in the studies included in the review

Type Ecosystem service Number of papers

Provisioning Forest products1 33

Clean water 25

Regulating Soil quality and properties 15

Soil erosion rate 13

Habitat air quality 4

Pest control 11

Carbon sequestration 27

Flood regulation 10

Pollination 6

Supporting Habitat quality 9

Nitrogen cycle 14

Carbon cycle 12

Cultural services Tourism and recreation 21

Educational value 9

Aesthetic inspiration for culture and art 15

Health and well-being 29

Cultural practices 28

Spiritual and religious values 20

1Forest products are any products that can be obtained from forests, such as wood, herbs, and honey

123 www.kva.se/en

484 Ambio 2026, 55:479–496

http://dx.doi.org/10.1007/s13280-025-02243-4
http://dx.doi.org/10.1007/s13280-025-02243-4


cover. 32% of the studies have considered one of these

criteria (which are discussed in more detail in Sect. ‘‘riteria

and sub-criteria for assessing resilience’’). Furthermore,

4% of the included studies have considered all the factors

(ecosystem services, biodiversity, and vegetation cover),

and the remaining ones have considered a combination of

these factors.

Studies have addressed the resilience to what question

by identifying and analysing the disturbances that threaten

forest resilience. As illustrated in Fig. 2, climate change is

the most frequently studied disturbance across different

continents, including Europe, North America, parts of Asia

(e.g. India and China) and South America. Resilience

against forest fires has been mainly conducted in in the

USA, Australia and parts of Africa. Drought has also been

considered in studies in North America, Europe, China, and

parts of Africa. Insect infestations have received the most

research attention in North America, Europe, and certain

parts of Asia. Whilst the impacts of land-use changes are

important in several regions, they have predominantly been

included in studies in parts of Europe and Asia. Wind

disturbances are less frequently studied, but studies of

some regions, particularly Europe and parts of Asia, have

also investigated resilience to this disturbance.

In terms of geographical distribution, most forest resi-

lience studies have been conducted in the USA (61 stud-

ies), followed by China (40 studies). There is, also, a high

concentration of studies in Europe, parts of South America,

and Oceania, while large areas of Africa, Central Asia, and

Southeast Asia remain underrepresented.

The use of resilience concepts and principles

in literature

According to the results, the 7PsR have been implemented

in concepts other than social-ecological resilience, includ-

ing engineering and ecological resilience. The considera-

tion of ecological principles in the two latter concepts is to

be expected due to the nature of these concepts (for more

details on these concepts readers are referred to the sup-

plementary material S1). However, some studies on eco-

logical and engineering resilience went beyond this and

discussed the role of learning, participation, and gover-

nance in resilience. This further highlights the compre-

hensiveness of 7PsR. Figure 3 depicts the application of

7PsR across different resilience concepts in forest systems.

On the basis of this data, 15% of the research utilised

engineering concepts, 43% employed ecological concepts

and 42% incorporated social-ecological concepts.

Engineering resilience uses criteria and indices more

closely related to ecological aspects (P1-P4), as it focuses

on the system’s recovery time. In this respect, 66%, 4%,

32%, and 86% of the studies on engineering resilience

utilised the principles of maintaining diversity and redun-

dancy (P1), managing connectivity (P2), managing slow

variables and feedback (P3), and fostering complex

Fig. 2 The geographical location of the forests being studied included in this review and the number of disturbances mentioned in these studies

per country. A country’s colour represents the number of studies, with darker colours indicating more studies carried out. The pie charts show the

total number of researched disturbances in different regions (the division of the regions is based on the United Nations’ M49 subregions)
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adaptive systems thinking (P4), respectively. The reason

behind the prevalent usage of P4 in engineering concepts is

that other than uncertainties, this principle also addresses

the intrinsic characteristics of the system, such as vegeta-

tion cover, precipitation, and criteria that pertain to the

system’s recovery time (Anamaghi et al. 2023; Behboudian

et al. 2023). However, encouraging learning and experi-

mentation (P5) was not considered in engineering resi-

lience, and only 4% of the studies discussed encouraging

participation (P6) and promoting polycentric governance

(P7). This indicates that the social and policy-related

principles (i.e. P5 to P7) are rarely considered when

applying the engineering concept.

