
 
 

Delft University of Technology

Resilience Metrics for Socio-Ecological and Socio-Technical Systems
A Scoping Review
Steinmann, P.; Tobi,  Hilde; van Voorn,  George A.K.

DOI
10.3390/systems12090357
Publication date
2024
Document Version
Final published version
Published in
Systems

Citation (APA)
Steinmann, P., Tobi, H., & van Voorn, G. A. K. (2024). Resilience Metrics for Socio-Ecological and Socio-
Technical Systems: A Scoping Review. Systems, 12(9), Article 357.
https://doi.org/10.3390/systems12090357

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.3390/systems12090357
https://doi.org/10.3390/systems12090357


Citation: Steinmann, P.; Tobi, H.; van

Voorn, G.A.K. Resilience Metrics for

Socio-Ecological and Socio-Technical

Systems: A Scoping Review. Systems

2024, 12, 357. https://doi.org/

10.3390/systems12090357

Academic Editors: Andrea Pitasi,
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Abstract: An increased interest in the resilience of complex socio-ecological and socio-technical sys-
tems has led to a variety of metrics being proposed. An overview of these metrics and their underlying
concepts would support identifying useful metrics for applications in science and engineering. This
study undertakes a scoping review of resilience metrics for systems straddling the societal, ecological,
and technical domains to determine how resilience has been measured, the conceptual differences
between the proposed approaches, and how they align with the domains of their case studies. We
find that a wide variety of resilience metrics have been proposed in the literature. Conceptually, ten
different quantification approaches were identified. Four different disturbance types were observed,
including sudden, continuous, multiple, and abruptly ending disturbances. Surprisingly, there is
no strong pattern regarding socio-ecological systems being studied using the “ecological resilience”
concept and socio-technical systems being studied using the “engineering resilience” concept. As
a result, we recommend that researchers use multiple resilience metrics in the same study, ideally
following different conceptual approaches, and compare the resulting insights. Furthermore, the
used metrics should be mathematically defined, the included variables explained and their units
provided, and the chosen functional form justified.

Keywords: scoping review; resilience; metrics; SES; STS

1. Introduction
1.1. Background

Humanity is dependent on a variety of socio-ecological and socio-technical systems
(SESs and STSs, respectively) to supply critical resources. SES, or systems whose behavior
is driven by the feedback effects between the environment and society, include agricultural
food-production systems, global climate, and river deltas [1]. STSs are systems character-
ized by the interaction of engineered technology and society, such as energy infrastructure
or transportation networks [2]. Both of these system types are becoming more intercon-
nected and interdependent [3], rendering them more susceptible to disruptions, as failures
in systems can affect nominally separate systems [4] or cascade across organizational levels
to affect much smaller or larger parts [5].

To ensure the continued functioning of SESs and STSs in the face of disturbances
such as droughts, pandemics, or climate change, resilience has been identified as a de-
sirable property [6–9]. While the term has been interpreted in a variety of ways across
time and disciplines [10,11], the shared underlying concept is that a system, after experi-
encing a disturbance, should be able to recover to some acceptable performance level or
configuration within a time frame that is acceptable to stakeholders. The recovery may be
achieved through a variety of mechanisms, including redundancy, buffers, evolution, or
learning [12,13].

Broadly speaking, there are two possible options for a system’s recovery after a distur-
bance: either the system reaches the performance level it was functioning at prior to the
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disturbance or it reaches some other performance level. Mathematically, we can describe
these two options as a system having either a single or multiple basins of attraction. In the
latter case, the system is pushed from one basin to another by the disturbance. These basins
may also be referred to as attractors, steady states, or alternative stable states [14]. Ref. [15]
describes the two alternatives as “engineering resilience” and “ecological resilience”, re-
spectively, and these terms are widely used in the resilience literature to describe the two
possible dynamics. Figure 1, originally by [16], illustrates the engineering and ecological
resilience concepts.

Figure 1. Engineering and ecological resilience concepts illustrated as cup-and-ball systems. For
engineering resilience, a single basin of attraction is present, and the system’s state (represented
by the ball sitting in a cup) will always return back to its initial state after a disturbance (a “push”
represented by the dashed arrows). For ecological resilience, a sufficiently strong disturbance could
push the system into an adjacent cup, putting the system in a completely different state from where it
started. Original figure by Liao [16].

