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Abstract: Progress is being made in assessing the conservation status of ecosystems, notably through
initiatives such as the IUCN Red List of Ecosystems (RLE) and the NatureServe Conservation Status
Assessment (NCS). Both of these approaches consider conservation status in terms of the risk of
ecosystem collapse. However, the scientific understanding of ecosystem collapse is still at a relatively
early stage. Consequently, concerns have been raised regarding the scientific basis of ecosystem
conservation assessments focusing on collapse risk. Here I explore how these concerns might
potentially be addressed by considering how the concept is defined, and by briefly reviewing the
theoretical basis of ecosystem collapse. I then examine the implications of recent research results for
the design of ecosystem collapse risk assessments, and the challenges identified in those assessments
conducted to date. Recommendations are made regarding how collapse risk assessments might
be strengthened based on current scientific understanding, and how this understanding could be
improved by further research. In addition, I examine the potential implications for conservation
policy and practice if the scientific basis of collapse risk assessments is not strengthened in this way.

Keywords: ecosystem collapse; biodiversity loss; conservation; environmental management; ecosys-
tem degradation

1. Introduction

Approaches for identifying taxonomic groups that are threatened with extinction are
now well established. Using methods developed by the IUCN Red List of Threatened
Species (RLTS), major global assessments of extinction risk have been conducted for several
different groups of species, including mammals, birds, reptiles, amphibians and most re-
cently trees [1,2]. Conversely, efforts to identify threatened ecosystems are at a much earlier
stage of development. Although a number of previous initiatives have sought to prioritise
ecosystems for conservation, especially at the national scale, it is only recently that attempts
have been made to develop standardised approaches for evaluating risk, comparable to
the way in which the RLTS assesses the extinction risk of species [3]. Notable examples
include the IUCN Red List of Ecosystems (RLE) [4–8] and NatureServe’s Conservation
Status (NCS) ranking system [9,10]. Both of these approaches are designed to assess the
collapse risk of ecosystems. As a partner of the IUCN Red List, NatureServe has latterly
sought to align its ecosystem assessment approach with that of the RLE, which accounts
for the common reference to ecosystem collapse among their assessment categories [4,11].
While the NCS has undertaken ecosystem assessments throughout the Americas and the
Caribbean, the RLE has so far completed around 70 assessments distributed throughout
the world, and is aiming for complete global coverage in the near future.

Both the RLE and the NCS have already had a significant impact on conservation
policy and practice. The RLE is being used to inform environmental legislation, land-use
planning and protected area management [12], as well as the development of conservation
strategies [13], restoration priorities [14] and indicators to support policy implementa-
tion [15]. Results are also informing global environmental assessments, such as the Global
Biodiversity Outlook) [16] and the Global Environment Outlook (GEO-6 [17]), as well as
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their associated policy processes [18]. Similarly, the NatureServe assessment system has
been used extensively throughout the United States and Canada, as well as in a number of
other countries, to support conservation decision-making. Assessments have informed the
identification of priorities for conservation actions and management interventions, as well
as the development of indicators for environmental monitoring [19,20].

Despite these impressive achievements, concerns have been raised regarding the
scientific basis of current approaches to assessing ecosystem collapse risk. Specifically, Boi-
tani et al. [21] provided a detailed critical evaluation of the RLE as it was being developed.
Criticisms voiced by these authors included the following: (i) there is no consistent means
to classify ecosystems for assessing conservation status; (ii) there are technical difficulties
with the proposed concept of ecosystem collapse, which is not analogous to species extinc-
tion; (iii) the criteria and thresholds proposed lack a robust scientific basis. Boitani et al. [21]
concluded that the RLE has “fundamental weaknesses as well as practical difficulties”
that “will risk misinterpretations, ambiguities, and approximations”, which could “lead to
poorly based conservation priorities and completely discredit the RLE process”. Significant
efforts have subsequently been made to address some of these concerns. For example, a
new Global Ecosystem Typology is being developed by the IUCN, which classifies ecosys-
tems based on their functional characteristics and species composition [22]. This should
help provide the consistent approach to ecosystem classification that Boitani et al. called
for. Further responses to the criticisms levied are provided by Keith et al. [8], who defend
the threshold values associated with each RLE criterion; these values are used to assign
an ecosystem to a particular threat category. According to Keith et al. [8], practical utility
needs to be the primary consideration for setting these threshold values, rather than the
theoretical justification demanded by Boitani et al. [21]. However, the difficulties associated
with the concept of ecosystem collapse raised by Boitani et al. [21] were not fully addressed
by Keith et al. [8].