Ecological resilience, a commonly implemented concept

in forest resilience discourse, used all the principles to

some extent. Ecological resilience considered principles P1

to P7 in 57%, 19%, 40%, 60%, 5%, 3%, and 2% of the

studies, respectively. Like engineering resilience, this

concept also emphasises the first four principles more

frequently than it does P5, P6, and P7, as the social aspects

of the system are overlooked in the ecological concept.

The social-ecological concept incorporates all the prin-

ciples as it considers social aspects along with environ-

mental aspects. 51%, 12%, 42%, and 63% of the studies

that employed the social-ecological concept implemented

principles P1 to P4. Moreover, 15%, 21%, and 14% of the

studies assessed or discussed the role of learning and

experimentation, participation, and polycentric gover-

nance, respectively, in enhancing the resilience of SES.

Although overall, social principles and their criteria are

still less represented than the other principles, within the

social-ecological concept these social and policy-related

aspects are considered more frequently than in the engi-

neering or ecological concepts. Among all the studies, only

two investigated all the 7PsR together when examining the

resilience of forest systems, both of which are review

papers (Gillson et al. 2019; Shumi et al. 2024). This indi-

cates a significant gap in the evaluation of forest resilience

via 7PsR.

Hence, the results indicate that much closer attention

should be paid to social aspects (P5-P7) when assessing

forest resilience. Notably, Fig. 3 merely illustrates the use

Fig. 3 Alluvial diagram depicting the use of core resilience principles across resilience concepts
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of the principles in the different concepts, irrespective of

the co-occurrence of the principles. This issue is elaborated

in more depth in Sect. ‘‘The co-occurrence of core resi-

lience principles’’.

The use of defined criteria and sub-criteria

for assessing resilience

To quantify resilience according to the details of the 7PsR,

it is necessary to define various criteria and sub-criteria for

each principle. The criteria for evaluating the resilience

principles, extracted from the literature (Chapin et al. 2004;

Newton 2011; Folke et al. 2016; Albrich et al. 2020;

Moreno-Fernández et al. 2021; Nikinmaa et al. 2023), are

depicted in Fig. 4. Different studies have used an array of

these criteria and sub-criteria to evaluate 7PsR, and the

most frequently used criteria for each principle are given

below. According to Fig. 4, the majority of the literature

focuses on defining criteria and quantifying the first four

principles. In contrast, principles 5, 6, and 7 are not fully

addressed. For example, social network analysis (SNA)-

based criteria, such as various centrality2 criteria, are not

taken into account.

Among the different criteria proposed to assess the first

principle (P1), species richness and composition criteria

have been used more frequently than other diversity/re-

dundancy-based criteria to assess diversity and redun-

dancy. For the connectivity principle (P2), the primary

2 Centrality, in general, refers to the number of stakeholders adjacent

to a specific stakeholder. Centrality measures are used to identify

influential stakeholders in the network (Ahmadi et al. 2019; Ahmadi

et al. 2020).

Fig. 4 Number of publications that have utilised each resilience criterion and sub-criterion for all 7PsR, which are indicated by a different colour
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indicator has been the criterion about connectivity between

the habitats, which investigates the existence of habitat

corridors.

Examining the results obtained for the sub-criteria of the

third principle (P3) revealed that the health and well-being

criterion has been implemented more frequently. The

principle of fostering complex adaptive systems (CAS)

thinking (P4) consists of three main criteria of robustness

(which refers to the intrinsic characteristics of the system

that enable it to withstand shocks and disturbances),

resourcefulness (the capacity of the system to mobilise

resources in times of disturbance), and rapidity (the ability

of the system to recover after facing disturbance) (Kar-

amouz et al. 2018; Anamaghi et al. 2023; Behboudian et al.

