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ARTICLE INFO ABSTRACT

Keywords: The concept of tipping points is increasingly being addressed in both fundamental and applied environmental
Hor%zon scan contexts, and is particularly salient in the context of anthropogenic threats, including climate change. Most
Reg_llr_ne shift research on tipping points has been conducted through the lens of a single realm (i.e., freshwater, marine, or
ReSl_ lence terrestrial). Yet, there is both the need and opportunity to learn and share across ecosystems, and to engage in
Environmental management . . . . . . .

Policy coordinated and comparative research. We aimed to identify priority questions that are germane to freshwater,

marine and terrestrial realms, and that, if answered, would improve our ability to understand what tipping points
are, why they occur, where they occur, and what to do about them. To help enable such efforts, we assembled a
team with diverse expertise to identify key research questions, supplemented by an outreach call distributed via
various electronic outlets (e.g., email, websites, social media). The responses were then thematized, evaluated,
aggregated or disaggregated, and prioritized. Through workshops, and using a modified Delphi approach, we
developed a final list of 18 priority research questions. Key themes that emerged included questions of societal
relevance (i.e., why questions), drivers, ecological processes, and sensitivity (i.e., what questions), scale and
connectivity (i.e., where questions), and tools, techniques, and resources for implementation (i.e., how ques-
tions). These questions frame a research agenda intended to help guide future fundamental and applied research
related to tipping points in freshwater, marine, and terrestrial ecosystems.

Knowledge gaps

1. Introduction dynamical systems theory, refers to the critical threshold at which a
small change in external conditions can trigger a sudden shift in a system
The concept of tipping points, adapted by systems ecology from to an alternative stable state, driven by nonlinear feedbacks and often

* Corresponding author at: Department of Biology, Carleton University, 1125 Colonel By Drive, Ottawa, ON K1S 5B6, Canada.
E-mail address: meaganharper@cmail.carleton.ca (M. Harper).

https://doi.org/10.1016/j.biocon.2025.111622

Received 12 July 2025; Received in revised form 4 November 2025; Accepted 9 November 2025

Available online 21 November 2025

0006-3207/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-
nc/4.0/).


mailto:meaganharper@cmail.carleton.ca
www.sciencedirect.com/science/journal/00063207
https://www.elsevier.com/locate/biocon
https://doi.org/10.1016/j.biocon.2025.111622
https://doi.org/10.1016/j.biocon.2025.111622
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biocon.2025.111622&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

M. Harper et al.

difficult to reverse (Scheffer et al., 2001; Milkoreit et al., 2018). In
keeping with recent reviews of tipping points in ecological systems, we
consider tipping points as points or zones of rapid change in a nonlinear
relationship between ecosystem condition and driver intensity (poten-
tially influenced by positive feedback mechanisms) that lead to different
states, which could be irreversible (Carrier-Belleau et al., 2022; Mil-
koreit et al., 2018; Selkoe et al., 2015). Ecological and environmental
transitions that are observed with human-induced tipping points are
often detrimental to ecosystem function, structure, and the services that
ecosystems provide (Mooney et al., 2009). Ecological tipping points can
occur as a result of natural phenomena (e.g., geophysical disasters;
Lenton, 2013) but, given the manifold human impacts (Vitousek et al.,
1997) causing persistent and emerging drivers of ecosystem change (e.
g., Reid et al., 2019; Tilman et al., 2017), there is growing awareness of
the potential for ecological tipping points at scales ranging from a single
waterbody or patch of land to the planet (Lenton and Williams, 2013). In
general, there is strong interest among environmental regulators and
ecosystem stewards to identify what leads to tipping points and to know
when a tipping point is likely to be exceeded such that ecosystems can be
managed to avoid them (Foley et al., 2015; Kelly et al., 2014; Selkoe
et al.,, 2015). Moreover, there is interest in knowing the types of in-
terventions needed to reverse tipping points (if possible), once they have
occurred (Foley et al., 2015).

Supported by theoretical, empirical, and modeling work, a substan-
tial body of research on tipping points and regime shifts has been un-
dertaken in laboratory conditions (e.g., Dai et al., 2012), mesocosms (e.
g., Zhu and Zhang, 2020), and in the field (e.g., Haberstroh et al., 2022).
Further, several syntheses on the topic have been conducted, bringing
together relevant evidence to understand general spatial and temporal
patterns in tipping points (e.g., Hernandez Martinez de la Riva et al.,
2023; Litzow and Hunsicker, 2016; Reynolds and Aldridge, 2021).
However, not unlike other topics in ecology and environmental science,
much of the research (and thinking) has been siloed by realm (i.e.,
freshwater, marine, or terrestrial). Most empirical papers focus on a
single ecological realm and rely little on research from others. Similarly,
most syntheses also tend to focus on a single realm (e.g., freshwater
systems (Carrier-Belleau et al., 2022); marine systems (Monaco and
Helmuth, 2011); and terrestrial systems (Brook et al., 2013; Nobre and
Borma, 2009)). This narrower focus can provide important insight into
the unique attributes of tipping points in different systems. However, it
leads to a less holistic understanding of tipping points than would be
otherwise possible and can result in research duplication. Synergies
among research findings and potential management solutions may be
missed.

Tipping points are a multi-faceted social-ecological problem and
taking a system-based approach may provide important insights into
how tipping points work and how to manage them (Harper et al., 2024).
Thinking and planning across systems can have the added benefit of
more efficient management actions (Adams et al., 2014; Tulloch et al.,
2021). For example, when comparisons of ecological concepts are made
across marine and terrestrial systems, apparent differences frequently
disappear (Webb, 2012). Similar to advances that may be yielded from
comparisons between geographic regions, such as lessons learned in
Arctic and Antarctic environments (e.g., Bennett et al., 2015), we submit
that there are opportunities for learning and sharing across realms to
better understand tipping points as a general phenomenon and to
identify coordinated strategies to avoid them (Dudney and Suding,
2020; Moore, 2018). There are also opportunities to adopt research
methods that are similar across realms to enable more direct compara-
tive work.

To date there have been no attempts to generate a research agenda
specific to tipping points in ecological systems (but see Dobner and
Finkeldey (2022) for an example related to natural resources and po-
litical systems). Even less work has been done to consider tipping points
at a cross-system level. To that end, we present a multi-realm horizon
scan focused on generating a research agenda for tipping points. Horizon
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scans serve to generate research agendas that can catalyze effort by the
research community (ideally with new funding support), leading to a
novel and cohesive understanding (Dietz et al., 2021; Sutherland et al.,
2011; Sutherland and Woodroof, 2009). In this horizon scan, we aimed
to identify priority questions that are germane to all ecosystems and
that, if answered, would improve our ability to understand what tipping
points are, why they occur, where they occur, and what to do about
them. Our goal was to identify priority questions in tipping points
research that need to be answered across, and within freshwater, marine
and terrestrial realms to support improved policy and management of
these complex ecological events. Although questions may need to be
refined for study within different ecosystems (and some answers may
not be immediately generalizable across realms) we use this perspective
to identify consistent research gaps and generate a research agenda to
guide future fundamental and applied research related to tipping points
across ecosystems.