Although the term ‘ecosystem collapse’ has featured in the scientific literature since
the 1980’s, it is only during the last decade that the issue has become a significant focus
of research, illustrated by a rapid increase in the number of scientific publications on the
topic [23–26]. This reflects increasing concern about the scale, magnitude and rate of the
changes that are occurring in many of the world’s ecosystems, associated with intensifying
climate change and other impacts of human activity on the biosphere. Development of
the RLE has itself stimulated scientific interest in ecosystem collapse, and the term now
appears frequently in the international media, partly owing to its use by high-profile envi-
ronmentalists [25,27]. Yet the scientific basis of ecosystem collapse has received relatively
little attention from researchers to date. Recently I provided an overview of the theoretical
ideas that are relevant to understanding the phenomenon, together with an evaluation of
available empirical evidence drawn both from prehistory and the contemporary world [25].
Here I explore the implications of this current understanding for the evaluation of collapse
risk, specifically in relation to the design and implementation of the RLE and NCS. Unlike
Boitani et al. [21], I fully support the call for conservation assessments of ecosystems; there
is indeed an urgent need to conserve interactions between species, ecological processes,
ecosystem functions and entire communities, as well as individual species [5,7,8]. However,
the societal value of conservation assessments such as the RLE ultimately depends upon
their scientific credibility. If there are opportunities to strengthen the scientific basis of
ecosystem assessments, then these should be explored. Here I identify a series of such op-
portunities, in the hope that they will inform future development of ecosystem assessments
such as the RLE and NCS, and contribute to their improvement. The ideas presented below
are not intended as definitive recommendations, but rather they are suggestions that are
tentatively offered to stimulate further reflection and debate.

2. Change the Endpoint

Both the RLE and NCS include “Collapsed” as an assessment category, to signify the
endpoint of a process of ecosystem degradation and loss. Based on this, the RLE describes
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itself as an assessment of “collapse risk”. Whether or not this is appropriate depends on
how the term “ecosystem collapse” is defined. The RLE has helpfully provided a formal
definition of collapse, which is applied in the assessment process (Table 1). However,
this does not constitute “collapse” as most people would understand it. This is because
the word “collapse” signifies abrupt change, a point that is not made explicit in the RLE
definition. To illustrate this, I here provide definitions of the word “collapse” obtained
from a series of on-line dictionaries. In every case, the definition of collapse explicitly refers
to “abrupt” or “sudden” change (Table 2). Yet the RLE definition does not; indeed, the
scientific foundations and supporting guidelines of the RLE explicitly state that transitions
to ecosystem collapse may be gradual [4,7].

Table 1. Different definitions of ecosystem collapse available in the scientific literature. The formal definition employed by
the RLE is that of Bland et al. [4].

Definition Reference

A transformation of identity, a loss of defining features, and a replacement by a different ecosystem type.
An ecosystem is collapsed when all occurrences lose defining biotic or abiotic features, no longer sustain
the characteristic native biota and have moved outside their natural range of spatial and temporal
variability in composition, structure and/or function.

Bland et al. [4]

A transition beyond a bounded threshold in one or more indicators that define the identity and natural
variability of the ecosystem. Collapse involves a transformation of identity, loss of defining features
and/or replacement by a novel ecosystem. It occurs when all ecosystem occurrences (ie patches) lose
defining biotic or abiotic features, and characteristic native biota are no longer sustained.

Bland et al. [6]

A degraded ecosystem state that results from the abrupt decline and loss of biodiversity, ecosystem
functions and/or services, where these losses are both substantial and persistent, such that they cannot
fully recover unaided within decadal timescales.

Newton et al. [28]

Table 2. Definitions of the word “collapse”, obtained from on-line dictionaries.

Definition Source

To fall down suddenly because of pressure or having no strength or support Cambridge Dictionary 1

To fall or cave in; crumble suddenly Dictionary.com 2

To fall or shrink together abruptly and completely Merriam-Webster 3

If a building or other structure collapses, it falls down very suddenly Collins Dictionary 4

Fall down suddenly Macmillan Dictionary 5

Suddenly fall down or give way Oxford English Dictionary 6

To fall down or inward suddenly; cave in The Free Dictionary 7

If a building, wall etc. collapses, it falls down suddenly, usually because it is weak or damaged Longman 8

1 https://dictionary.cambridge.org/dictionary/english/collapse (accessed on 25 October 2021); 2 https://www.dictionary.com/browse/
collapse (accessed on 25 October 2021); 3 https://www.merriam-webster.com/dictionary/collapse (accessed on 25 October 2021); 4 https:
//www.collinsdictionary.com/dictionary/english/collapse (accessed on 25 October 2021); 5 https://www.macmillandictionary.com/
dictionary/british/collapse_1 (accessed on 25 October 2021); 6 https://www.lexico.com/definition/collapse (accessed on 25 October
2021); 7 https://www.thefreedictionary.com/collapse (accessed on 25 October 2021); 8 https://www.ldoceonline.com/dictionary/collapse
(accessed on 25 October 2021).