A key issue in the study of systems resilience is the translation of the concept of re-
silience into a measurable system property [17]. For example, ref. [15] proposed measuring
return speed to equilibrium for “engineering resilience” and absorption capacity before
shifting performance levels for “ecological resilience”. A wide variety of other resilience
metrics have been proposed in the literature, such as flow magnitudes [18] or differences
between pre- and post-disturbance spatial patterns [19]. The diversity of approaches has
challenged our ability to effectively measure resilience [20]. For existing overviews of
various resilience measurement and assessment approaches, we refer to [21–23].

However, there has been little work on classifying resilience metrics to gain a more
systematic understanding of different conceptual measurement approaches. Addressing
this first knowledge gap would be useful for the governance of modern SESs and STSs, as
both scientists and policymakers are increasingly recognizing that these systems serve a
variety of parties with diverse and potentially opposing needs [24,25]. In such situations,
having a clear understanding of what different parties might see as the “appropriate”
way to quantify their desired objective may facilitate successful governance by revealing
aligned and opposing perspectives, asymmetries, and compromise potential [26]. One
important aspect that parties may disagree on is the need for resilience of the system in
response to different disturbances. Disturbances may differ in origin, timing, and frequency,
length, intensity, and more. For instance, ref. [27] summarizes the possible disturbances
into two categories: long-term sustained disturbances and short-term pulse disturbances,
both of which may occur once or multiple times within a given time frame. The resilience
against these different disturbances need not be the same, as resilience mechanisms differ.
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Increasing resilience against flooding likely entails building (higher) dikes, while this is not
helpful against an increasing frequency of droughts. Depending on the resilience objective,
actors may have different ideas about what to focus on and hence what to measure.

A second gap in the literature is the correspondence between socio-ecological systems
and “ecological resilience” and vice versa, socio-technical systems and “engineering re-
silience”. As described earlier, the former are types of systems, the latter behavior patterns
of such systems. While a close correspondence is suggested by their naming, it is unclear
whether the pairings are observable in the published literature—that is, whether the re-
silience of socio-ecological systems is studied in the “ecological” sense of multiple basins
of attraction and the resilience of socio-technical systems in the “engineering” sense of a
single basin of attraction.

In this article, we conduct a systematic scoping review of resilience metrics described
in the peer-reviewed literature on socio-ecological and -technical systems, in order to
address the two knowledge gaps identified above. In the Section 1, we introduce the
topic and rationale and outline our goals. In the Section 2, we protocol our search process,
inclusion and exclusion criteria, data extraction, and synthesis methods. In the Section 3,
we describe and synthesize our results. In the Section 5, we discuss our findings and their
implications for future practice and research.

1.2. Objectives

The presented research is a systematic scoping review aimed at answering the follow-
ing research questions:

1. Which metrics have been proposed to quantify the resilience of socio-ecological and
-technical systems?

2. How do these metrics differ conceptually?
3. What types of disturbances have been used to study the resilience of socio-ecological

and -technical systems?
4. How strictly are the concepts of engineering and ecological resilience applied to

socio-ecological and socio-technical systems, respectively?

In answering the stated research questions, we make the following contributions to
the methodological resilience literature:

• We conduct a systematic and reproducible scoping review of resilience metrics for
socio-ecological and socio-technical systems.

• We summarize a number of conceptual approaches to quantifying resilience and
highlight which approaches were not represented, indicating potential research gaps.

• We describe two classes of system disturbances that are documented in case studies,
but do not readily fit into known classifications of disturbances.

• We show how commonly socio-ecological systems are studied from an ecological
resilience perspective and, correspondingly, how commonly socio-technical systems
are studied from an engineering resilience perspective.

2. Methods
2.1. Protocol and Registration

This scoping review follows the guidelines for Preferred Reporting Items for System-
atic Reviews and Meta-Analyses for Scoping Reviews (PRISMA-ScR) [28,29], which is based
on the PRISMA scheme [30] for systematic reviews. This is a sophisticated, predetermined
protocol for conducting systematic scoping reviews. Over a series of well-defined steps,
the review is performed and documented following a checklist. All intermediate steps
such as search query, inclusion criteria, or data extraction items are reported. Following a
systematic scoping review protocol ensures a transparent and reproducible approach to the
review process, which minimizes bias and increases the reliability and reproducibility of
the findings. The protocol was not registered publicly prior to data extraction.
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2.2. Eligibility Criteria

To be included in the study, papers needed to study the resilience of a system from
the socio-ecological or -technical domains and include some method for quantifying this
resilience using a dynamic resilience curve [31]. This method could consider multiple
characteristics of the studied system, but had to ultimately collapse these characteristics
into a single number. Papers were included if they were peer-reviewed, published in
English, and mentioned resilience and either socio-ecological or socio-technical systems in
their title, abstract, or keywords. Papers were excluded if they discussed individual-level
resilience in a psychological, clinical, or psychiatric context, or if they related to alternative
interpretations of the term “resilience” common in materials science (elasticity of materials),
electrical engineering (sensitivity to electromagnetic interference), or computer science
(ditto). We also excluded non-primary sources, such as reviews.