2. Methods

To obtain questions and thematize responses, we invited a multina-
tional, interdisciplinary team of experts with experience in tipping
points research across freshwater, marine and terrestrial systems, as well
as social-ecological systems, conservation, and environmental manage-
ment. Working group members were selected based on their expertise
related to these topics, their disciplinary experience, and career stages.
We aimed to balance representation of different latitudes and ecosys-
tems. Members have experience working in ecosystems from the arctic
to the tropics and a wide variety of ecosystems (e.g., terrestrial and
tropical forests, boreal and temperate lakes and rivers, coastal and open
marine systems). Working group members also had expertise in a wide
variety of research areas, from landscape ecology, to hydrology, and
environmental policy, among others. The group of thirteen experts were
from four Canadian institutions (Carleton University, Queen's Univer-
sity, Université Laval, and University of Toronto), three Swedish in-
stitutions (Royal Swedish Academy of Sciences, Stockholm University,
and University of Gothenburg), one American institution (Northeastern
University), and one Argentinian institution (Centro Austral de Inves-
tigaciones Cientificas). Three early-career researchers from Carleton
University and University of Ottawa also took part in the two-day online
workshop (Nov-Dec 2022). Our methods are consistent with other ho-
rizon scans in conservation and ecology, including those conducted
following best practices recommended by Sutherland et al. (2011).

Prior to the workshop, members were asked to provide questions on
tipping points knowledge gaps that they felt needed to be addressed.
Additional questions were requested through an online callout to the
wider research community, with the aim of supplementing the question
list. Requests for questions were distributed to other experts (both aca-
demic and government experts), via targeted emails, as well as through
organizational websites (e.g., the Collaboration for Environmental Evi-
dence), and social media (e.g., Twitter) in November 2022. A non-
probabilistic snowball or chain referral approach to sampling was used
and no limit on outreach was applied. Therefore, quantifying the full
extent of the reach of the callout is not possible (i.e., it is not known what
number of individuals or nations received the request but did not
participate). See Appendix A for additional details on the supplementary
call-for-questions.

An initial list of 85 questions (Appendix B) consisting of questions
from working group members and the wider community was reviewed
by MH and SJC to remove unclear questions or those that were not
applicable. The submissions were edited for clarity and split to isolate
individual questions if multiple questions were included in a single
submission. Selected questions were those that were broad enough to
allow for the development of further, more specific questions, but nar-
row enough to be reasonably answerable within a research project. A
total of 17 questions were considered overly specific (i.e., taxonomic or
geographic in nature) or too broad (i.e., are habitats at risk of
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disappearing) and were removed from further consideration. An addi-
tional 22 questions were combined into 8 when multiple submissions
asked the same or similar questions.

A resulting list of 54 questions was considered during the workshop.
Using a modified Delphi approach, this list was evaluated by all mem-
bers during the first day of the workshop to further group, split and
remove questions, re-word questions for clarity, and assess the likeli-
hood of the question leading to the advancement of fundamental or
applied research on tipping points. All working group members had an
opportunity to advocate for questions removed from previous iterations
of the list, or to advocate for the addition of new questions. The final list
of 18 questions was created through an iterative process and edited by
all authors, and these were then sorted into four themes developed by a
subset of the members (due to unanticipated changes to participant
availability) on the second day of the workshop. All authors reviewed
and approved the assignment of questions to themes and the order of
themes.

We framed the 18 priority questions under four general research
themes: 1) Societal relevance; 2) Drivers, ecological processes, and
sensitivity; 3) Scale and connectivity; and 4) Tools, techniques, and re-
sources for implementation. These themes represent the why, what,
where, and how of fundamental and applied research on tipping points.
The questions within each theme are presented in no particular order, as
priorities are necessarily dependent on the context, ecological realm,
geographical region, and socio-economic and political realities on the
ground. Themes do not have the same number of questions; however,
this does not imply weight or preference for specific themes.

3. Research themes and questions
3.1. Societal relevance (Why?)

Tipping points have garnered much attention given that they are key
concepts to help understand the impacts on ecosystem services that
directly or indirectly affect humans. These impacts span food and water
security, economies and livelihoods, and culture and leisure, among
others (Nuttall, 2012). There is interest in ensuring that regulatory and
management actions (see Kelly et al., 2014) can be applied in a mean-
ingful way to identify thresholds and attempt to prevent the crossing of
tipping points or to reverse systems that have tipped over. Here, we
focus on questions that explore why tipping points matter to society and
why their effective regulation or management is essential to minimize
societal impacts (Table 1).

In what ways can crossing ecological tipping points affect human well-
being and socio-economic systems? There are numerous well-
documented examples of tipping points in ecosystems, resulting in sig-
nificant negative consequences for humanity (Table 1). For example, the
collapse of Canada's Newfoundland cod fishery in the early 1990s had
profound effects, displacing around 35,000 fishers and fish-plant
workers, reducing annual revenue from cod landings by over $200
million, and triggering widespread economic and social consequences in
the region (Biggs et al., 2009; Finlayson and McCay, 1998). However,
large-scale environmental changes projected for the coming decades
could lead to abrupt shifts in ecosystem conditions and services, and the
consequences are currently unknown (Flores et al., 2024). For example,
substantial portions of the Amazon rainforest are predicted to face mass
mortality events due to climate change and land-use disturbances (Cano
et al., 2022; Parry et al., 2022). Such events could cause irreversible
biodiversity loss along with severe socio-economic and cultural re-
percussions (Bromham et al., 2022; Camara-Leret et al., 2019; Science
Panel for the Amazon, 2021). The Amazon, home to over 40 million
people, including 2.2 million Indigenous individuals, would see its
Indigenous peoples and local communities disproportionately affected
(Science Panel for the Amazon, 2021). Forest loss threatens their live-
lihoods, cultural practices, and knowledge systems, yet the full extent of
these impacts remains uncertain (Bromham et al., 2022; Camara-Leret
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Table 1
Specific context and examples for the questions in the theme Societal relevance
(Why?)

Societal relevance (Why?)

Future ecological and global tipping
points may potentially lead to new, less
hospitable climate states, widespread
deforestation and sea level rise (Lenton,
2020). Already, tipping points have led
to collapses of pasture lands (e.g.,
Tibetan Plateau; Li et al., 2021) and
fisheries (e.g., Baltic cod; Mollmann

et al., 2021) and the livelihoods they
support.

Many management decision frameworks
are reactive, rather than proactive, and
are not supportive of rapid decision
making (Foley et al., 2015). Whether
these current systems can support
avoidance and management of tipping
points or whether new systems should be
implemented has yet to be determined.
In many systems, reversibility (i.e., the
ability to maintain and restore the
functional performance of a system;
Verbruggen, 2013) after a tipping point
is uncertain. Irreversibility may result
after any tipping point, and
understanding the relative likelihood of
reversibility may influence future
societal decisions, such as adaptation or
avoidance (i.e., responding to coastal
flooding; van Ginkel et al. (2020)).

