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Abstract

Ecosystems experiencing pressures are at risk of rapidly transitioning (“tipping”) from one state to another. Identifying
and managing these so-called tipping points continue to be a challenge in marine, freshwater, and terrestrial ecosystems,
particularly when multiple potentially interacting drivers are present. Knowledge of tipping points, the mechanisms that cause
them, and their implications for management practices are evolving, but often in isolation within specific ecological realms.
Here, we summarize current knowledge of tipping points in marine, freshwater, and terrestrial realms and provide a multi-
realm perspective of the challenges and opportunities for applying this knowledge to ecosystem management. We brought
together conservation practitioners and global experts in marine, freshwater, and terrestrial tipping points and identified seven
challenges that environmental policymakers and managers contend with including (1) predictability, (2) spatiotemporal scales,
(3) interactions, (4) reversibility, (5) socio-ecological context, (6) complexity and heterogeneity, and (7) selecting appropriate
action. We highlight opportunities for cross-scalar and cross-realm knowledge production and provide recommendations for
enabling the management of tipping points. Although knowledge of tipping points is imperfect, we stress the need to continue
working toward incorporating tipping points perspectives in environmental management across all realms.
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In ion
troductio (Holbrook et al. 2016). Furthermore, transitions can also oc-

Human impacts on ecosystems, such as accelerating cli-
mate change (IPCC 2021) and increasing intensity of resource
use (Vitousek et al. 1997), are leading to dramatic alterations
of ecosystem structure and function in marine, freshwater,
and terrestrial systems. These impacts can include complete
ecological transitions from one state to another entirely dif-
ferent state, that is, “regime shifts”, which may be precipi-
tated by crossing a “tipping point”. For example, coral reefs
can rapidly transition from a stony coral state to an algal state
due to exposure to elevated temperatures and (or) nitrogen
levels (Lapointe et al. 2019) over a period of days to weeks, or
from loss of grazing species due to diseases or overharvesting
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cur among forest, savanna, and treeless states due to changes
in forest-rain feedback precipitated by deforestation, climate
change, or fire (Hirota et al. 2011), and lake conditions can
change from clear to turbid due to increasing phosphorus
(Bayley et al. 2007). These regime shifts (Scheffer et al. 2001)
are now well documented, and there is an expanding inter-
est in how these regime shifts manifest in coupled ecological
and social systems (Biggs et al. 2018).

Tipping points occur when changes in driver intensities
or durations trigger an ecosystem to transition between two
or more potential alternative states. Changes in drivers may
be gradual or abrupt, leading to switches from one state to
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another when the tipping point is transgressed (Scheffer and
Carpenter 2003; Hughes et al. 2013b; van Nes et al. 2016).
These nonlinear responses are reinforced by positive feed-
back mechanisms (e.g., increasing nutrients in shallow lakes
leads to turbidity and causes decreasing vegetation, which
leads to additional turbidity; Sheffer and van Nes, 2007) and
lead to changes in state that are often irreversible (Hughes
et al. 2013a; Milkoreit et al. 2018; Carrier-Belleau et al. 2022).
Changes in state can have lasting consequences for species
(e.g., local extirpation or extinction of species), ecosystem
functions (e.g., primary production), and ultimately, ecosys-
tem services (e.g., the collapse of fisheries with knock-on ef-
fects on humans who depend upon fisheries).

Tipping points occur at a range of spatial and temporal
scales. They have the potential to be large, long-term plan-
etary transitions due to mass extinction and niche refilling
(e.g., Sallan and Coates 2010) or as small as a lake under-
going rapid transitions from native- to invasive-dominated
assemblages over a few years (e.g., Hansen et al. 2013). The
capacity of an ecosystem to resist or be resilient to change
determines the risk of a transition from its current, often-
desirable, state to a different, and potentially less desirable,
state. While transitions themselves can be dramatic, predict-
ing if a tipping point will occur is difficult (Scheffer et al.
2009). The diverse and complex pathways that trigger tipping
points, the potential for ecological surprises (Filbee-Dexter et
al. 2017), and the high costs of staving off change (i.e., slow-
ing the rate of change in ecosystem states or attempting to
return the system to its original state) make managing them
complex (Kelly et al. 2014). This complexity, and a lack of em-
pirical data, has resulted in arguments that because clearly
defined thresholds are often difficult to quantify, the concept
of tipping points is not an effective management framework
(Hillebrand et al. 2020). Here, we argue that despite inherent
complexities and uncertainties, tipping point theory can and
should serve a useful role in management and conservation.