2.3. Information Sources

We identified potentially relevant sources through a search on Web of Science, per-
formed on 21 July 2020, across four major databases (Science Citation Index, Social Science
Citation Index, Arts and Humanities Citation Index, and Emerging Sources Citation Index).

2.4. Search

The final search query for Web of Science is presented in Table 1 as corresponding
elements of the primary research question and query.

Table 1. Web of Science search query elements, mapped to the elements of our main research question.
Each element of the research question is translated into a component of the Web of Science search
engine query. The asterisks are wildcard operators, representing a placeholder for any word or group
of words. It allows the search for variations of a phrase or word in the query.

Element of Research Question Element of Query

Resilience TS = (resilien*)

Metric AND TS = (metric* OR quantif* OR indicator* OR measure*)

Socio-ecological or socio-technical

AND WC = (Agricultural Economics & Policy OR Agricultural Engineering OR Agriculture,
Multidisciplinary OR Agronomy OR Engineering, Civil OR Management OR Engineering,
Environmental OR Engineering, Industrial OR Area Studies OR Engineering,
Multidisciplinary OR Materials Science, Textiles OR Mathematical & Computational Biology
OR Environmental Sciences OR Environmental Studies OR Mathematics, Applied OR
Mathematics, Interdisciplinary Applications OR Biodiversity Conservation OR Public
Administration OR Public, Environmental & Occupational Health OR Fisheries OR Regional
& Urban Planning OR Forestry OR Multidisciplinary Sciences OR Geosciences,
Multidisciplinary OR Social Sciences, Mathematical Methods OR Green & Sustainable Science
& Technology OR Health Policy & Services OR Statistics & Probability OR Computer Science,
Interdisciplinary Applications OR History & Philosophy of Science OR Computer Science,
Software Engineering OR Computer Science, Theory & Methods OR Operations Research &
Management Science OR Transportation OR Transportation Science & Technology OR
Demography OR Urban Studies OR Development Studies OR Ecology OR Water Resources
OR Economics OR Limnology

System AND TS = (“system” OR ecosystem OR systems)

2.5. Selection of Sources of Evidence

Sources of evidence were selected through a two-phase approach. First, we screened
the abstracts of the potentially relevant works (N = 551) and applied inclusion and exclu-
sion criteria. To develop and refine the criteria in this phase, random subsets (first round:
N = 15, second round: N = 15, third round: N = 30) from the cleaned query results were
independently screened by all three authors. We discussed disagreements on selection
and exclusion and iteratively revised and clarified the criteria where necessary. For the
third and final round, we reached consensus on 28 out of 30 (93%) abstracts regarding
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inclusion/exclusion. The inclusion criteria were twofold—the manuscript had to consider
at least two of the three following dimensions: social, technical, and ecological. This crite-
rion was chosen to ensure that included works would consider SESs or STSs, respectively.
Furthermore, the abstract had to indicate that some form of quantification or measure-
ment of resilience was performed. The exclusion criteria were similarly twofold. The
first exclusion criterion concerned a number of empirically identified irrelevant scientific
domains, namely psychology/health, materials science, and computer science. In all of
these domains, resilience is a common term, but not in the sense common for SESs and
STSs. The second exclusion criterion related to reviews and other non-primary sources,
which we wished to exclude from our review.

In the second phase of selection, we read the full texts of all works which had passed
the screening phase (N = 80), again applying exclusion criteria where necessary. Works
were excluded if they did not present any form of resilience metric, were not actually about
resilience, or were not accessible. All articles passing this second selection step were then
selected for the final analysis.

2.6. Data Extraction

We jointly developed a data extraction form, iteratively refining it by independently
applying it to selected articles and comparing the results. The final data extraction was
performed by the lead author. Where data items were unclear, conclusions were drawn
based on the metric used, as we considered this the focal point of our review.

2.7. Data Items

For each article in our review, we extracted the following data items:

• System type: is the system socio-ecological or socio-technical?
• Disturbance: what disturbance does the system experience?
• Basins of attraction: does the system have one or multiple basins of attraction?
• Resilience metric: what metric for resilience is used?