The consequences of tipping points can
be potentially catastrophic, and
managers and policy makers are often
faced with value-laden decisions and
trade-offs (Wong, 2021). Improved
understanding of tipping points may lead
to better management but has the
potential to increase risk taking under
some conditions (Diekert et al., 2022).

In what ways can crossing ecological tipping
points affect human well-being and socio-
economic systems?

What changes in management systems are
required to incorporate tipping points
thinking effectively?

How do the concepts of reversibility or
irreversibility of tipping point shifts affect
societal decision-making and priorities?

Inwhat ways do tipping points influence the
perception and tolerance of risk in
ecosystem management?

et al., 2019).

What changes in management systems are required to incorporate tipping
points thinking effectively? Tipping points are ubiquitous across a wide
range of ecosystems, making their management a crucial focus at the
science-policy interface in addressing challenges affecting ecosystem
services such as climate change, fishery collapses, vegetation shifts, and
invasive species (Carpenter and Brock, 2006; Lenton et al., 2008).
However, managers and policy-makers must navigate political, eco-
nomic, and budgetary constraints, often making difficult decisions to
maximize overall benefits. There is an urgent need to systematically and
effectively integrate tipping point management into socio-economic and
ecological systems to ensure sustainable outcomes (Table 1).

How do the concepts of reversibility or irreversibility of tipping point shifts
affect societal decision-making and priorities? Managers often alter
ecosystem properties to prevent catastrophic shifts, often without
knowing whether these shifts are reversible or irreversible (Hughes
et al., 2013). Understanding the degree to which ecosystem changes can
be reversed after crossing tipping points (Table 1), along with the level
and cost of interventions required, is essential for effective decision-
making. This knowledge helps frame discussions on the relative
importance, costs, and complexities of predicting and preventing tipping
events versus managing systems after they have tipped. Processes to
integrate the concepts of reversibility and irreversibility, and the un-
certainty surrounding whether reversibility is possible, into ecosystem
tipping point management is urgently needed to enhance resilience and
ensure sustainable outcomes.

In what ways do tipping points influence the perception and tolerance of
risk in ecosystem management? Managers and stakeholders must
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consistently navigate risk when managing complex ecosystems, leading
to the development of various risk assessment frameworks and concepts,
such as planetary boundaries (Rockstrom et al., 2009), to define safe
thresholds for anthropogenic drivers. These efforts aim to prevent long-
term damage to planetary systems and the societies that rely on them.
However, limited attention has been given to how the occurrence of
tipping points influences our capacity to assess and tolerate risk in
ecosystem management (Table 1), despite their potential to cause abrupt
and irreversible changes.

Table 2
Specific context and examples for the questions in the theme Drivers, ecological
processes, and sensitivity (What?)

Drivers, ecological processes and sensitivity (What?)

Although many drivers may lead to
tipping points, it remains unclear if there
are individual drivers that are the key
impacts leading to changes. Multiple
sources of information at different scales,
and multiple viewpoints may lend clues,
but effectively integrating these sources
into a mechanistic understanding, in
many cases, remains elusive (but see
Manner et al., 2022).

Drivers differentially impact the involved
mechanisms and pathways of action in
biological components (Galic et al.,
2018). We often collect data at the
individual or community level, but tend
to manage higher levels of biological
organization (Forbes et al., 2017). We
thus need to identify at which levels of
biological organization it is more likely
for us to avoid the over or
underestimation of the occurrence of
tipping points.

Combined effects of multiple drivers add
additional complexity to tipping points
research. Exploring the links between
responses and along environmental
gradients, and utilizing techniques novel
to tipping points research (e.g., Ban

et al., 2022), could further our
understanding and identify levers for
management (Carrier-Belleau et al.,
2022).

Biodiversity and redundancy in
community functions can lead to more
stable systems with less risk of collapse
(e.g., the portfolio concept; Schindler

et al., 2015). Mass extinctions (an
extreme type of ecological tipping point)
have been preceded by loss of key
ecosystem components (Dick, 2021),
indicating that bolstering biodiversity,
community function/structure, and
resiliency (Hirota et al., 2011) may be
important in avoiding tipping points.
Evolution and associated processes have
the potential to influence how species
and ecosystems experience tipping points
by altering the probability of tipping
points being reached, delaying or leading
to earlier tipping points, and could
influence recovery post-tipping (Dakos
et al., 2019). Laboratory tests of
cyanobacteria have shown that
adaptation can alter the predicted
outcomes of systems experiencing
tipping points (Faassen et al., 2015),
indicating that improved understanding
of evolution's role in systems
approaching tipping points is warranted.

How can we best identify the key drivers of
tipping points and develop a mechanistic
understanding of their underlying
processes?

At which levels of biological organization
can early warning indicators of tipping
points be most effectively detected, and
what biological responses/indicators
provide the earliest signals of their
approach?

How can we address the combined effects
of multiple drivers on tipping points?

What is the role of biodiversity and
community structure/function in

avoiding tipping points?

What is the modulating role of evolution for
tipping points?
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3.2. Drivers, ecological processes, and sensitivity (What?)

Social-ecological systems and tipping points are complex (see
Table 2) and are influenced by various and potentially interacting
drivers and processes (Moore, 2018). Moreover, the relative sensitivity
of a given ecosystem to a specific driver may differ from others, or vary
over time, based on inherent ecological and evolutionary processes
(Dakos et al., 2019).

How can we best identify the key drivers of tipping points and develop a
mechanistic understanding of their underlying processes? Biological systems
are exposed to a multifaceted suite of threats, encompassing both global
stressors and local pressures, each shaping habitats and ecosystems
differently through distinct biological and ecological pathways. How-
ever, identifying the key drivers and underlying mechanisms that lead to
tipping points in specific systems remains a major challenge, limiting the
development of effective mitigation strategies and informed policy de-
cisions. While early-warning signals and statistical approaches have
been employed to detect tipping points, we still lack a comprehensive
mechanistic understanding—spanning physiological, individual, and
ecological processes—of why, when, and how these tipping points occur
(Stelzer et al., 2021). Developing a mechanistic understanding of how
drivers affect organisms, populations, and ecosystems is repeatedly
emphasized as crucial for advancing our knowledge and enabling
comparisons across multiple ecosystem components and habitats
(Table 2). Such a mechanistic understanding of the processes driving
tipping points can substantially enhance monitoring and management
efforts, enabling early detection of critical transitions and more effective
intervention at the scale of entire ecosystems (van de Pol et al., 2017;
Wingfield et al., 2017).