2023, 2024). Vegetation cover, institutional cooperation

and the average regeneration rate come top, respectively,

among the sub-criteria of robustness, resourcefulness, and

rapidity. Also, among all the criteria proposed for fostering

CAS thinking based on previous work on resilience

frameworks, some, such as the forest succession stage and

the presence of hazard warning and forecasting systems,

remain unexplored in the literature.

Another point worth mentioning is that most studies

focusing on learning and experimentation (P5), participa-

tion (P6), and polycentric governance (P7) principles have

not used stakeholder analysis and social network analysis

and their relevant criteria, including centrality-based cri-

teria as shown in Fig. 4. The studies aiming to to quantify

these principles have examined the perspectives of various

stakeholders on these principles qualitatively. Therefore, a

significant gap exists in the assessment of forest resilience

in terms of social principles and their quantification.

Methods for resilience assessment

As mentioned in Sect. ‘‘Screening process’’, 12 different

methods for resilience studies were identified. Figure 5a

reveals that a significant body of literature (44%) has

implemented an evidence-based approach. This method is a

qualitative approach that uses and interprets existing evi-

dence in the literature, historical records and historical

knowledge to determine the mechanisms, policies, and

practices that influence resilience. The second most

prevalent method is the multi-criteria decision-making

(MCDM) method. According to the results, species diver-

sity and vegetation cover are used in 47% and 19% of the

studies, making them the most common indices used in this

approach.

When examining how each resilience principle was

assessed using specific methods, it is clear that the evi-

dence-based and MCDM methods consistently ranked first

or second among the various methods, except for P5 to P7,

which pertain to social principles. Encouraging learning

and experimentation (P5), encouraging participation (P6),

and promoting polycentric governance (P7) principles have

mainly been assessed through agent-based modelling.

While most studies using agent-based modelling have

focused either on examining stakeholder perceptions and

behavioural patterns regarding various ecosystem services

or on collaborating with stakeholders to co-develop man-

agement scenarios, they have often overlooked the analysis

of stakeholders and their networks. This type of analysis,

which explores the interactions, impacts and decision-

making processes between stakeholders using criteria such

as density or centrality, is distinct from the approaches

mentioned above, as illustrated in Fig. 5a. Furthermore,

approximately 30% of the literature on forest resilience

included in this review is devoted to review papers and

conceptual studies.

Figure 5b depicts the studies that implemented a com-

bination of different methods for evaluating resilience, and

the methods that have been used together (i.e. 21% of all

the included studies used a combination of different

methods). The MCDM method has been widely adopted in

conjunction with other methodologies, such as modelling,

statistical approaches, and scenario analysis. Scenario

analysis and modelling have also been employed in com-

bination with various methods, such as statistical methods

and agent-based methods.

The co-occurrence of core resilience principles

As one of the main aims of this review, the co-occurrence

and implementation of different resilience principles were

scrutinised and are presented in Fig. 6. In this regard,

fostering complex adaptive systems thinking (P4) has the

highest record of implementation in different studies.

However, not all related studies have attempted to consider

different aspects of this principle, including all spatial and

temporal aspects of the system as well as uncertainties

associated with the system in the assessment process. If the

studies have only used one criterion (e.g. robustness,

rapidity) or sub-criterion of this principle (e.g. vegetation

cover), the study has been considered to be using P4. As

most studies have attempted to assess resilience through

intrinsic characteristics of the forest or assess the forest

recovery rate, the usage rate of P4 is higher than those of

the other principles.

Furthermore, P4 has been considered in combination

with almost all other principles. P4 and P1 have the highest

record of co-occurrence. Delving deeper into the methods

the studies have used to investigate P1 and P4 jointly

reveals that experimental and fieldwork methods have been

used particularly frequently (in approximately 50% of the

studies). This aligns with the nature of these principles, as

both refer to the ecological characteristics of forests, which
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Fig. 5 a Methods utilised to evaluate the resilience principles and their respective frequency in the included studies and b the number of studies

that have used a combination of methods to assess forest resilience
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can be scrutinised by collecting data through experimen-

tation and field visits. Spatial mapping (e.g. using remote

sensing data) has also been widely implemented to quantify

these principles.