2.8. Synthesis of Results

For our first and second research questions, we identified the underlying conceptual
system properties and the different metrics considered and used these to classify the metrics.
For our third research question, we identified and classified the disturbance(s) considered
in each paper. For our fourth research question, we established for each paper whether
it was related to an ecological or technical domain and compared this domain with the
number of basins of attraction the studied system could reach. The last two questions
required some interpretation of both the metric and case study. Where necessary, this
interpretation was discussed and agreed upon by all authors.

3. Results
3.1. Sources of Evidence

In total, 6473 abstracts were retrieved from Web of Science. Of these, 88 were excluded
for missing metadata. From the remaining 6385 articles, a randomly chosen subset was
created for abstract-based screening. This reduces the chance for publication and citation
biases [32,33] in the outcomes of the review. As the articles were not uniformly distributed
across time—many fewer articles on resilience metrics were published in the early 1990s
than in recent years—we first stratified the query results into six 5-year strata, and then
selected an equal number of papers from each stratum. As we intended to include 10% of
the query results in our screening phase, we selected 107 papers per stratum. However, it
transpired that the the first two strata (1990–1994, 1995–1999) included less than 107 papers
total, so all retrieved papers from this decade were considered in the screening phase.
Furthermore, the final stratum (2020–2024) only included a single year (2020) at time of
retrieval, therefore, we selected 21 papers (20% of 107) from this stratum. In the end,
551 papers were considered in the screening phase.



Systems 2024, 12, 357 6 of 17

Of the screened abstracts, 471 were excluded for either being about resilience in a
different context (healthcare, materials science, or electrical engineering), due to being a
non-primary source (e.g., a review), for not being about some form of socio-ecological
or -technical system (e.g., a purely ecological study of fish populations in alpine lakes),
or for not focusing on resilience (e.g., a paper motivating why persistence is distinct
from resilience).

Of the remaining 80 articles, one was not accessible to the authors. The remaining
79 were read in full. Of those, 32 were excluded for not explicitly stating a resilience metric,
and 6 were excluded for not focusing on resilience. The remaining 41 articles were included
in the presented analysis. This entire workflow is visualized in Figure 2.

Figure 2. PRISMA-ScR workflow, showing how the large number of initially identified possibly
relevant articles was reduced down to the comparatively small number eventually included in the
analysis of our review.

3.2. Characteristics of Sources of Evidence

In Table 2, we give a demographic overview of the sources considered in our scoping
review. Please note that many papers are interdisciplinary and therefore fit multiple
research areas (based on Web of Science’s categorization).
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Table 2. Demographics of screened, read, and included papers, broken down by publication year
(binned in five-year intervals) and research areas.

Screened
(N = 551)

Read
(N = 80)

In Synthesis
(N = 41)

Publication year 1990–1994 31 5 3
1995–1999 71 15 7
2000–2004 107 19 11
2005–2009 107 13 7
2010–2014 107 13 4
2015–2019 107 9 4
Jan 2020–July 2020 21 6 5

Research area Arts and humanities 0 0 0
Life Sci and biomed 593 67 22
Physical sciences 154 34 19
Social sciences 95 13 4
Technology 242 43 31

In Figure 3, we visualize how many metrics we identified per five-year interval. This
figure shows how academic interest in quantifying resilience, at least according to our
query keywords, has changed over time.

Figure 3. Histogram of identified resilience metrics per time block. Note that the last time interval
spans a much shorter length of time.

3.3. Results of Individual Sources of Evidence

The individual sources of evidence included in this systematic scoping review are
listed in the Supplementary Table S1. The results of the data extraction performed upon
those individual sources of evidence are provided in Supplementary Table S2.

3.4. Synthesis of Results
3.4.1. Resilience Metrics

We identified 46 resilience metrics in the 41 reviewed papers. Of these, 34 were defined
as mathematical functions and 12 described verbally. In the following, we refer to these
metrics by their ID numbers given in the leftmost column of Supplementary Table S2.
Among the mathematically defined metrics, we observed a number of functional forms,
including fractions, limits, sums, piecewise definitions, and probabilities. Additionally,
in one verbally described metric, a trigonometric function is mentioned. Various degrees
of mathematical complexity are apparent, from fractions with two variables to piecewise
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definitions with a dozen variables. A variety of “corrective” elements, used to transform
the output of a function to some desired range or direction, can be observed. Examples
include subtraction (e.g., metric #20A), inversion (e.g., metric #4), and piecewise definition
(e.g., metric #16). Despite these transformations, we observe both minimization and
maximization criteria among the metrics, i.e., some metrics represent “higher resilience”
as values closer to 0 (e.g., metric #17), but others as values as large as possible, potentially
with an upper bound (e.g., metric #6). The reasoning behind the specific functional forms is
rarely explained.