At which levels of biological organization can early warning indicators of
tipping points be most effectively detected, and what biological responses/
indicators provide the earliest signals of their approach? Significant ad-
vancements in detecting tipping points have been achieved through the
development of early warning indicators, such as critical slowing down.
This phenomenon is characterized by increased temporal correlation
and variance, which together act as signals of reduced resilience to
perturbation (Dakos et al., 2012a, 2012b; Scheffer et al., 2009). These
indicators have been applied to various systems, including yeast and
zooplankton populations nearing extinction (Dai et al., 2012; Drake and
Griffen, 2010), collapsing phytoplankton monocultures (Veraart et al.,
2012), eutrophication transitions (Wang et al., 2012), trophic cascades
in lakes (Carpenter et al., 2011), and soil ecosystem functioning
(Muscolo et al., 2015). However, the use of these indicators varies
widely across systems, scales, and levels of biological organization
(Table 2). Currently, there is a lack of standardized approaches to
selecting indicators, understanding biological responses, and identifying
the most effective levels of biological organization for early warning
signals. It also remains unclear whether generalized indicators exist
across realms, ecosystems or levels of biological organization. These
knowledge gaps hinder meaningful comparisons across habitats and
ecosystems.

How can we address the combined effects of multiple drivers on tipping
points? A recent comprehensive synthesis of 36 meta-analyses examining
ecosystem responses to environmental drivers challenges the universal
applicability of tipping points (Hillebrand et al., 2020). This critique
highlights a key limitation: most studies focus on single drivers, despite
growing evidence that interactions between multiple drivers can trigger
abrupt changes (Benedetti-Cecchi et al., 2015; Dudney and Suding,
2020). These combined drivers often produce nonlinear effects and
interact in complex and often unexpected ways. Experimental studies
have demonstrated that tipping points may only be crossed along
environmental gradients when multiple stressors are present (Carrier-
Belleau et al., 2023a). Furthermore, stressor interactions have been
shown to vary along environmental gradients, with tipping points
potentially occurring earlier under multiple-stressor scenarios (Carrier-
Belleau et al., 2023b). However, significant knowledge gaps remain
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regarding the role of stressor interactions in driving regime shifts and
there remain differences in the amount of knowledge and data available
on different drivers across systems. Integrating the concepts of multiple
stressor interactions and tipping points is essential for developing a
holistic understanding of ecosystem sensitivity to environmental
stressors, ultimately aiding efforts to preserve ecosystem services and
functions (Table 2).

What is the role of biodiversity and community structure/function in
avoiding tipping points? The role of biodiversity in enhancing resilience,
buffering against disturbances, and promoting stability has been widely
studied across various ecosystems. Key mechanisms include functional
redundancy, where certain species compensate for the loss of others,
thereby maintaining crucial ecosystem functions (Loreau and de
Mazancourt, 2013). Biodiverse communities are more likely to harbor
species or genotypes capable of tolerating environmental stressors,
providing an insurance effect against disturbances (Yachi and Loreau,
1999). Furthermore, biodiversity fosters complementary interactions
among species, which reduce variability in ecosystem processes and
enhance resistance to stress (Tilman et al., 2006). Despite these insights,
there remains a limited integration of findings from ecosystems to
identify universal versus system-specific mechanisms by which biodi-
versity prevents tipping points. Differences in dispersal, community
turnover, and the propagation of stressors between these systems
complicate direct comparisons. Exploring the mechanistic links between
biodiversity, community structure, and ecosystem complexity is crucial
for improving predictions of tipping point dynamics (Table 2). This
understanding is particularly important in ecosystems with inherently
lower biodiversity or limited functional redundancy, where the risk of
tipping points may be amplified.

What is the modulating role of evolution for tipping points? Populations
exposed to environmental stressors may evolve traits that enhance their
tolerance to environmental changes, potentially reducing the likelihood
of abrupt transitions. For instance, rapid evolution in phytoplankton
populations has been shown to increase resilience to shifting tempera-
ture regimes (Collins and Bell, 2004), while evolutionary changes in
phenology can buffer populations against climate variability in terres-
trial habitats (Franks et al., 2007). Evolution influences ecosystem sta-
bility by altering species interactions and ecosystem processes; for
example, eco-evolutionary feedbacks in aquatic systems have been
found to stabilize community dynamics (Fussmann et al., 2007).
Furthermore, populations on the verge of extinction may adapt quickly
enough to recover, a phenomenon known as evolutionary rescue (Bell
and Gonzalez, 2009; Gonzalez and Bell, 2013). Despite these benefits,
evolution is not always a safeguard against tipping points. Maladaptive
traits or evolutionary trade-offs can emerge, potentially increasing the
risk of abrupt system changes (Lynch and Lande, 1993; Urban et al.,
2014). Current models and frameworks of tipping points often exclude
evolutionary processes, resulting in an incomplete understanding of
system dynamics (Table 2). Crucial knowledge gaps include, for
example, the variability of evolutionary rates across ecosystems, the role
of evolutionary trade-offs and maladaptation in driving tipping points,
the capacity of genetic and phenotypic plasticity to buffer against
tipping points, the evolutionary response to novel anthropogenic
stressors, and the temporal and spatial scales at which evolutionary
processes interact with ecological dynamics. Incorporating evolutionary
mechanisms into predictive frameworks will enable more accurate
projections of ecosystem responses to environmental change and pro-
vide a holistic understanding of resilience and tipping point dynamics.

3.3. Scale and connectivity (Where?)

Ecosystems are inherently interconnected making it possible for
regime shifts to cascade to adjacent ecosystems (Galaz et al., 2016;
Stafford et al., 2010). In some cases, tipping points occur in discrete,
almost isolated, ecosystems. In other cases, tipping points occur along
more continuous or connected systems, such as watersheds or mosaics of
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patches on terrestrial or coastal landscapes (Helmuth et al., 2006) that
interact with each other. Determining the scale at which drivers act is
crucial to develop fit-for-purpose management at relevant scales
(Lenton, 2013). Understanding where tipping points may be crossed, the
distribution of the drivers and their impacts, and the extent to which
crossing tipping points may impact adjacent systems will inform effec-
tive management strategies (Table 3).