Despite their predictive challenges, the questions of if,
when, and how the effects of drivers lead to tipping points
continues to be identified as important knowledge gaps for
ecological management in marine (Parsons et al. 2014; Mason
et al. 2017; Friedman et al. 2020), freshwater (Pérez-Jvostov
et al. 2020; Dey et al. 2021), and terrestrial (Ammer et al.
2018; Allsopp et al. 2019) contexts. Enabling managers to
incorporate concepts surrounding tipping points into their
operational plans is prudent and thus of value for manage-
ment strategies. Formal incorporation of this perspective into
management decisions will enable better decisions when
faced with potentially catastrophic environmental changes,
influencing monitoring strategies, management actions, and
decision-making in ecosystem management.

Efforts, such as the Ocean Tipping Points Project (http:
/[oceantippingpoints.org/), have made important strides in
addressing knowledge gaps surrounding tipping points. How-
ever, these efforts could benefit from integrating multi-realm
considerations. Evidence suggests that tipping points may
have occurred in all realms and have fundamental concepts
that are consistent. This is due to the commonality in drivers
and due to drivers such as climate change or changes in water
cycling crossing the boundaries of realms. Such an integra-

tive approach can lead to management actions that are mul-
tipurpose (Tulloch et al. 2021), allowing for co-benefits from
individual management actions (Adams et al. 2014). Consid-
ering multiple realms can have the added benefit of more eas-
ily identifying general patterns and mechanisms (Webb 2012)
and decreasing research duplication across fields (Menge et
al. 2009). If tipping points occur in multiple connected sys-
tems, a system’s tipping may drive a second tipping point
in a different system, thus facilitating tipping point cascades
or domino effects (Rocha et al. 2018). Considering multiple
realms ensures that tipping points research and management
could facilitate the identification of more effective manage-
ment actions and better predictions. Further, we argue that
efforts could benefit from exploring causes of positive feed-
back loops that can potentially lead to tipping points from
molecular to organismal to ecosystem scales because tipping
points can occur in systems across all levels of ecosystem or-
ganization.

Here, we use a multi-realm perspective to identify chal-
lenges and opportunities for applying a tipping points per-
spective to ecosystem management. We do so through a lens
that spans multiple levels of biological organization from the
physiological sensitivity of individuals within populations of
a species (Monaco and Helmuth 2011; Gunderson et al. 2016;
Kroeker et al. 2017) to entire ecosystems (Selkoe et al. 2015;
Holbrook et al. 2016). We explore opportunities for working
and learning across realms and provide recommendations
to enable incorporating tipping points into future manage-
ment.

Tipping points concepts

There are many definitions of tipping points (see Box 1).
Here, we use the one developed from recent reviews on
tipping points in ecological systems (Milkoreit et al. 2018;
Carrier-Belleau et al. 2022) (see Table 1 for definitions of tip-
ping point terms used throughout this article). Tipping points
are points or zones of rapid change in a nonlinear relation-
ship between ecosystem condition and driver intensity (po-
tentially influenced by positive feedback mechanisms) that
lead to different states, which could be irreversible (Selkoe et
al. 2015; Milkoreit et al. 2018; Carrier-Belleau et al. 2022). Con-
tinuing pressure of the driver (including small, cumulative
changes), significantly large transient fluctuations in state,
or abrupt pulses from driver(s) can all be sufficient to push
an ecosystem across a tipping point. Once the tipping point
is passed, internal processes of the system maintain the new
regime through reinforcing feedback (van Nes et al. 2016).
The ecosystem is then considered to have entered a new state
(e.g., a new valley of attraction; Fig. 1) (Beisner et al. 2003).