The joint use of P1, P3, and P4 ranks second in the co-

occurrence of the principles. For the assessment of these

principles, evidence-base methods were mostly used (in

20% of cases). The same number of studies, 20%, pertain

to review or conceptual papers outlining the importance of

the joint use of these principles in resilience assessment.

Social principles (P5-P7) appear in fewer studies over-

all, but still, they contribute to resilience discussion,

especially via evidence-based methods such as interviews

or agent-based modelling methods, where the main focus is

on exploring the perception of a number of stakeholders

about mechanisms contributing to resilience. Notably, only

two studies have considered all 7PsR, both of which are

review papers (i.e. Gillson et al. 2019; Shumi et al. 2024),

which means that 7PsR have not been taken into account in

the quantitative assessment of the social-ecological resi-

lience of forests.

DISCUSSION

Despite the comprehensiveness of social-ecological resi-

lience and introduction of 7PsR as a comprehensive

framework to study resilience (Biggs et al. 2012), no

studies have utilised all of these principles jointly for

resilience assessment. Some studies have combined several

principles effectively (Nikinmaa et al. 2023). However,

methods for quantifying or applying these principles to

assess forest resilience are still lacking. Thus, a gap exists

in the quantification and use of 7PsR in forest resilience

assessments.

One of the main issues in resilience research is incon-

sistent terminology. Here, only studies that addressed

engineering, ecological, and social-ecological resilience

were investigated as these concepts are widely used in

forest resilience research (Nikinmaa et al. 2020). Despite

using various keywords to filter and identify relevant

studies, some may have been excluded because of differing

terminology. Moreover, trade-offs between resilience

principles were not analysed as an independent category.

However, key trade-offs emerging from principles inter-

actions are further discussed in the following subsec-

tion. Also, as the number of studies investigating forest

resilience in the USA and China is higher than in the rest of

the world, the results can be biased towards these countries.

Resilience principles in the literature

The most commonly used principle is fostering complex

adaptive systems (CAS) thinking (P4), emerging in more

than 67% of the included studies, followed by maintaining

diversity and redundancy (P1), which appears in 51% of

the papers analysed in this review. However, a closer look

reveals that the overall use of diversity criteria far exceeds

Fig. 6 Plot representing the co-occurrence and usage of the resilience principles in the reviewed studies
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the individual use of any P4 criteria or the instances in

which all P4 criteria were applied simultaneously (i.e. 3%)

(Fig. 7). Therefore, not all the essential requirements of P4,

which emphasises comprehensive management that

includes all relevant temporal and spatial scales and con-

siders associated uncertainty, were considered in all of the

cases.

Social-related principles (i.e. P5, P6, and P7) are rarely

included in peer-reviewed studies (7%, 11%, and 9%,

respectively), indicating a gap regarding the inclusion of

key stakeholders, their responsibilities and their beliefs in

resilience research alongside environmental criteria and

indices.

Furthermore, a significant number of studies have

implemented the principles individually or just two or three

of them jointly. Upon closer examination, it becomes clear

that these studies have only partially addressed these

principles (depicted in Fig. 4), meaning they have not fully

incorporated the intent or application of the principles in

the resilience assessment. Baird et al. (2024), who inves-

tigated the literature to find evidence of operationalising

7PsR, reported that out of more than 750 identified papers,

only 23 have tried to operationalise the 7PsR, with only

seven studies operationalizing all seven principles simul-

taneously. According to their results, these principles were

used to study resilience in focal resource systems other

than forests (e.g. watersheds, fisheries, cities, and fresh-

water systems). Hence, there is a significant gap in

incorporating all the resilience principles for evaluating the

resilience of forest systems.