How do spatial and temporal variations in drivers and feedbacks affect
ecosystem resilience and susceptibility to tipping points? Drivers exhibit
highly complex spatial and temporal regimes, influencing organisms and
ecosystems in both terrestrial and aquatic environments. Spatial het-
erogeneity in environmental drivers can shape resilience and suscepti-
bility to tipping points by creating localized areas of varying
vulnerability. For instance, regions within an ecosystem that are less
affected by stressors, known as spatial refugia, can serve as reservoirs for
species or functions, thereby enhancing overall ecosystem resilience
(Keppel et al., 2012). Temporal dynamics, such as seasonality, interan-
nual variability, and long-term trends, further modulate ecosystem
resilience by altering the strength and timing of feedbacks. For example,
pulse disturbances (i.e., sudden, short-term stressors) can push ecosys-
tems toward tipping points, particularly when combined with chronic
stressors (Scheffer et al., 2009). Despite significant observational and
experimental advances in disentangling the effects of stressor regimes on
ecosystem resilience, crucial knowledge gaps remain regarding spatial
and temporal variations in drivers and their influence on tipping points
(Table 3). For instance, our understanding of how interactions between
local (fine-scale) and regional (broad-scale) drivers affect resilience and
feedbacks is limited (Dakos et al., 2019). Similarly, processes at one
spatial and temporal scale interacting with processes at another scale (i.
e. cross-scale interactions) remain underexplored (Peters et al., 2007).
Finally, delays in ecological feedbacks, such as nutrient cycling, and
their implications for tipping points are poorly quantified (Dakos et al.,
2015). Incorporating spatial and temporal variability, along with
diverse stressor regimes, into tipping point research will ultimately
ground this area of study in natural dynamics, enhancing predictive
accuracy and ecosystem management strategies.

How do teleconnections influence the onset or mediation of tipping points

Table 3
Specific context and examples for the questions in the theme Scale and connec-
tivity (Where?)

Scale and connectivity (Where?)

Interactions between large-scale
processes and smaller-scale modifiers
result in complex outcomes in ecological
systems (Torossian et al., 2016).
Appropriately matching the scales at
which relevant biological impacts and
drivers are measured to the scope of the
research or management objective
informed by subsequent analysis will be
vital to assessing tipping point
vulnerabilities.

Tipping points in one part of the globe
can have consequences in teleconnected
systems (e.g., Amazon Rainforest and
Tibetan Plateau; Liu et al., 2023).
Cascading effects can even be present
between ecological and social systems if
teleconnections are present (Franzke

et al., 2022). Understanding the role of
connections requires further study.
Inherent nonlinearities in how changes in
physical drivers impact ecosystems, and
how those subsequently drive ecosystem
services and socio-economic systems,
mean that tipping points may not occur
at the same time at these different levels (
van Ginkel et al., 2020).

How do spatial and temporal variations in
drivers and feedbacks affect ecosystem
resilience and susceptibility to tipping
points?

How do teleconnections influence the onset
or mediation of tipping points in
connected ecosystems?

How are socio-economic, socio-cultural,
and ecological tipping points
interconnected, and what are the
implications?
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in connected ecosystems? Teleconnections refer to long-distance in-
teractions between spatially distinct ecosystems or regions, often driven
by climatic, hydrological, or ecological processes (Heffernan et al.,
2014; Liu et al., 2023). These connections can propagate disturbances
across ecosystems, amplifying stressors in one region and pushing
another toward a tipping point (Table 3). For example, recent research
analyzing 30 types of regime shifts spanning physical climate and
ecological systems, from the collapse of the West Antarctic ice sheet to a
transition from rainforest to savanna, highlighted that exceeding tipping
points in one system can increase the risk of crossing them in others
(Rocha et al., 2018). These links were found for 45 % of possible in-
teractions, underscoring the interconnectedness of global tipping points
(Rocha et al., 2018). For instance, the rapid melting of the Greenland ice
sheet beyond a certain threshold could slow the Atlantic Meridional
Overturning Circulation, which could destabilize the West African
monsoon, triggering drought in Africa's Sahel region (Caesar et al.,
2018). Such changes could also dry the Amazon, disrupt the East Asian
monsoon, and cause heat to accumulate in the Southern Ocean, further
accelerating Antarctic ice loss (Lenton et al., 2019). Addressing knowl-
edge gaps related to how teleconnections influence tipping points is
crucial. For example, our understanding of how feedback loops between
connected ecosystems amplify or dampen tipping point dynamics,
particularly in systems with nonlinear interactions, remains limited
(Hastings et al., 2018). Furthermore, the interactions between local
ecosystem dynamics and global teleconnections are poorly under-
stood—for example, how do local thresholds aggregate to influence
global system stability? Finally, research is needed to explore why some
ecosystems respond to teleconnected drivers with significant delays,
while others exhibit synchronous transitions (Lenton et al., 2019).
Current models and frameworks in tipping point research fail to capture
the spatiotemporal complexity of teleconnections. Incorporating these
dynamics is crucial for making accurate predictions.

How are socio-economic, socio-cultural, and ecological tipping points
interconnected, and what are the implications? Socio-economic, socio-
cultural, and ecological tipping points are deeply interconnected
through complex feedback mechanisms. Changes in one domain often
propagate and amplify changes in others, creating cascading effects that
destabilize entire systems. For example, economic activities such as
deforestation degrade ecosystems, pushing them toward ecological
tipping points, such as a rainforest transitioning to savanna. In turn,
ecological collapse can trigger economic downturns and resource scar-
city, exacerbating socio-economic instability (Folke et al., 2004). Simi-
larly, cultural practices and values significantly influence resource use
and conservation strategies; shifts in cultural attitudes toward environ-
mental stewardship can either mitigate or accelerate ecological tipping
points. Conversely, ecological crises can reshape cultural practices, such
as through migration or the erosion of traditional knowledge systems
(Adger et al., 2013). Despite these evident interdependencies, our un-
derstanding of the feedback loops between socio-economic, socio-cul-
tural, and ecological tipping points remains limited (Table 3). Current
models often address these domains in isolation, lacking an integrated
framework to account for their interactions. Addressing these knowl-
edge gaps is essential for developing holistic policies that prevent
cascading tipping points and foster resilience across systems.

3.4. Tools, techniques, and resources for implementation (How?)

Implementation of tipping points thinking into management has yet
to be fully realized despite an urgent need to do so (Foley et al., 2015).
Several examples exist (e.g., Selkoe et al., 2015), yet there are few at-
tempts to formally evaluate or compare different approaches for inte-
grating tipping points concepts into management (Pace et al., 2015).
Priority research questions underpin opportunities for improving
implementation (Table 4), but there are additional efforts needed (e.g.,
resourcing, institutional changes) that are themselves non-research
questions.
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Table 4
Specific context and examples for the questions in the theme Tools, techniques,
and resources for implementation (How?)

Tools, techniques, and resources for implementation (How?)

Integrating tipping points knowledge in
management decisions is challenging but
has the potential to lead to improved
outcomes (Johnson and Ray, 2021).
Efforts to operationalize tipping points in
climate policy and management have
begun at the supranational level (Van
Ginkel et al., 2018), but it remains
unclear how tipping points can be
integrated at other levels of management.
Predicting tipping points is difficult, often
requiring long-term, high frequency data
and modeling. Combining existing tools
and developing new ones (e.g., new
biomonitoring methods; Mendoza-
Penagos et al., 2021) to aid in the early
detection of warning signals is necessary.
A key aspect of this question will be how
to balance resources between
understanding the nature of tipping
points and responding to them quickly
enough that they can be prevented or
possibly reversed. Gathering information
takes time and financial resources, and it
is important to account for these when
weighing management options (
McDonald-Madden et al., 2010).
Although there is high variation across
ecosystems in terms of biota, function and
services, it may be possible to generalize
some aspects of ecosystems and tipping
points (e.g., loss of resilience before
tipping; Dai et al., 2012). Understanding
what aspects of an ecosystem can be
generalized to others (e.g., Keith et al.,
2022) remains uncertain in tipping points
science.