The relationships between drivers and biological responses
are almost always nonlinear in nature but may appear linear
or even uncorrelated over much of their range. As a result,
changes in drivers, such as temperature or nutrients, can ini-
tially have an apparently minor impact until some threshold
value or inflection point is reached (Scheffer et al. 2001). In
some cases, tipping points are the result of multiple drivers,
which can create additional complexities through their inter-
actions (Folt et al. 1999). For example, while increases in tem-
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Box 1. A call for consistent terminology in tipping points research

While the concept of tipping points has been present in the literature since the 1950s and in common usage in ecosystem
sciences since the 2000s (van Nes et al. 2016), the terminology surrounding tipping points is often confusing, with multiple
terms being used interchangeably. Similar to the findings of Orr et al. (2020) on multiple-stressor literature, recent syntheses on
ecological tipping points (e.g., Carrier-Belleau et al. 2022) have highlighted the variability in terminology both within and across
realms (i.e., regime shift used more frequently in aquatic than terrestrial systems) and through time (e.g., the term “tipping point”
is a relative new-comer to the topic) (Carrier-Belleau et al. 2022). Consistent terminology can greatly enhance cross-realm
collaboration (Bonar and Hubert 2002). In the context of tipping points, consistent terminology can enable easier application of
tipping point concepts in ecosystem management, especially where marine, freshwater, terrestrial, and social realms collide. As
such, we amplify previous calls for consistent terminology and recommend definitions be used, as suggested by Carrier-Belleau
et al. (2022) and Milkoreit et al. (2018). At a minimum, individuals considering tipping point phenomena for management should
consider (1) the tipping point itself, (2) regime shifts, (3) alternative stable states, and (4) hysteresis (Table 1).

Table 1. Definitions of terms with relevance to tipping points used throughout the article.

Term Definition

Synonyms Source

Driver

Multi-drivers
Tipping point

lead to different states, which could be irreversible
Regime shift

cycles

Alternative
stable state

Hysteresis

Environmental parameters (natural or anthropogenic) that exceed
the natural range of variation within a system, resulting in a
quantifiable biological response, regardless of its direction

The aggregate effect of multiple drivers and their interactions

Tipping points are points or zones of rapid change in a nonlinear
relationship between ecosystem condition and driver intensity
(potentially influenced by positive feedback mechanisms) that

Transition from one state to a contrasting one. In this context, the
“state” is a set of characteristics with its own fluctuations and (or)

Contrasting non-transitory states to which a system may converge

A feature of the system that exists if the alternative stable states
persist even after the pressure from drivers is relaxed. The
trajectory for recovery differs from the path of the original; in

Stressor, factor, pressure (Hughes et al. 2013b; Coté
et al. 2016;
Carrier-Belleau et al.

2022)

Multi-stressor (Orr et al. 2020)

Critical threshold, (Selkoe et al. 2015;
breakpoint, catastrophic Milkoreit et al. 2018;
bifurcation Carrier-Belleau et al.

2022)

Critical transitions, phase (Scheffer et al. 2009)

transitions

Alternative equilibrium,
alternative state

(Scheffer and Carpenter
2003)

(Beisner et al. 2003; Suding
and Hobbs 2009; Litzow
and Hunsicker 2016)

some cases, even after the driver relaxes, the ecosystem does not

return to the previous state.

Resilience
changes in driver(s) and remain in its current state.

The ability of a system to withstand pressure upon exposure to

Resistance (Litzow and Hunsicker

2016)

perature most frequently are the proximate cause of coral
bleaching and reef collapse, exposure to elevated levels of
nutrients can lower the tolerance of corals to heat and light
(Riegl et al. 2015). Drivers can decrease an ecosystem’s re-
sistance to change, and its resilience to bounce back from
change, particularly if multiple drivers work in concert (Ling
et al. 2009), making it more difficult for the ecosystem to
maintain its current state (i.e., its current valley of attraction;
Fig. 1).