There is no commonality in the notation of the metrics. In other words, for every
metric, care must be taken to identify every variable’s exact meaning and unit in the
context of that given paper. A number of letters and symbols, such as R, P, and γ appear in
multiple metrics but have different meanings. For example, the letter R is used, in upper-
or lowercase, to describe the time elapsed from the beginning to the end of a disturbance
(metric #9), the resilience of an entire system (e.g., metric #25), and as a coefficient of
determination (metric #31A), among others.

3.4.2. Conceptual Approaches to Quantifying Resilience

When moving beyond the mathematical implementations towards the conceptual
approaches used to capture the system’s resilience, we observe that some concepts
appear in multiple metrics. Examples include the return time of the system to a previous
performance level after a disturbance (e.g., metrics #2, #3, and #5), the total performance
loss incurred due to the disturbance(s) over time (e.g., metrics #13, #25, and #29), and the
largest momentary performance loss due to the disturbance(s) (e.g., metrics #9, #18, and
#15). This implies that there are some common ideas about which attributes of a system
and its behavior describe its resilience. In this section, we attempt to summarize these
conceptual approaches.

Out of a total of 46 metrics, we identified 37 metrics with a single basin of attraction,
and 9 metrics which considered multiple basins of attraction. Furthermore, we identified
27 metrics that we consider generic in that they could easily be applied to other systems
and disturbances (much like Holling’s return speed and absorption capacity described
earlier). As a counter-example, consider metric #10, which uses the fecundity and mortality
probabilities of different species in a trophic network to quantify the long-run resilience
of the entire network—applying such a metric to an urban water supply network would
be difficult to justify. Generic metrics are especially interesting because they facilitate
cross-comparison, making resilience analyses more informative [21]. We therefore limit
the following analysis to generally applicable metrics for systems with a single basin of
attraction, although we do distinguish between single- and multi-disturbance metrics, as
we feel they represent distinct schools of thought on quantifying resilience.

Among the generic single-disturbance single-basin metrics, we identified six concep-
tual approaches that could easily be generalized, visualized in Figure 4. These are:

1. Return time to previous performance level (three metrics: #2, #3, #30A)
2. Total performance loss (six metrics: #13, #25, #29, #36, #38, #39)
3. Combination of maximum performance loss and recovery time (two metrics: #18,

#30B)
4. Combination of relative performance loss and return time (one metric: #9)
5. Combination of return time to previous performance level with oscillations, and

amplitude of performance (one metric: #15)
6. Return time to previous performance level with oscillations (one metric: #17)
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Figure 4. Conceptual approaches to quantifying resilience for single-basin-of-attraction, single-
disturbance systems. The blue line is the system’s behavior over time (sometimes called its resilience
curve), and the green elements represent which aspect(s) of the system’s behavior are considered
conceptually relevant for quantifying its resilience and are therefore included in the metric(s). The
individual approaches are explained in the main text.

Among the multi-disturbance single-basin metrics, we identified four conceptual
approaches, visualized in Figure 5. These are:

7. Total time of insufficient performance (8 metrics: #5, #7, #11, #16, #22, #23A, #28, #35)
8. Total performance loss (one metric: #34)
9. Longest period of insufficient performance (three metrics: #1, #19, #23B)
10. Total time spent outside performance range (one metric: #6)
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Figure 5. Conceptual approaches to quantifying resilience for single-basin-of-attraction, multiple-
disturbance systems. The blue line is the system’s behavior over time (sometimes called its resilience
curve), the green elements represent which aspect(s) of the system’s behavior are considered concep-
tually relevant for quantifying its resilience and are therefore included in the metric(s). The individual
approaches are explained in the main text.

3.4.3. System Disturbances

In the 41 papers, we identified four distinct types of disturbances. These include
15 cases (17 metrics) of a sudden disturbance, such as an earthquake, 7 cases (8 metrics) of a
continuous disturbance, such as drought, 15 cases (17 metrics) where multiple disturbances
were observed, such as a multi-year period of repeated flooding, two cases (two metrics)
where a continuous disturbance abruptly ends, such as a ban on fishing after a period
of intense fishery activity, and two cases (two metrics) where the disturbance was not
specified. Please note that all papers including multiple metrics used those metrics in
conjunction with a single disturbance.
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3.4.4. Alignment between SESs and Ecological Resilience, and STSs and
Engineering Resilience

Among the 46 metrics included in this review, we identified 37 as having a single basin
of attraction, thus subscribing to the “engineering resilience” concept described by [15].
A further eight metrics accommodated multiple basins of attraction, in line with what
Holling called “ecological resilience”. The case studies these metrics belonged to comprised
15 studies of socio-ecological systems, such as fisheries or managed forests, and 31 studies
of socio-technical systems, such as water reservoirs or logistics networks.