Tipping points are heterogeneous, occur
at a variety of scales and are influenced
by many interacting forces. Uncertainties
exist at all levels of tipping points, from
likelihood to outcomes, to effective
interventions. Additional complexities,
such as management goals, social,
economic and cultural expectations and
jurisdictional concerns, may all influence
our ability to identify and act on tipping
points (Johnson and Ray, 2021;
Rodriguez Lopez et al., 2019).

Tipping points research has not fully
realized the potential for integrated
knowledge production and use made
possible by co-creation and co-production
across knowledge sources and knowledge
systems. Examples of successful
transdisciplinary and transboundary
participation exist (e.g., Rodriguez Lopez
et al., 2019), but efforts to ensure
successful knowledge exchange and
mobilization are needed (Nguyen et al.,
2017).

How can tipping points research be
translated into actionable decision-
making tools?

How and what existing and emerging tools
are most effective for detecting early

warning signals of tipping points?

How can resource allocation strategies be
prioritized to address future tipping
points effectively?

Which ecosystem attributes influence the
generalizability of tipping point
outcomes across similar systems?

What are the key uncertainties that affect
tipping point detection and
management?

What strategies are effective for integrating
diverse knowledge systems in tipping
points research and management?

How can tipping points research be translated into actionable decision-
making tools? Translating tipping points research into actionable
decision-making tools requires identifying, quantifying, and effectively
communicating ecological thresholds. This endeavor necessitates
interdisciplinary training and approaches, and collaboration among
scientists, policymakers, and stakeholders. Key strategies have already
been explored in various habitats, including the use of early warning
indicators (Dakos et al., 2012a), modeling future ecosystem responses
under different management scenarios (Scheffer et al., 2009), and



M. Harper et al.

integrating research findings into governance frameworks like the EU
Water Framework Directive or IPCC reports. However, no comprehen-
sive framework or monitoring program currently exists to systematically
incorporate tipping points into ecosystem management (Table 4).
Furthermore, existing tools often fail to account for ecological surprises
(e.g., shifts outside of existing expectations due to rare events; Filbee-
Dexter et al., 2017) or complexities such as connectivity between eco-
systems, multiple levels of biological organization, and interactions
among multiple stressors.

How and what existing and emerging tools are most effective for detecting
early warning signals of tipping points? The detection of early warning
signals is essential for anticipating tipping points and mitigating their
effects. However, there is little success in identifying generalizable early
warning signals to forecast tipping points in environmental data, and
theories of early warning from critical slowing down and flickering have
rarely been demonstrated empirically. Current tools include statistical
and data-driven tools, such as critical slowing down (Scheffer et al.,
2009), variance-based methods (Dakos et al., 2012b), and spectral
analysis (Boettiger and Hastings, 2012). More recent tools also include
modeling and predictive tools. Such tools include Bayesian approaches
(Karssenberg and Bierkens, 2012) and machine learning (Bury et al.,
2021; Liu et al., 2024; O'Brien et al., 2023). Finally, technological and
observational tools, such as remote sensing, environmental DNA, and
automated sensors are also becoming more common in tipping-point
related research (Lenton et al., 2008). The development and integra-
tion of existing and emerging tools are currently underway (Table 4), as
bridging the gap between limited empirical data at the correct spatial
and temporal resolution, models and effective decision-making to
maintain the biodiversity, ecosystem functions, and provision of services
has been identified as a priority (Carpenter et al., 2009; Gladstone-
Gallagher et al., 2019; Knight et al., 2008).

How can resource allocation strategies be prioritized to address future
tipping points effectively? Conservation planning has developed an array
of tools, frameworks, and strategies to identify conservation priorities
with the aim of allocating resources effectively. Monitoring early
warning signals helps guide proactive interventions by detecting in-
dicators of ecosystem instability (Scheffer et al., 2009). Ecosystem-based
management is another approach, emphasizing holistic ecosystem
management by prioritizing biodiversity hotspots or ecosystems that
provide critical services, such as coastal protection or carbon seques-
tration (Folke et al., 2004). Using nature-based solutions, such as
ecosystem protection or restoration, is yet another approach used to
allocate resources to protective or restorative practices that enhance
ecosystem resilience (Seddon et al., 2021). Additionally, adaptive
governance and decision-making frameworks advocate for participatory
governance models, integrating local knowledge and stakeholder input
to increase flexibility and responsiveness in conservation -efforts
(Ostrom, 2009). Despite these advancements, significant challenges
persist in the efficient allocation of conservation resources (Table 4). As
highlighted in this paper, crucial knowledge gaps remain regarding
drivers, connectivity, and the levels of biological organization that must
be actively incorporated into management frameworks. To address these
knowledge gaps, it is essential to modernize and adapt existing frame-
works while developing new management tools. These advancements
will enable the prioritization of conservation and management actions,
ensuring resources are allocated as efficiently as possible to achieve the
greatest ecological and societal outcomes.

Which ecosystem attributes influence the generalizability of tipping point
outcomes across similar systems? Rather than attempting to identify the
outcome of every possible stressor and impact—a task that is unfeasi-
ble—focusing on identifying general patterns in ecosystems, stressors,
and responses that can reliably predict the occurrence of tipping points
represents a more practical and impactful goal. As it remains uncertain
how consistent tipping point responses are across ecosystems and
realms, identifying and providing generalities could offer valuable
insight to conservation scientists and managers (Coté et al., 2016).
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Informing managers and decision-makers about the likelihood of tipping
points in their specific systems, the stressors that generate these
thresholds, and whether they can be mitigated through management,
could significantly enhance decision-making. Meta-analyses and sys-
tematic reviews provide promising tools to achieve this objective.
Although a few studies have explored these stressor-impact relationships
for specific stressors or organisms (e.g., Bednarsek et al., 2019; Fuss-
mann et al., 2014; Mufungizi et al., 2023), the diversity of potential
covariates remains vast. The effects of stressors and the occurrence of
tipping points may vary widely across ecosystems, latitude, taxa, trophic
groups, life-history traits, ontogenetic stages, and response metrics. This
variability underscores the challenge of identifying broad generalities
and highlights the need for comprehensive synthesis across drivers and
ecosystems (Table 4). Achieving generalizations will require robust data
banks and monitoring programs designed to ensure data quality, with
standardized formats that facilitate efficient searches and the extraction
of tailored data subsets for meta-analyses (Kraberg et al., 2011).