Definition of the term ‘ecosystem collapse’ should therefore include explicit reference
to ‘abrupt’ or ‘sudden’ change, as proposed in the definition given by Newton et al. [28]
(Table 1). This suggested definition differs from that developed by the RLE in a number of
additional ways: (i) it does not require replacement by a different ecosystem type; it could
just refer to a loss of defining features, without necessarily involving a transformation
of identity; (ii) it could be applied to individual occurrences of an ecosystem, such as
those located within a particular area, and is therefore more applicable for use at a local
scale; (iii) it explicitly requires that collapse is persistent, precluding the possibility of
recovery within decadal timescales. This reflects the fact that ecosystem collapse can
often be attributed to a failure to recover from perturbations, owing to ongoing chronic
disturbance [25].

https://dictionary.cambridge.org/dictionary/english/collapse
https://www.dictionary.com/browse/collapse
https://www.dictionary.com/browse/collapse
https://www.merriam-webster.com/dictionary/collapse
https://www.collinsdictionary.com/dictionary/english/collapse
https://www.collinsdictionary.com/dictionary/english/collapse
https://www.macmillandictionary.com/dictionary/british/collapse_1
https://www.macmillandictionary.com/dictionary/british/collapse_1
https://www.lexico.com/definition/collapse
https://www.thefreedictionary.com/collapse
https://www.ldoceonline.com/dictionary/collapse
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The reasons why ecosystem collapse was selected by the RLE as a term to describe an
endpoint is not explained in the supporting literature; interestingly it does not appear in
the earliest publications proposing the assessment [3,29]. There are potential advantages
in employing the term, as it is attractive to the international media and conservation
advocates. However, this popularity arises because it plays on a fear that ecosystems might
suddenly decline, which is implied by the word “collapse”. It has long been established
that the international media are increasingly using fear to build interest in news reports [30].
However it has also been shown that creating fear through the use of threatening messages
is not necessarily the best way of generating support for conservation [31]. Furthermore,
use of the term “collapse” to describe ecosystems that are not declining rapidly is arguably
deceptive. For these reasons, the RLE should consider using an alternative term to describe
both the process of ecosystem decline and its endpoint, such as a process of transformation
leading to an ecosystem that is completely transformed. This terminology would be
consistent with the definition of the endpoint developed by the RLE (Table 1).

3. Strengthen Links with Theory

The scientific rigour of any assessment process ultimately relies on its relationship
with underlying theory. The RLTS took particular care to identify a clear theoretical basis
for its assessment criteria and associated classification thresholds; these were based on
theories of population dynamics and extinction, as explored through models of Population
Viability Analysis [32]. The RLE has similarly attempted to base its design on relevant
ecological theory. A range of theoretical ideas were cited in development of the RLE [4,7],
some of which are listed here (Table 3). A further list of theories relevant to ecosystem
collapse examined by Newton [25] is provided for comparison.

Table 3. Examples of theoretical ideas relevant to an understanding of ecosystem collapse. Note that some of the ideas cited
by the RLE by Bland et al. [4] were not explicitly referred to by name, but through citation of supporting references. Moreover,
Newton [25] did not consider theoretical ideas relating to individual species or species richness (e.g., metapopulation theory
or island biogeography theory).

Theoretical Ideas Considered by the RLE (Bland et al. [4]) Theoretical Ideas Considered by Newton [25]

Diversity-ecosystem function relationships Critical loads
Dynamical systems theory Disturbance theory

Island biogeography theory Dynamical systems theory
Metapopulation theory Ecosystem recovery

Niche theory Ecosystem resilience
Population Viability Analysis, population dynamics theory Food webs, ecological networks and extinction cascades

Small population paradigm Planetary boundaries
Species accumulation curves/species-area relationships State-and-transition models

State-and-transition models Succession
Trophic cascades Trophic cascades

Although no single theory has been developed that provides a comprehensive under-
standing of ecosystem collapse, these lists (Table 3) illustrate that many theoretical ideas
drawn from different areas of ecology can potentially contribute to this understanding.
These ideas have been represented in a number of different ways; while some theories
are mathematical, others are largely conceptual or are derived from empirical data. This
supports a pluralist view of the role of theory in ecology; while theories represented
mathematically may be less ambiguous and more amenable to rigorous empirical testing,
conceptual theories or those based on empirical patterns can also be very valuable [33–37].
Comparison of the lists presented on Table 3 shows that some theoretical ideas that are im-
portant to understanding ecosystem collapse, such as succession theory, disturbance theory
and critical loads, were not explicitly considered during development of the RLE. However,
neither of these lists is complete. Additional ideas that are relevant to understanding
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ecosystem collapse include metacommunity theory [38], landscape ecology theory [39],
hierarchy theory [40] and complexity theory [41].