In addition, it is important to note that these resilience

principles are deeply intertwined, meaning that studying

them in isolation is unlikely to provide a comprehensive

tool for resilience assessment. These principles influence

and reinforce one another. Diversity and redundancy can

enhance resilience by providing multiple pathways for

recovery and adaptation. Connectivity can facilitate the

exchange of resources and information among diverse

components, further supporting diversity (P1 and P2).

Furthermore, when diverse perspectives are incorporated,

adaptive learning becomes more effective, increasing the

system’s ability to cope with change (P1 and P5). Partici-

pation fosters trust and inclusivity, which are vital for

collaborative learning and experimentation (P5 and P6).

Polycentric governance—where multiple authorities man-

age ecosystems at different scales—creates more opportu-

nities for stakeholder participation. This, in turn, improves

governance by integrating local knowledge and concerns

(P5, P6, and P7). Recognising SES as complex adaptive

systems highlights the need for continuous learning and

flexible management. This approach also supports experi-

mentation, which is essential for adapting to dynamic and

uncertain conditions (P4 and P5). Monitoring slow vari-

ables helps detect gradual changes before they become

crises. Polycentric governance improves the management

of slow variables by allowing decision-making at different

levels. Local authorities can monitor changes at smaller

Fig. 7 Implementation of resilience principles and the criteria of the most frequently used principles in the included studies
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scales, while national or international bodies address

broader systemic challenges (P3 and P7).

This interconnectedness of principles can also create

trade-offs, which need to be carefully managed. Excessive

connectivity may lead to homogenisation and facilitate the

rapid spread of disturbances. Hence, a balance between

diversity and connectivity should be maintained (P1 and

P2). Although participation can increase learning oppor-

tunities, excessive inclusivity can slow decision-making

processes, potentially delaying urgent adaptive responses

(P6). This is also true about polycentricity. Redundant

hierarchical governing structures and entities can create

bureaucratic complexity, leading to coordination chal-

lenges or conflicting policies, which can further interfere

with implementing long-term strategies for managing slow

variables.

Furthermore, there is an overlap between the indicators

used across the three concepts of resilience, namely engi-

neering, ecological, and social-ecological (Fig. 3). This is

logical since these concepts are nested within each other,

and they form conceptual basis for one another (Nikinmaa

et al. 2020). Engineering resilience, focusing on the system

recovery, shares a conceptual basis with ecological resi-

lience, which also analyses system response and considers

the possibility of alternative stable states and regime shifts.

Moreover, ecological resilience and social-ecological

resilience have the same theoretical foundation regarding

the ecological process, while the latter considers the

impacts of social, institutional, and governmental factors

on resilience. For more information on resilience concepts

readers are referred to supplementary material (Note S1).

As shown in Fig. 3, principles such as P1, P3, and P4 are

commonly applied across all three resilience concepts,

reflecting these conceptual linkages and overlaps in

practice.

Forest resilience evaluation methods

As resilience is a multidimensional concept, its assessment

requires methods that capture the ecological, social, gov-

ernance, and economic facets of resilience. In this review,

excluding review papers, eleven methods for assessing

forest resilience were identified, including the MCDM

method, modelling, evidence-based approaches, conceptual

studies, spatial mapping and analysis approaches, scenario

analysis, mixed-methods, agent-based modelling, statistical

approaches, experimental and field studies and others (e.g.

workshop reports). The predominant reliance on qualitative

approaches, particularly evidence-based approaches (45%

of the reviewed studies), reveals the strong emphasis on

assessing and understanding resilience mechanisms based

on empirical findings from previous research, case studies,

and practical experiences (Kelly et al. 2015; Fedele et al.

2017; Messier et al. 2022). Although these approaches

provide insights into resilience patterns, their descriptive

nature hinders their ability to predict future trends,

restricting the provision of actionable insights under future

environmental conditions (Kharrazi et al. 2016). In con-

trast, the MCDM method, the second most commonly used

method, offers a robust framework to consider and assess

multiple resilience criteria and principles quantitatively;

however, it is often used to integrate environmental and

ecological criteria, neglecting governance and social cri-

teria critical for holistic resilience assessment (Sarkki et al.