When cross-tabulating the number of basins of attraction of each metric with the
nature of the case study the metric was applied to (see Table 3), we note that there is no
obvious pairing of socio-ecological systems with “ecological resilience”, and socio-technical
systems with “engineering resilience”. In fact, both socio-ecological and -technical systems
are studied using single and multiple basins of attraction. Socio-ecological systems do
have a higher likelihood of being modeled with multiple basins of attraction (5/15 (33%)
versus 4/31 (13%)). Considering that there are many more socio-technical case studies, the
metrics with multiple basins of attraction are quite evenly split between socio-ecological
and -technical systems (5/9 (55%) versus 4/9 (45%)).

Table 3. Comparison of case study (SES and STS) and metric (single- and multiple-basins-of-attraction)
types.

Single Basins of
Attraction

Multiple Basins of
Attraction Total

Socio-technical case study 27 4 31
Socio-ecological case study 10 5 15
Total 37 9 46

4. Discussion
4.1. Summary of Evidence

Through this scoping review, we focused on 41 articles containing 46 resilience metrics
for socio-ecological or -technical systems. These sources, identified through an iteratively
refined and rigorous search process, span three decades of research and a wide variety of
research areas.

While we used a stratified sampling approach to sample more evenly across publica-
tion years, Figure 3 reveals that, at least according to our query keywords, the late 1990s
and early 2000s seem to have been the most productive era regarding the development
of resilience metrics for socio-ecological and -technical systems. This may be due to the
publication of a number of influential works on resilience in the early 2000s, including the
work of [1,9,34,35], which introduced a number of now well-established resilience-related
concepts such as panarchy, socio-ecological resilience, and the adaptive cycle. However,
we cannot rigorously establish this connection, and the causality may indeed be reversed—
perhaps the wide range of published metrics around the millenium change sparked the
conceptual progress in the field of resilience at that time.

The works that included resilience metrics suitable for our purposes came from all
research areas, excluding the arts and humanities. This demonstrates how resilience is
a concept which has pervaded science across nearly all domains, from physical sciences
over engineering to the social and life sciences. Unsurprisingly, Table 2 shows that the two
research areas which may be considered the most applied, technology and life sciences and
biomedicine, were the most relevant for our query, although it should be noted that many
papers fell under multiple research areas.

While all identified metrics purport to quantify the same conceptual idea—the re-
sponse of a system to disturbance—they do this in a variety of ways. While most papers
include a mathematical definition of the employed metric(s), some papers rely exclusively
on a verbal definition. This is problematic as a number of different errors can be introduced
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when translating text into algebra [36]. By not providing their resilience metrics in alge-
braic form, authors are potentially inducing errors in other scientists’ research, as those
scientists attempt to implement the proposed resilience metrics from a verbal description
alone. However, as [37] showed, having inaccessible material underlying your work is not
necessarily an impediment to scholarly impact (measured through citations). Thus, there
may not be enough scholarly incentive for researchers to share the exact details of their
resilience metrics, even though it would be good practice to do so [38].

Among the mathematically defined metrics, a diverse range of elements, including
piecewise definitions, trigonometry, inversions, and limits can be observed. Some of these
are used to constrain the metric to a particular numerical range or direction. However, these
transformations are often non-linear, potentially biasing the resulting analysis without
stakeholders realizing it [39]. Furthermore, we note that the metrics are used as both
maximization and minimization criteria. This implies that care must be taken when
substituting one resilience metric for another, especially in an optimization context, as the
results may be unexpected.

Authors rarely discuss why a particular functional form was chosen for a metric and
whether alternatives were explored. However, documenting and explaining methodolog-
ical choices (such as the design of a metric) is considered good research practice [40,41]
because it helps readers judge the validity of the results. We note that a small number
of papers do include multiple resilience metrics applied to the same case study, which
could be considered a type of robustness check of the used metrics—if two different metrics
correlate regarding their evaluation of a system’s resilience, we may assign a higher degree
of validity to those results. However, the need for documentation and explanation also
applies here.

Finally, we observed that notation is inconsistent across the reviewed articles, with
common letters such as P or R being used to represent a variety of different system charac-
teristics. This inconsistency might be traced back to the wide range of domains in which
resilience is applied, many of which have increasingly specific conventions, notations, and
jargon [42]. While these may be perfectly sensible within their own domains, the interdis-
ciplinary nature and scope of resilience studies makes this a challenge to the successful
dissemination of potentially critical knowledge [43] and can inhibit the effective evaluation
and comparison of competing resilience metrics [21]. We note here that we explicitly chose
not to harmonize the notation across the included metrics, as we wanted to represent the
metrics in the form truest to their original authors’ intentions.