The theory that has most often been associated with ecosystem collapse is dynamical
systems theory, which includes a range of connected ideas including bifurcation theory,
catastrophe theory, critical transitions, alternative stable states, resilience, tipping points
and regime shifts [42–45]. Some authors have explicitly linked ecosystem collapse to
these theoretical ideas (e.g., [46]), including the RLE in their conceptualisation of collapse
as a transition between ecosystem states [4,8]. Different ecosystem states can be readily
observed in nature, but these do not always correspond to the alternative stable states
postulated by theory [25,43]. In fact, this suggestion has been challenged in a variety
of different ecosystem types, including freshwater ecosystems [47], savannas [48] and
coral reefs [49]. Partly this is because key assumptions of the theory are often not met in
field situations (e.g., [49,50]). Furthermore, dynamical system theory is not applicable to
situations involving complete and direct ecosystem conversion, which currently comprises
the principal form of ecosystem collapse [28]. This highlights the risk of relating ecosystem
collapse to a single mechanism, and the need for care when invoking any theoretical idea.

In their critical evaluation of the RLE, Boitani et al. [21] identified the lack of a strong
linkage between ecological theory and the RLE assessment criteria or their associated
thresholds. For example, Boitani et al. [21] maintain that there is little scientific basis
for applying theoretical ideas relating to declines of species (e.g., species-area models or
the small population paradigm) to the collapse of ecosystems, as suggested for Criterion
A (reduction in geographic distribution). Similarly, these authors suggested that the
quantitative thresholds for Criterion B (restricted geographic distribution) are not linked
to collapse by ecological theory in a way that can be applied consistently at all scales. In
fact, the lack of a close link between theory and the thresholds of the RLE is recognised by
the authors of the RLE itself [4]. For example Keith et al. [7] state: “.. in the absence of a
clear theoretical foundation for setting particular thresholds . . . , we set threshold values at
relatively even intervals for current and future declines.” Boitani et al. [21] point out that
this approach assumes that a linear relationship exists between probability of collapse and
values of the criteria, which is contradicted by some evidence (e.g., [51]).

To provide a stronger scientific basis for the criteria and thresholds used in collapse
risk assessments, Boitani et al. [21] suggest that a general theory is needed that links
ecosystem reduction (of area, components, and functions) to collapse, which is applicable
at all scales and to all ecological systems. How might such a general theory of ecosystem
collapse be developed? One approach might be to integrate different elements drawn from
existing theories (Table 3), for example by identifying a set of propositions based on the
results of previous research. Identification of propositions based on theoretical ideas can
help summarise existing knowledge, while also providing a basis for the development of
further questions or hypotheses; they can also be viewed as components of a theory [37,52].
As a first step towards this goal, some tentative propositions are presented on Table 4.
These are not intended to be definitive, but are provided to stimulate further debate and
development, while also providing a basis for future research. Each of these propositions
is based on ecological theory, and is supported by empirical evidence [25]. Some other
propositions were not supported by such evidence. For example, there appears to be no
consistent relationship between species richness and likelihood of collapse [25], which
reflects the broader lack of consensus regarding the relationship between the stability and
diversity of ecological systems [53,54].
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Table 4. Selected propositions relating to ecosystem collapse and recovery, derived from ecological theory and supported
by empirical data. Adapted from Newton [25].

No. Proposition

1 Any ecosystem can potentially collapse, if subjected to disturbance of an appropriate type and occurring at sufficient
frequency, extent, intensity or duration, and especially if the disturbance is novel.

2 Ecosystem collapse is most often caused by extrinsic factors (i.e., disturbance), sometimes in combination with intrinsic
factors (e.g., interactions between organisms).

3 Ecosystems subjected to multiple types of disturbance are more likely to collapse, especially if these disturbances interact.

4 Collapse is most commonly driven by chronic (“press”) disturbances, although acute (“pulse”) disturbances can also
be influential.

5 Many ecosystems can exist in more than one state; transitions between these states can form part of natural dynamics.
However, transitions that are normally transient can become persistent as a result of chronic disturbance.

6
A persistent ecosystem transition, or collapse, can arise when ecological recovery is impeded. This can occur if there are
stabilising feedback processes that maintain an ecosystem in a degraded state, if there is chronic disturbance, or when the
processes of ecological recovery fail. Understanding these reasons for lack of recovery is key to understanding collapse.

7

Collapse can be caused by breakdown of the stabilising feedback mechanisms maintaining an ecosystem state, or by
feedbacks in the internal ecological processes of an ecosystem driving a system to a different state. As a result of these
feedbacks, major ecological shifts can result from minor perturbations. Such shifts can occur when extrinsic factors reach a
critical value.