Tipping points can present in four general stages: (1) an
original equilibrium state; (2) an unstable, perturbed state
due to increasing pressures and loss of resilience (i.e., regime
shift); (3) a tipping point; and (4) an alternative state (Figs.
1b and 1c¢). Alternative states can include both changes to
the original equilibrium state or switches from one state to
another (i.e., alternative equilibrium states). There is the po-
tential for more than one equilibrium state under the range
of variation of a driver within a system, such as is the case
in kelp forest-urchin barrens (Simenstad et al. 1978; Stewart
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and Konar 2012). Whether alternative states can be consid-
ered “stable” or are dynamic, transient states, and whether
all tipping points will lead to an alternative state, remains
debatable (see Petraitis and Dudgeon 2004). For our pur-
poses, we assume that some change in state is likely to occur.
Whether alternative states are “stable” may be dependent on
the time horizons considered; frequent year-to-year regime
shifts may be considered “unstable” alternative states (Bayley
et al. 2007), whereas more subtle, longer term changes that
occur over decades may be considered “stable”. Henceforth,
we use “alternative stable states” for consistency but recog-
nize that this term includes some assumption of the time
horizon in question. Hysteresis (Fig. 1d) is present if, after a
perturbation to the ecosystem, alternative stable states per-
sist even after drivers are relaxed because the trajectory for
recovery differs from the path of the original change; in some
cases, even after the driver relaxes, the ecosystem does not
return to the previous state (Beisner et al. 2003; Suding and
Hobbs 2009; Litzow and Hunsicker 2016). The amount of
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Fig. 1. Tipping point concepts. (a) Relationship of a theoretical ecological response variable (solid line) and the drivers im-
pacting it (dashed lines). Periods of stability (stable states; 1-3) contrast with periods of transitions (regime shifts; red line),
culminating in a tipping point and change to an alternative state. Regime shifts can be differentiated by their cause and re-
versibility. In (b) (reversible), (c), and (d) (irreversible), the basins represent stable states, and the balls represent current states.
Open balls indicate stable states, while filled balls indicate alternative stable states. A regime shift is caused by “shifts in vari-
ables” (b and c), where the addition of new external drivers (e.g., fishing) pushes the ecosystem across a fixed threshold into a
new basin of attraction. A regime shift is also caused by “shifts in parameters” (d), where changes in existing external drivers
(e.g., carrying capacity) alter the basin of attraction itself, moving the ecosystem from one stable state to another without
having to overcome a fixed threshold (cf. Beisner et al. 2003; Scheffer and Carpenter 2003; Horan et al. 2011).
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hysteresis present in the system is dependent on the differ- cessful integration of tipping points into strategic planning

ence between the tipping points of degradation and recovery
(Filbee-Dexter and Scheibling 2014) and is an important com-
ponent to consider when evaluating or applying concepts of
tipping points.

Need for integration of tipping points
concepts in ecosystem management

Integration of tipping points in ecosystem management
is challenging because it assumes that tipping points are to
some degree predictable and that management applied ju-
diciously, either before (preventing) or after (restoring) the
tipping point, can influence the outcome of the event. Suc-

and management actions can enable better decision-making
(Hastings et al. 2018). Management strategies that explicitly
avoid potential tipping points have been found to be more
effective than those that do not (Kelly et al. 2015). Although
tipping points are recognized in many management scenar-
ios (e.g., maximum safe yield in fisheries harvests; Blocker et
al. 2023), there is still a need to operationalize tipping points
explicitly in legislation, policies, and guidelines that inform
ecosystem management, in a similar manner to the way risk
is currently embedded in this guidance (e.g., the IUCN Red
Lists Keith 2015). Doing so would enable avoidance of sur-
prises (Selkoe et al. 2015) and assist managers in defining safe
operating spaces to avoid catastrophic changes (Rockstrém et
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Box 2. Examples of managing tipping points