What are the key uncertainties that affect tipping point detection and
management? Uncertainty is an inherent challenge in management
decision-making, particularly when addressing poorly understood phe-
nomena such as tipping points (Table 4). Understanding these uncer-
tainties—spanning temporal and spatial components, the extent and
thresholds of tipping points, and the underlying feedback mecha-
nisms—is crucial for developing adaptive management frameworks
tailored to tipping points. A more comprehensive understanding of these
uncertainties can improve risk tolerance assessments and guide the
establishment of precautionary buffers and management actions. This
approach ensures that management targets remain within the safe
operating space, reducing the likelihood of crossing ecological thresh-
olds (Selkoe et al., 2015).

What strategies are effective for integrating diverse knowledge systems in
tipping points research and management? Western science represents only
one form of knowledge, highlighting the importance of including diverse
knowledge sources (e.g., policymakers, practitioners) and knowledge
systems (e.g., Indigenous and non-Indigenous knowledge, including
traditional and local ecological knowledge) to gain a holistic under-
standing of ecosystem tipping points. For instance, Idrobo et al. (2024)
present a community-based case study incorporating the knowledge of
the Eeyou (James Bay Cree) from Eeyou Istchee (Eastern James Bay,
Québec) to examine the transformation of their traditional fall goose
hunting system. This transformation, driven by social and environ-
mental changes across marine and terrestrial ecosystems, exemplifies
the value of Indigenous knowledge in interpreting the multifaceted
impacts of environmental change and tipping points. Such work un-
derscores the essential role of Indigenous knowledge in providing
crucial insights into the complex dynamics of social-ecological systems.
Identifying innovative approaches to include diverse knowledge sources
and systems where possible and available should be a priority for
assessing and effectively communicating tipping points and their im-
pacts across ecosystems (Table 4).

4. Discussion

We generated a multiple realm research agenda for ecological
tipping points to improve understanding of fundamental biological
processes and to inform management. By thinking across realms when
prioritizing the questions in this agenda, our hope is they will stimulate
opportunities to learn and share across realms. Nonetheless, the ques-
tions can be tailored by individual researchers to best meet specific
research objectives related to a given realm and their relevant contexts.
Engaging with relevant stakeholders and rights holders is essential for
ensuring that such research is co-produced and thus has the greatest
potential to be embraced by diverse actors and decision makers
(Djenontin and Meadow, 2018; Norstrom et al., 2020).

Historically, a great deal of research focuses on either the ecological
or social dimensions of systems, but for most questions related to tipping
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points, there would be benefits to approaching them through a more
inclusive and interdisciplinary lens that integrates social and ecological
considerations (Hicks et al., 2010). Furthermore, beyond the published
literature there is a large body of relevant knowledge held by different
individuals. For example, practitioners who work on tipping points daily
will have lived experiences that are informative for understanding how,
in practice, tipping points function. Similarly, Indigenous knowledge
holders have valuable knowledge that should be bridged with Western
science (e.g., using two-eyed seeing frameworks; Reid et al., 2019).
Given the complexity of tipping points, and the inherent value in co-
developing solutions with a diversity of perspectives and lived experi-
ences, this field can clearly benefit from the inclusion of multiple sources
and systems of knowledge. Relatedly, as work to understand tipping
points across realms continues, there will be an increased need for
practitioners and researchers who can approach the problem from a
systems perspective. Current training opportunities frequently do not
provide sufficient exposure to these complex topics. Developing new
training opportunities to build this expertise is needed both at the post-
secondary and professional level (Cooke et al., 2021; Nguyen et al.,
2012).

While we used well-established methods (e.g., those developed by
Sutherland et al,, 2011), we did not receive questions from all
geographic regions. Our callout was distributed only in English, influ-
encing the level of international engagement that we obtained. We also
did not receive the same volume of responses across the multiple realms,
as the number of contributors with terrestrial expertise was lower than
expected. Nonetheless, we were able to collect over 80 questions from a
relatively diverse range of geographies and contributors. We acknowl-
edge that future efforts should attempt to engage an even broader suite
of participants both in terms of geographies (especially the global south)
as well as expertise (e.g., more practitioners and decision makers).

To conclude, if efforts are made to address the questions outlined
here, we will be in a much stronger position to forecast, prevent, and
manage tipping points and associated regime shifts in different systems
and across various spatial and temporal scales. We encourage funding
agencies to consider what they can do to support research on the
questions outlined here. We recognize that horizon scans use our best
collective perspective to inform the research agenda that is needed at a
given time, and that this research agenda must be revisited in due course
to evaluate progress and to integrate new perspectives. As we expand the
evidence base on tipping points in diverse ecosystems and socio-
economic and socio-cultural contexts from around the globe, we will
be in a better position to generate evidence-informed and evidence-
based approaches to managing ecosystems and human activities.
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A short (1 month; October 31 and November 27, 2022) call-for-questions was distributed by workshop participants and authors through their
professional networks (via targeted email), organizational websites (e.g., the Canadian Centre for Evidence-Informed Conservation) and social media
(X, formerly Twitter). This call-for-questions was meant to supplement workshop participant questions and was done using a non-probabilistic ‘snow-
ball’ or ‘chain-referral’ approach and no limit on outreach was applied. Therefore, quantifying the full extent of the callout reach was not possible (i.e.,
it is not known what number of individuals or nations received the request but did not participate).

Those that did respond were asked to provide questions on tipping points to help identify knowledge gaps on the topic, as well as provide in-
formation on their country of operation, primary role (i.e., knowledge generation, policy development, social engagement, management, teaching,
other), and what domain they worked in most often (i.e., marine, terrestrial, freshwater, or all equally). Participants could opt out of the questionnaire
at any time and were not required to provide personal information. To maximize the number of questions submitted, there was no limit to the number
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of questions contributed, or the number of times individuals could participate.
A.1. Questionnaire participant demographics

A total of 29 participants submitted questions through our online questionnaire or through emails. Those who provided personal information were
mainly from North America (57%) and Europe (24%), with the remaining submissions from Asia-Pacific (14%) and Central and South America (5%).
No questions were submitted by individuals operating in Africa. Only Canada (10 participants), USA and Australia (two participants each) were
represented by more than one participant. More questions were submitted by knowledge generators (14 participants; 58%) than those working in
policy development (two; 8%) or ecosystem management (one; 4%). A total of five participants (30%) self-identified as ‘other’ or did not provide
information (Fig. A.1). Most submitted questions were from participants working in marine or freshwater environments, with fewer working in all
ecosystems equally or in terrestrial systems (Fig. A.1).
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Fig. A.1. Number of participants whose primary roles included knowledge generation, policy development, management or other, and work in marine, freshwater,
terrestrial ecosystems, or all ecosystems equally. An additional three participants did not provide personal information

Appendix B
Original questions as submitted by participants.