8

Ecosystem collapse is more likely if disturbance events cause the loss of: (a) generalist species, (b) top predators and/or
trophically unique species, (c) those at the base of food chains, and especially (d) those that are highly connected to other
species through ecological networks. Loss of such species can cause many secondary extinctions, which can lead to collapse
of ecological networks.

9 Functional and structural change in an ecosystem undergoing collapse may be unrelated to loss of taxonomic diversity, but
may be affected by loss of species with particular functional traits; species identity matters.

10 Ecosystem collapse can sometimes be positive by creating new opportunities, for example evolutionary diversification and
radiation, or by increasing provision of benefits to people.

11
Ecosystem recovery is dependent on intrinsic factors, namely interactions of organisms between each other and with the
physical environment. The rate or extent of recovery can be limited by intrinsic factors, and / or by extrinsic factors, such as
the disturbance regime and the extent of ecosystem degradation.

12 Ecosystem recovery can take a long time, and always takes longer than collapse.

4. Identify and Address Knowledge Gaps

One of the most positive outcomes of the RLTS is the way that it stimulated research
interest in threatened species, the results of which helped refine the assessment protocols
through a process of iterative development (e.g., see [55]). Hopefully, the RLE and NCS
will similarly lead to increased research interest in ecosystem collapse, and will employ the
results of such research to improve how the assessments are conducted. It is very encourag-
ing to note that the RLE intends to regularly update its application guidelines, conceptual
framework and working definitions, and to implement a supporting research agenda [8].
Perhaps the most pressing need is to provide a stronger scientific basis for the thresholds
associated with RLE criteria, as called for by Boitani et al. [21]. Bland et al. [6] highlight a
number of additional research needs, including: (1) development and application of spatial,
biotic and abiotic indicators of collapse, to capture its many dimensions; and (2) use of
ecological models to diagnose mechanisms and pathways of ecosystem change, which
would inform the selection of indicators.

Although a wide range of different modelling approaches have been used to explore
the dynamics of ecosystems, none has so far been developed that explicitly addresses what
is required by the RLE or related assessment approaches. Bland et al. [4] describe how eco-
logical models can be used to support RLE assessments, specifically in relation to Criterion
E (quantitative risk analysis). According to these authors, such models should be based on a
sound understanding of ecosystem dynamics and function, and be supported by empirical
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data and inferences from similar ecosystems. Candidate modelling approaches listed by
Bland et al. [4] include state-and-transition models, mass-balance models, bifurcation plots,
models associated with network theory (e.g., Community Viability Analysis), dynamic
Global Vegetation Models, dynamic species distribution and population models, spatial
models (e.g., cellular automata) and general ecosystem models. However, none of these
modelling approaches could be used to simulate multiple threatening processes and their
potential interactions in a spatially explicit way, together with their relationships to the
attributes of ecosystems referred to by the RLE criteria. New modelling approaches may
therefore need to be developed to support implementation of the RLE, which might provide
insights into different collapse mechanisms and trajectories, as envisaged by Bland et al. [6].

I briefly summarize here results of some recent research to illustrate how our un-
derstanding of ecosystem collapse is evolving, while also suggesting possible research
priorities for the future. Each of these examples also has implications for how collapse risk
is assessed.

• Rocha et al. [56] provide evidence of cascading regime shifts, some of which refer to
examples of ecosystem collapse. Nearly half of the regime shifts considered showed
some evidence of structural interdependence, suggesting that cascades might be
widespread. In other words, collapse of one ecosystem might often lead to collapse of
another to which it is connected, a risk that is not explicitly considered by the RLE or
NCS. As the authors recognise, the study has a number of limitations, including biases
in the selection of case studies, the small sample size and the fact that mechanisms
were hypothesised and not necessarily tested empirically [56]. For example, it was
assumed that the regime shifts were driven by feedback loops, whereas they might
have been caused solely by changes in external drivers [25]. Other examples show
that ecosystem collapse cascades can occur without any feedback mechanisms, for
example if collapse of one ecosystem creates a driver of collapse for another [25]. For
example, if a forest is clearfelled, or a river catchment degraded, increased soil erosion
could destroy coastal ecosystems such as coral reefs. McCulloch et al. [57] provide
an example of this process for the Australian Great Barrier Reef. Further research is
needed to identify how widespread such linkages are, and the mechanisms involved.

• Cooper et al. [51] provided evidence showing that ecosystem transitions occur dis-
proportionately faster in larger ecosystems. In other words, each additional unit area
of an ecosystem provides a correspondingly smaller unit of time to collapse. This
finding has clear implications for the definition of thresholds employed by the RLE,
and suggests that the use of even intervals for threshold values may be inappropri-
ate. The authors speculate that there may be a fundamental mechanism that links
ecosystem size, structure and speed of collapse, although the nature of this remains
unclear. Conversely, Hillebrand et al. [58] concluded that human-induced changes
in ecosystems are typically characterised by gradual shifts rather than by threshold
responses, based on an assessment of 36 meta-analyses. As this finding contradicts
that of Cooper et al. [51], further research is required to determine whether or not
ecosystem collapse trajectories typically display thresholds.