Terrestrial example—grassland degradation of the Tibetan Plateau

The regime experienced in the Tibetan pastoral landscape is an example of the importance of scale when considering man-
agement activities. Li et al. (2021) found that shifts from a functioning alpine meadow state to a degraded black-soil, grassless
state have occurred due to the combined effects of changes in pastoral land use (privatization and fencing), increased land-use
intensity (extended grazing by more yak and sheep in smaller pastures), and increased number of pika. Early warning signals
of the regime shift to the black-soil, grassless state appeared first in only a few pastures. Responses to these early warning
signals were haphazard and at the scale of the individual pasture. However, the drivers leading to black-soil formation occurred
at the scale of the landscape, and it took almost 15 years after the first early signals for landscape-scale management to be
considered. shift

Marine—overexploitation of the Baltic cod fishery

A classical example of how tipping points can impact highly connected socio-ecological systems is the Atlantic cod socio-
ecological complex, where overfishing (the driver) led to the collapse of the Baltic cod population. This in turn led to the collapse
of the fishery and the community that it supported (M6limann et al. 2021). The combined effect of the warming of the Western
Baltic Sea and overfishing of the cod fishery led to a dramatic decline in catches and significant changes in cod stock dynamics.
The biomass of adult cod decreased to such a point that it impaired reproductive success, which led to an unproductive state. The
necessary changes to allowable catch to facilitate biological recovery endangered the socio-ecological system and therefore
overfishing continued until it reached a stable unproductive state. It is unlikely that ecological recovery efforts to move this
system into a more productive state will be successful; therefore, other measures to mitigate the social impacts of this tipping
point will be required.

Freshwater—eutrophication management at Cootes Paradise

While some tipping points are undesirable, facilitating tipping points to push a degraded system to a more desirable form can be a
viable management goal. Kim et al. (2021) demonstrated how eutrophication management in Cootes Paradise Marsh in Ontario
(Canada) could help tip the system from an undesirable turbid phytoplankton-dominated state to a desirable clear macrophyte-
dominated state. Using a eutrophication model, the authors showed that a drastic decrease in phosphorus concentration could
lead to a tipping point on its own and that this tipping point could be accelerated if a healthy macrophyte community was
established. These management actions would support management objectives to increase the extent of native macrophytes

in the marsh.

al. 2009; Johnson and Ray 2021). If tipping points are not con-
sidered, ineffective actions may be implemented, resulting in
poor management outcomes. If tipping points are assumed as
a potential threat, and managers focus on reducing drivers
of ecosystem change, improved management outcomes are
likely to occur. Monitoring for tipping points may come at a
high cost, but it is important to stress that restoring a system
that has crossed a tipping point is significantly more costly
than monitoring. Early action to ensure resistance and re-
silience is likely more practical, affordable, and effective than
inaction (Kelly et al. 2014) or action after the fact (Selkoe et al.
2015).

Institutional robustness in determining how and when to
act in the face of potential tipping points is another impor-
tant component of integrating tipping points into ecosys-
tem management. Responses to potential negative outcomes
(either ecological, social, economic, cultural) will vary with
context and are dependent on the components of the sys-
tem. Crossing tipping points can also occur rapidly, mak-
ing fast responses necessary. Tipping points become espe-
cially important for institutions that can influence fewer
drivers within a system and have less management flexibil-
ity (Horan et al. 2011). There are many cases of systems ex-
periencing tipping points being successfully, or unsuccess-
fully, managed. We provide some realm-specific examples in
Box 2.

Environ. Rev. 00: 1-14 (2023) | dx.doi.org/10.1139/er-2023-0042

Overcoming challenges in integrating
tipping point concepts into ecosystem
management

Many challenges face policymakers and managers working
to integrate tipping points into current management objec-
tives. We identify seven challenges (Fig. 2) that will likely be
encountered by all policymakers and managers, regardless of
realm. Most challenges are context-dependent, and we do not
report them in any particular order. There may be instances
for which a given challenge is irrelevant. For each, we identify
ways for policymakers and managers to address these chal-
lenges.