When looking past the mathematical implementation at the underlying conceptual
ideas, we observe 10 distinct concepts, including six concepts for systems with a single
basin of attraction experiencing a single disturbance and four concepts for systems with a
single basin of attraction experiencing multiple disturbances. For the single-disturbance
metrics (see Figure 4), a variety of conceptual approaches are evident, considering various
characteristics of the underlying system’s behavior including the return time, the maximum
temporary loss of performance, the amplitude of the system’s performance, and others.
For an overview of these different aspects using a generic resilience performance curve,
we point the reader to the work of [31]. Overall, this indicates that researchers consider
multiple aspects of a system’s behavior as relevant or indicative for its resilience, and
that some common ideas are present regarding which aspects best represent resilience.
Interestingly, all the identified metrics relied on quite “direct” properties of the system
behavior over time. Approaches such as spectral entropy [44], which decompose a system’s
behavior over time into statistical properties and then use those to quantify resilience, did
not appear in our results.

For systems experiencing multiple disturbances (see Figure 5), less diversity is appar-
ent, with all identified metrics considering either some form of recovery time (to be precise:
time spent at a performance level below requirements and/or desires), or the system’s total
performance loss. It is not clear why there is less exploration of other system characteristics
here—conceptually, all the single-disturbance concepts from Figure 4 could be applied to
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multiple disturbances as well. It is noteworthy that the total performance loss was the most
commonly applied metric for single-disturbance systems, being used six times, but was
only applied to a single multiple-disturbance system. We also observed that none of the
measurement approaches compared the individual disturbances within a system’s period
of observation with one another, as is done for example in recurrence analysis [45], another
potential method for resilience quantification.

We did not study the underlying concepts behind metrics for systems with multiple
basins of attraction, as the metrics were too few and too diverse to categorize. This is
surprising because the existence of multiple basins of attraction is a well-known and typical
characteristic of socio-ecological systems [46,47]. However, it aligns with the work of others
on creating taxonomies or overview of resilience metrics—for example, both [22,48] focused
exclusively on resilience metrics with a single basin of attraction. Ref. [49] showed that, for
simpler (low-dimensional) ecological systems, treating the system as if it had a single basin
of attraction may be sufficient—that is, there is a high correlation between the outcomes
of “engineering resilience” and “ecological resilience” metrics when applied in the same
setting. This may explain why multiple articles included in our review applied resilience
metrics for a single basin of attraction to ecological systems with multiple such basins.

The 41 papers included in this review use four distinct types of disturbances in their
case studies. These include sudden disturbances, continuous disturbances, repeated or
multiple disturbances, and suddenly ending disturbances. For two papers, the disturbance
type could not be identified, meaning a key component of resilience [50] could not be
specified. We observe that two of the identified types, the repeated/multiple disturbances
and the suddenly ending disturbances, do not fit into the categorizations published by [51],
which distinguish short-term pulses, long-term constant presses, and long-term increas-
ing ramps, or [27], which distinguish sustained press and short-term pulse disturbances.
Understanding the nature of a disturbance, described by its cause, frequency, magnitude,
anticipation potential, and time scale, is a key component of assessing a system’s resilience
to that disturbance [52]. Having an overview of different disturbance patterns, as we
documented them in this review, can contribute to this understanding. This is especially
true in the context of ecological resilience, where non-linear shifts in the system’s state can
occur due to such shocks [53].

4.2. Limitations

There is a tremendous body of literature on resilience. It is therefore almost certain
that we have missed some approaches to quantifying resilience. We limited ourselves to
peer-reviewed literature, excluding a wide array of grey literature. While this increases
the credibility of our source material, it also increases the likelihood that we missed some
unique approach to quantifying resilience. We also only included literature that explicitly
uses the word “resilience”, although [54] highlights that a diverse range of terminology is
used in studies of ecological stability. Furthermore, we conducted our search using a single
scientific database, which is, like every other database, known to be incomplete.

Finally, this scoping review was an enormous undertaking, and our results are thus
only up to date as of July 2020. We nevertheless believe our results are informative.

4.3. Recommendations

Based on the analysis and discussion presented above, we make the following two
recommendations for researchers working with resilience metrics.