• Bergstrom et al. [23] describe an assessment of collapse risk in 19 Australian ecosys-
tems, using an approach that differed from that of the RLE or NCS. Results provided
evidence of local-scale collapse in every ecosystem type considered, although none
had collapsed throughout their entire distribution. This highlights a key knowledge
gap: the relationship between collapse of an ecosystem at local scales, which may be
widespread, and collapse at regional or global scales [59]. The existence of intercon-
nections between spatially isolated areas of a particular ecosystem type, for example
via the climate system, raise the possibility of cumulative local-scale collapses leading
to larger-scale system collapse. Such processes have been suggested for the forests of
the Amazon basin, for example [60].

• Harris et al. [61] describe collapse of six Australian ecosystems owing to a combination
of climatic ‘pulse’ disturbances at critical periods, together with the ongoing ‘press’ of
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continuous climate change. The authors highlight the need for a better mechanistic
understanding of how sudden or extreme events can interact with press disturbances,
such as climate change, to cause ecosystem collapse. Furthermore, climate change
can interact with other types of disturbance to increase the severity and frequency of
the disturbance regime, leading to the possibility of chronic disequilibrium of ecosys-
tems [62]. This raises the question of whether the role of climate change in driving
ecosystem collapse is adequately considered by current assessments of collapse risk.

• Newton [25] highlights the importance of understanding the mechanisms responsible
for ecosystem recovery, recognising that collapse is often associated with a failure
of these mechanisms. This aspect is currently neglected by assessments of collapse
risk. It is possible, for example, that the recovery of one ecosystem might lead to the
recovery of another to which it is connected, as a corollary of the phenomena described
by Rocha et al. [56]. Other key knowledge gaps include the relative importance of
intrinsic and extrinsic factors in limiting ecosystem recovery; existence of thresholds of
degradation beyond which recovery is not possible; and the extent to which ecosystem
recovery can occur in the presence of ongoing chronic disturbance, such as climate
change [25].

5. Share and Communicate Challenges

In the context of the RLE, Keith et al. [8] highlight the need to learn from applications
of the criteria to different ecosystem types and locations, to iteratively develop and improve
the assessment process over time. This implies a need to share and communicate informa-
tion about any challenges that are encountered, in an open and transparent way. Based on
experience with the RLTS, these challenges are most likely to relate to lacking or uncertain
data, and difficulties with interpreting the criteria and thresholds in specific situations,
which can sometimes arise from confusion about how they should be applied [55,63,64].
Implementation of the RLE is still at an early stage, but some of the challenges that have
been identified in ecosystem assessments conducted to date include:

• lack of information on ecosystems—in many countries there is very limited ecologi-
cal information available about ecosystems, which is needed to apply the assessment
criteria [65,66];

• lack of historic data—in the case of coral ecosystems in the Caribbean of Colombia,
particular challenges were encountered in the use of reference values to determine
historical trends; there was a lack of modelled or empirical data before 1994 in the
study area [67];

• uncertain data—although satellite remote sensing data are widely used for mapping
and assessing the condition of different ecosystems, there is considerable uncertainty
about how to effectively utilise such data for collapse risk assessment [68];

• lack of indicators—estimating collapse risk can be challenging for ecosystems domi-
nated by a small number of species, owing to the limited number of indicators that
can be used to apply the RLE criteria [69];

• lack of information on stressors—there are limited or non-existent data on the spatial
distribution or temporal change in their intensity of many stressors to ecosystems (e.g.,
deep sea mining, plastic pollution, offshore energy, aquaculture, noise pollution and
oil spills in the case of marine ecosystems); information is also lacking on interactions
between stressors and relationships with ecosystem condition, which may be non-
linear [70];

• limited data resolution—in an assessment of forest ecosystems in the Americas, prob-
lems of data resolution were encountered; the use of relatively broad classification
units at the regional scale might have overlooked local trends; data for some indicators
were only available at coarse resolution; and data for some threats (e.g., fire regimes)
were lacking [13];

• limited applicability of criteria—assessment criteria developed for terrestrial ecosys-
tems may be poorly applicable to other ecosystem types; for example estuarine ecosys-
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tems rarely change significantly in area and are typically small in extent, limiting the
applicability of criteria based on geographic distribution [71];

• collapse thresholds unknown—in the case of mangrove ecosystems, data on some
indicators are not currently available, and quantitative collapse thresholds—below
which characteristic biota, ecological functions and/or processes are not supported—
are often unknown; this has formed a bottleneck in the RLE assessment process [72];

• interconnections between ecosystems—different ecosystem types in a single area
can have strong interconnections, and this connectivity should be explicitly consid-
ered in assessments of such ecosystems; for example in Queensland, expansion of
a mangrove ecosystem is threatening saltmarsh, a process that would be missed if
all coastal wetlands were assessed as a single entity; this highlights the benefit of
conducting multi-ecosystem assessments especially where there is high ecological
connectivity [73].