. How can we avoid tipping points when there is uncertainty about their location in parameter space?
. How generalizable are (observed) tipping points across systems and contexts?
. How does/should the presence of tipping points alter risk tolerance in ecosystem management decisions?
. Are the changes we observe in ecosystems tipping points?
. What is the threshold of riparian zone alteration/degradation that may be permissible to still allow freshwater fish (e.g., salmonids) to carry out
their life processes in a way that won’t harm the population as a whole?
6. How can cumulative effects be considered at the catchment scale for decision making with regards to land use (forestry intensity, mining,
culverts, etc.)?
7. How do different management systems (provincial, federal, indigenous) with various mandates come to a consensus regarding land use at the
catchment scale?
8. How do we know if we've reached the tipping point?
9. How do we go beyond organizational silos and make data available to all parties so that effective/informed decision making can occur?
10. How can we measure cumulative effects and tipping points?
11. What are the best practices to measure cumulative effects and tipping points?
12. Are there clear methodologies for measuring cumulative effects and tipping points? Bioindicators?
13. What are bioindicators of measuring cumulative effects and tipping points?
14. How do we add the cumulative effects of climate change to the existing impacts on ecosystems?
15. How can we model or determine where the tipping point is?
16. How do we determine the tipping points for different species - then how do we add/combine them for management actions?
17. How can we derive tipping points for (or along) longitudinal systems such as rivers?
18. How do we get tipping points to assist managers?
19. Lets model populations to determine tipping points, then work our way back to achieve acceptable management outcomes?
20. How can researchers best communicate tipping points to the general public and policymakers?
21. What are the multiple pressures and underlying environmental sensitivities that together result in blooms of (a) filamentous algae and (b)
phytoplankton in Atlantic, northern European rivers?
22. How can ecological responses to the multiple pressures resulting in algal blooms best be measured and converted to evidence-based envi-
ronmental standards for river management?
23. Warming aquatic environments also result in lower oxygen saturation. These factors plus BOD creates lethal tipping points. Do we know enough
about those interactions to take effective steps in management to prevent mass mortalities?
24. As oceans warm, species distributions trend poleward however, most marine resource management assumes geographic stasis. Can marine
fisheries management develop dynamic strategies based on thermogeography rather than static geography?
25. Are all tipping points bad?
26. What are the characteristics of a bad tipping point outcome?
27. In what cases would we "prefer" the new alternative stable state as opposed to the old one?
28. How should we allocate our resources to be as efficient as possible in preventing or mitigating negative impacts of tipping points?
29. How can we address tipping points occurring in large areas?

a b whN =



M. Harper et al. Biological Conservation 313 (2026) 111622

30.

31.
32.
33.
34.
35.
36.

37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.

68.
69.
70.
71.
72.

73.
74.
75.
76.

77.
78.
79.
80.
81.
82.
83.

84.
85.

It might be important to create a platform for collaboration amongst multiple countries, would agencies like the United Nations be interested in
something like this?

How can we ensure that the knowledge that we gather about tipping points is passed over to the next generations?

How can we make sure that all the voices involved in tipping points events are heard?

Can tipping points be irreversible?

Would it be better to forget about that already lost ecosystem and focus on another one that hasn't reached that critical level?

Marine heat waves can cause spawning failure. Will this lead to the loss of populations?

Local populations could vanish quickly. Nearly all of the species in our study are not commercially important so most are not followed closely if
at all. Populations of these species could vanish without anyone noticing. For example, if feather duster worms vanished here in central Oregon
who would notice?

The regime shift of intertidal community in the context of climate change and human activity?

The changes of benthic community with offshore mariculture?

Are tipping points consistent enough in space and time (mid-term) to be useful in the management of natural systems?

How can the compounded effects of multiple biotic and abiotic drivers be taken into account to make tipping points a useful management tool?
How can tipping points be altered by multiple interacting stressors?

How can we use results generated through laboratory or in situ experiments to guide management actions?

How can a tipping point in one realm affect the reach of another tipping point in another realm?

What ecosystem measurements can reliably predict an imminent tipping point?

Can we identify which aspects of an ecosystem will make it possible to reverse a tipping point?

Are there indicators of a system approaching a tipping point?

Could tipping points in a given ecosystem trigger tipping points in other systems?

Are there key species in ecosystems that contribute to resilience and where their loss can trigger tipping points?

Do observable spatial tipping points provide reliable and usable information on temporal climate change driven tipping points?

What is the definition of and how to identify tipping points in a heterogeneous landscape?

Are peatlands/wetlands in the boreal plain at risk of disappearing in a warming climate and by what mechanism?

If tipping points exist in the wetland-forest mosaic of the boreal plains, what do the alternative states look like?

Can we use spatial analogue landscapes to define the alternative landscapes?

What are relevant thresholds for different marine organisms of pO2, temperature?

How (strategy, methodology) can we resolve the impacts of multiple environmental drivers?

What are the rules defining local sensitivity to local and global environmental changes?

What is the modulating role of evolution for tipping points in a multiple stressor world?

What is the best strategy to define a priority list of stressors (e.g. for management) in a given location?

How do you know if you are approaching a tipping point in any system? Are there any predictive factors?

Can empirical examples of tipping points be compiled and published as a review/summary?

Can compiled empirical examples of tipping points in reviews and summaries be used to set thresholds for decisions?

Are there any examples of habitat thresholds in freshwater? (for fish or invertebrates or others?)

What is the range of natural variation in ecosystem indicators?

What method can be standardized to identify tipping points?

In the absence of empirical data, what methods can be used to determine tipping points?

Given imperfect knowledge, how do we consistently and accurately incorporate tipping points into management of aquatic resources?
Without knowing how all factors may interact, what are the risks of making management decisions based on solely the elements/relationships
we understand?

Are there simpler (less quantitative) ways of incorporating or integrating effects to support faster management decisions?

What are the risks of taking simpler (less quantitative) ways of incorporating or integrating effects to support faster management decisions?
What is the minimum information required to derive an estimate for a tipping point threshold?

If based on very limited sample data, how robust would the estimate be for a tipping point threshold?

What are the minimum factors that need to be measured (e.g., response variable, driver/gradient) to derive an estimate for a tipping point
threshold?

Do you need to observe a system "tipping" to quantify the minimum factors to derive a threshold?

Can modeling be based on limited sampled data to derive an estimate for a tipping point threshold?

Are there some ecological interactions that are more suitable for deriving a tipping point?

Is it best to have scientists working to identify tipping points that they think are relevant or have management groups identify the specific
stressors/drivers of interest?

How universal (i.e., consistent across similar ecosystems) are tipping points?

Buffer effect of trophic complexity in building resilience?

Temporal scaling of bottlenecks in complex ecological networks?

Probabilistic framework for early warning signals (EWS)?

Do tipping points really exist or are they a consequence of sensitivity analysis of rolling windows?

The role of teleconnections in building up resilience?

Given that there is often uncertainty around when a tipping point has been reached, how do we balance resources between learning (i.e.,
monitoring) and acting around tipping points?

At what point does sea ice loss (due to climate change) lead to irreparable harm to pagophilic species?

Many caribou herds are in decline. How low can numbers get before populations are unable to recover due to Allee effects, etc.?
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