Firstly, as there is such a conceptual and mathematical diversity of methods for
quantifying resilience, we recommend that researchers use multiple conceptually distinct
metrics to quantify resilience and compare the resulting insights. Doing so will improve the
robustness of the analysis by reducing the risk of blind spots introduced by a metric with a
narrow focus. For example, a metric using only the return time to a previous performance
standard will be oblivious to how the system recovers its performance, while a metric
measuring just the total performance loss will not capture how long it took to regain the
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original performance level. Using these metrics in concert could thus lead to a more holistic
understanding of the system’s resilience. Additionally, using multiple metrics in an analysis
also offers an exciting opportunity to engage with stakeholders about their perception(s)
of resilience and which metric(s) are best able to capture their desired outcomes. In doing
so, it may well transpire that a stakeholder’s goals are not captured by commonly used
resilience metrics such as return time or performance loss. By engaging in a structured
dialogue about desired outcomes and related system characteristics, it may be possible to
identify more alternative, more suitable resilience metrics. The outcomes of this dialogue
may thus improve the fitness for purpose of the resulting analysis and build trust between
analysts and stakeholders [55].

Secondly, we recommend that researchers be explicit about which resilience metric(s)
they use, both conceptually and mathematically. The mathematical definition of the metric
should be given as a formula, the composition of which should be justified. In addition,
the variables should be explained, including units and ranges, which should be given.
This information will greatly increase the reproducibility and reusability of the conducted
research, both being serious concerns in modern scientific research [56].

4.4. Future Research

Based on our scoping review, we identify three promising directions of future research.
Firstly, it may be useful to expand the search query, taking into account the most recent
published literature and potential (near) synonyms of resilience, such as fragility [10] or
danger [57]. This expansion may identify further conceptual approaches to quantifying
resilience beyond what we have presented here. A substantial gap in this regard is the lack
of resilience metrics for systems with multiple basins of attraction. Time series analysis
may be a useful starting point to address this gap [58].

Alternatively, it may be worthwhile to directly create resilience metrics filling in the
gaps between the concepts identified here. For example, for systems with a single basin of
attraction and multiple disturbances, we observed metrics that measured the total time at
an insufficient performance level (concept #7 in Figure 4), the longest time at an insufficient
performance level (concept #9), and the total loss of performance (concept #8). It stands
to reason that the largest single loss of performance could therefore also be a potentially
insightful approach to quantifying resilience. In this vein, novel resilience metrics could
be created and evaluated against existing ones. Over time, this approach might lead to a
compositional taxonomy of resilience metrics, comparable to work done for robustness
metrics [59].

Finally, the differences between alternative metrics could be studied by applying
multiple metrics to a single case study, as was already done in a small number of papers
included in this review. By testing conceptually different metrics on one system, we
might be able to identify under which conditions certain metrics are preferable, or at
least more conservative/optimistic. Furthermore, an exploratory approach to quantifying
resilience—applying many metrics and making a holistic assessment across all the resulting
data—could be a useful approach for overcoming the challenge of selecting a single metric
for complex concepts such as resilience.

5. Conclusions

We conducted a systematic scoping review on how the resilience of socio-ecological
and socio-technical systems is quantified in the relevant literature. We identify four main
conclusions from this work. Firstly, a variety of resilience metrics is used. These metrics
often draw on similar system properties, such as return time to equilibrium or magnitude
of disturbance, but these properties are often weighed against each other using different
functional forms, which are rarely justified. Secondly, there are some common conceptual
ideas behind the different metrics, especially for systems with a single basin of attraction.
Thirdly, a small number of different types of disturbances can be identified across the
various case studies. However, two of these types do not fit into previously published
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categorizations of disturbances. Finally, we observed that the concepts of “ecological
resilience” (multiple basins of attraction) and “engineering resilience” (single basin of
attraction) do not seem to affect how resilience metrics are chosen for specific case studies,
despite being deeply entrenched in the resilience literature. Many resilience studies of
socio-ecological systems use single-basin-of-attraction metrics, while some socio-technical
systems were assessed using multiple-basin-of-attraction metrics.

Our conclusions suggest the following two main consequences. Firstly, we recommend
that researchers studying the resilience of socio-technical or -ecological systems use multiple
resilience metrics and compare the resulting insights. The different conceptual categories
presented in our work provide an starting point for choosing these metrics. While this
approach may create additional work for researchers, it will also make the results more
analytically robust and provides an opportunity to engage in a dialogue with stakeholders
about their perception(s) of resilience. Secondly, we recommend that researchers, having
compared multiple resilience metrics, explicitly justify why they chose a specific (type of)
metric and what the consequences of this choice are. By documenting this choice and the
details of the used metric, both the reproducibility and reusability of the research may
be improved.
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