These examples illustrate how the challenges associated with ecosystem collapse
assessments can usefully be communicated in the scientific literature; in some cases, these
articles also suggested potential solutions to the problems that were identified. Clearly,
those involved in conducting ecosystem collapse risk assessments in the future should be
encouraged to share information in a similar way. There might also be value in capturing
and consolidating these insights, to ensure that they inform the future development of
the RLE. Future assessments might also usefully be supported by the development of
analytical tools to facilitate application of criteria and thresholds using uncertain data, as
occurred with the RLTS [74,75].

A second type of challenge relates to how the results of collapse risk assessments are
used, specifically in relation to environmental policy. In their review of the impacts of the
RLE on policy, Bland et al. [12] suggested that indices based on RLE assessments have
high potential to inform global biodiversity monitoring and reporting, as has occurred
with the RLTS. For example, RLE indices could inform monitoring towards the Aichi
Targets of the Convention on Biological Diversity, and the United Nations Sustainable
Development Goals, by “quantifying changes in risks over time” [12]. These ideas were
explored further by Rowland et al. [15], who described such an index, namely the Red List
Index of Ecosystems (RLIE), together with two associated indices focusing respectively on
collapse risk owing to declines in distribution (Ecosystem Area Index, EAI) and degradation
(Ecosystem Health Index, EHI). These are designed to complement the conceptually similar
Red List Index for species (RLI). Some potential challenges in implementation of the
RLIE were highlighted; for example, it was recommended that the indices are interpreted
carefully, as the EHI and EAI may not always be completely independent; indices may be
unreliable if insensitive variables are used; and the fact that data may often be limited or
absent should be borne in mind [15]

Although mention is made of these potential limitations, neither Bland et al. [12] nor
Rowland et al. [15] referred to a more fundamental conceptual problem that exists if the
RLE is used to monitor and inform conservation policy. In the case of the RLTS, extinction
of a species unequivocally represents an example of biodiversity loss. However, the same
is not true for ecosystem collapse, as assessed by the RLE. This is because ecosystems that
collapse differ from species that become extinct, in that they do not disappear altogether.
Rather, they can transform into something else—namely another type of ecosystem. This
could result in loss of some ecosystem characteristics. Conversely, in some situations,
ecosystem collapse can result in an increase in species richness, in ecosystem function,
or potentially in any other indicator of ecosystem condition [25]. This counterintuitive
situation is attributable to the fact that transformed ecosystems can sometimes be of higher
value, for either wildlife or people, than the ecosystems that they replace.

As illustration, consider an ecological restoration project that has established native
forest on grassland, which had been maintained in that state for long time-scales by agri-
cultural land use (e.g., the Carrifran Wildwood project in the UK; [76]). Such a restoration
initiative can provide demonstrable benefits to biodiversity, ecosystem function and associ-
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ated services [77], yet would be classified as ecosystem collapse according to the RLE. Other
examples include “novel ecosystems”, namely those with assemblages of species or other
characteristics that human activities have created [78]. These include agro-ecosystems,
forest plantations and the novel assemblages of species that can form in response to climate
change [78,79]. Creation of a novel ecosystem could be classified as ecosystem collapse, yet
such ecosystems can sometimes be of significant value for biodiversity conservation [28],
and they are increasingly featuring among conservation management goals [80–83].

It has been suggested previously that indicators based on the RLTS, such as the RLI,
may have limited value as biodiversity indicators, owing to biases, uneven coverage and
inaccuracies in available data, and a lack of correlation with threatening processes [84,85].
However, the problem with the RLEI is potentially far more significant: declining values
will be interpreted as evidence of biodiversity loss, whereas the converse could be true.
Consider the situation in a country such as China, where a number of large-scale ecological
restoration initiatives have been implemented, resulting in both negative and positive
environmental impacts [86]. Using the RLEI, it would be impossible to differentiate
between those restoration actions that have benefitted biodiversity from those that have
caused environmental damage, as both could be considered as ecosystem collapse. This
suggests that great care will need to be taken when using indicators derived from the RLE,
and the potential problems associated with them will need to be clearly communicated to
the user community so that the results are not misinterpreted.