2017; Bryant et al. 2019; Nikinmaa et al. 2023).

A significant body of literature (approximately 30%)

was devoted to conceptual and review papers, reflecting the

dynamic and evolving nature of forest resilience research.

This also underscores the lack of a comprehensive and

unified framework that enables the consistent assessment

and operationalization of resilience across different forest

ecosystems and governance contexts.

The small number of studies (almost 20%) that inte-

grated multiple methods for assessments of forest resi-

lience is another point to highlight. For example, scenario

analysis is employed alongside other methods, such as

modelling, spatial mapping, and MCDM methods (e.g.

Dymond et al. (2014); Riva et al. (2018); Wyatt et al.

(2021)). Although the combined use of scenario analysis

can provide long-term projections, enable decision-makers

to evaluate different policy and management strategies and

explore possible future trajectories, their integration with

other approaches remains scarce (less than 7%).

Furthermore, there are other drawbacks to the heavy

reliance on single-method approaches. Although qualita-

tive methods offer a good comprehension of existing pat-

terns, they lack quantifiability and predictive power,

making it difficult to assess resilience under changing

socio-economic and environmental future conditions. In

contrast, quantitative methods such as MCDM, statistical

analysis, and modelling offer insights into the future, yet

they fail to capture social and governance dimensions. All

these can hinder the understanding necessary to address

forest resilience issues across various spatial and temporal

scales (Filatova et al. 2013; Reyer et al. 2015).

Therefore, given the increasing complexity of forest

resilience challenges, there is a need for more studies

employing multi-method approaches and combining qual-

itative and quantitative methods to increase the robustness

of forest resilience assessments while accounting for the

associated uncertainties, an issue that has also been high-

lighted by Reyer et al. (2015). Myllyviita et al. (2014) also

highlighted the benefits of using a combination of quanti-

tative and qualitative approaches, especially in natural

resource planning.
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CONCLUSION

Since 2010, research on forest resilience has seen a

notable increase, with many studies concentrated in the

USA and China. However, despite this growing body of

knowledge, global forest loss continues at an alarming rate,

around 4.7 million hectares per year, highlighting a sig-

nificant gap between research and practical implementa-

tion. This disconnect is compounded by inadequate

monitoring systems and the escalating impacts of climate

change. The review of resilience principles reveals that

complex adaptive systems thinking (P4) and managing

diversity and redundancy (P1) are the most investi-

gated principles, reflecting a focus on system stability and

ecological processes. Conversely, social principles such as

encouraging learning, participation, and polycentric gov-

ernance (P5, P6, and P7) remain underrepresented, with

only a minority of studies exploring these aspects. Even

when stakeholders are involved, their roles are limited

mostly to perception surveys or scenario testing, indicating

that human–environment interactions and institutional

arrangements require more attention in resilience

assessments.

From a methodological perspective, nearly half of the

studies employ evidence-based approaches that provide

valuable qualitative insights but fall short of offering pre-

dictive capabilities essential for strategic forest manage-

ment. The use of multi-criteria decision-making (MCDM)

methods, the second most common method, often empha-

sises ecological criteria and tends to neglect social con-

siderations, limiting a comprehensive understanding of

resilience. Few studies adopt multi-method approaches that

integrate both qualitative and quantitative perspectives,

which constrain their scalability and policy relevance. The

absence of research explicitly including all seven resilience

principles (7PsR) emphasises the need for future efforts to

adopt a holistic, SES-based framework, especially since

forests are intrinsically coupled social-ecological systems.

Strengthening resilience assessments with mixed-methods

and uncertainty analysis can bridge the gap between sci-

ence and practice, enabling more effective policies and

management strategies to combat ongoing forest degrada-

tion and build resilient forests for the future.

Funding Open access funding provided by KTH Royal Institute of

Technology. This study was funded by Svenska Forskningsrådet
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