6. Conclusions

Development of the RLE and associated assessment processes has undoubtedly had a
positive impact on global efforts towards biodiversity conservation. As noted by Ferrer-
Paris et al. [13], the development of a systematic risk assessment protocol for ecosystems,
which incorporates uncertainties in underlying data, represents a significant advance over
previous assessment approaches. Put simply, the RLE has helped place ecosystems more
firmly on the global conservation map. In 2005, following a major collaborative interna-
tional effort, the Millennium Ecosystem Assessment attempted to provide a comprehensive
statement about the status of the world’s ecosystems [87]. Yet it is notable what the MEA
did not produce: neither a global typology of the world’s ecosystems, nor a comprehensive
assessment of their conservation status. Owing to development of the RLE and associated
approaches, these are now within reach.

However, during its early development, concerns were raised about the scientific
basis of the RLE [21]. These concerns have not been fully addressed, and other issues have
subsequently been identified. Here I suggest that these problems could potentially be
addressed by:

(i) changing the description of the endpoint to “completely transformed” instead of “col-
lapsed”, or changing the RLE definition of collapse to explicitly limit it to ecosystem
decline that is abrupt;

(ii) developing a general ecological theory that explicitly addresses ecosystem collapse;
(iii) using ecological theory to refine the assessment thresholds associated with the differ-

ent criteria;
(iv) developing ecological models that enable ecosystem collapse to be forecast, to support

implementation of the RLE and to provide insights into underlying collapse mechanisms;
(v) recognising the linkages between ecosystem collapse and ecological recovery, and

reflecting these in the RLE criteria;
(vi) revising the RLE criteria and thresholds in the light of new research, for example

into spatial linkages between ecosystems, ecosystem collapse cascades, the shape of
collapse trajectories, cross-scale linkages, the impacts of climate change, underlying
collapse mechanisms and relationship to recovery processes;

(vii) sharing and communicating information about challenges that are encountered when
implementing the RLE, and revising the assessment protocol in the light of this evidence;



Land 2021, 10, 1252 11 of 15

(viii) either ceasing promotion of the use of indicators based on the RLE, or communicating
the problems associated with these indicators to potential users, to prevent results
from being mis-interpreted or mis-used.

Some of these problems have already been recognised by the researchers responsible
for developing the RLE. For example, Keith et al. [8] recognised that collapse can lead to the
creation of novel ecosystems, which could sometimes be considered desirable. However,
this realisation has not informed the development of indicators based on the RLE, which
could consequently provide misleading information. Specifically, such indicators should
not be interpreted as unequivocal evidence for biodiversity loss.

While recognising that the RLE has limitations, Keith et al. [8] suggest that it should
be judged by whether these limitations are outweighed by its benefits, and whether it
improves conservation outcomes. This is surely correct. However, the societal value of
the RLE ultimately depends on its scientific credibility, and if that is being questioned,
then steps need to be taken to address these criticisms. Any scientific weaknesses could be
exploited by those who oppose recommendations for conservation action that are based
upon it. Keith et al. [8] are also right to state that the way in which results of the RLE are
used to inform choice of conservation priorities will depend upon the relative values of
different outcomes. For example, a collapsed ecosystem (such as a novel ecosystem) could
be included among conservation management goals, if its biodiversity value were judged
to be relatively high [28]. However, there is an implicit value that is embedded within
the RLE: namely that ecosystems at higher risk of collapse are in some way deserving
of greater conservation attention than those at lower risk. This may not always be the
case. Consequently, use of the RLE could lead to outcomes that are perverse. For example,
rewilding is attracting increasing interest as a conservation approach; in Europe it is
typically achieved through the abandonment of agricultural land [88–90]. Such rewilding
can deliver substantial benefits for both wildlife and people, but according to the RLE, it
could constitute a form of ecosystem collapse. Those campaigning against rewilding could
therefore use the results of the RLE to strengthen their position.

Perhaps the most pressing issue relating to the RLE is not the design and implemen-
tation of the assessment process itself, but the deficiencies in scientific understanding
that it has highlighted. This is most evident in relation to climate change. Keith et al. [8]
suggest that the RLE provides an adequate framework for assessing risks of ecosystem
collapse caused by climate change, while noting that the creation of novel ecosystems
driven by no-analogue climates remains a significant challenge. Yet the ability to accurately
estimate such risks requires a thorough scientific understanding of how ecosystems re-
spond to climate change, and the underlying mechanisms involved. We know that climate
change has the capacity to profoundly transform all of the world’s ecosystem in coming
decades, and we also know that climate change can potentially interact with all of the other
threatening processes affecting ecosystems, although the precise mechanisms are not well
understood [25,91]. Evidence indicates that many ecosystem types can alter rapidly in
response to climate change, but for many ecosystem types, we currently lack sufficient
understanding to forecast accurately when and where this might happen [92,93]. Without
this understanding, the RLE might fail to identify ecosystems that are at high risk of sudden
collapse. Hopefully, future development and implementation of the RLE will stimulate
the further research that is required to provide a detailed understanding of the causes of
ecosystem collapse, especially in response to climate change.
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