Tipping points are difficult to predict

Tipping points can be identified once they have happened
by considering sudden changes in time-series data or sharp
boundaries between contrasting states in space, among oth-
ers, although it is important to consider other possible
causes before determining that a tipping point is present
(Scheffer and Carpenter 2003). It is difficult to accurately pre-
dict an approaching tipping point, particularly when caused
by stochastic events. Because tipping points occur when a
threshold is crossed, detecting the approach to the thresh-
old requires an understanding of the normal variation within
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Fig. 2. Challenges to consider when managing tipping points
from a multi-tealm perspective. After identifying relevant
spatiotemporal scales, policymakers and managers must con-
sider whether tipping points can be predicted and whether
they are reversible, as well as the interactions between
realms, drivers, and tipping points themselves, and the com-
plexity and heterogeneity of tipping points and the systems
within which they occur. Effective policy and management
will require the integration of ecological and social perspec-
tives when taking action to avoid and (or) decrease the neg-
ative consequences of future tipping points among marine,
freshwater, and terrestrial realms.
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the system, the system’s underlying mechanisms and pro-
cesses, as well as other system-specific knowledge. Prediction
can be especially tricky under the novel suites of environ-
mental conditions often created by climate change (Mahony
et al. 2017). However, the construction and investigation of
observational, historical, and fossil datasets, as well as long-
term ecological experiments, may reveal early warning indi-
cators in environmentally similar ecosystems under similar
pressures and involving functionally similar species.

Several types of potential early warning indicators could
help fine-tune monitoring and enable managers to identify
(and ideally avoid) perturbations resulting in tipping points.
These include (1) loss of resilience; (2) critical slowing down
(increased variance and autocorrelation, as has been seen
prior to abrupt climate shifts (Dakos et al. 2019) or in time se-

ries once climate oscillations and trends have been removed
(Mengistu et al. 2013a, 2013b); (3) increased skewness and
flickering of variables; (4) slower recovery from perturba-
tion; and (5) increased change and variation in spatial or-
ganization. Many other warning indicators also exist (see:
Scheffer and Carpenter 2003; Dakos et al. 2008; Pace et al.
2017; Saravia et al. 2018; Rietkerk et al. 2021), although not all
early warning signals may be useful to identify an approach-
ing tipping point consistently in all situations (Gsell et al.
2016).

A recent synthesis of experimentally identified early warn-
ing signals found that no early warning signal was 100% re-
liable at identifying regime shifts (whether linked to a tip-
ping point or not) (Stelzer et al. 2021). Additionally, not all
abrupt changes will have early warning signals (Boettiger and
Hastings 2012; Dutta et al. 2018), and the presence of early
warning indicators does not mean a tipping point must oc-
cur. The use of time-series data often runs the risk of false
positives (Boettiger and Hastings 2012). Other limitations can
include signal-to-noise ratios (Perretti and Munch 2012), and
our ability to select relevant, measurable variables in real sys-
tems (Burthe et al. 2016) may make identifying early warning
signals difficult. It is therefore important to consider mul-
tiple forms of evidence and multiple early warning signals
together because some signals may actually be indicators of
resilience (e.g., complex spatial systems avoid tipping points
with multi-stability; Rietkerk et al. 2021).

The loss of functional redundancy and key components of
ecosystems (e.g., primary producers, trophic levels) prior to
mass extinctions (Dick 2021) indicates that bolstering func-
tional redundancy and therefore resiliency (Hirota et al. 2011)
could help stave off the negative impacts of tipping points.
Long-term, high-frequency data (i.e., higher than the natural
frequency of oscillations of the system) are useful for detect-
ing early warning signals of tipping points and also enable
the identification of when past tipping points occurred and
their potential causes, with lower levels of uncertainty. Un-
fortunately, obtaining such records is time-consuming and
demands resources that are out of reach for most manage-
ment organizations. The use of remote sensing (with broad
coverage but lower resolution) and community science (at
high spatial and (or) temporal resolution, such as the “Adopt
a plant” program; Garcia et al. 2021) could potentially help
in the establishment of robust datasets and decrease the bur-
den of data collection, especially when these approaches are
combined. Although early warning indicators prior to a tip-
ping point have been identified experimentally (see examples
in Hewitt and Thrush 2019), many are identified post-tipping
(Dakos et al. 2008; Gsell et al. 2016). However, these cases can
provide useful guidance on the need for effective and flexible
long-term monitoring programs (Hewitt and Thrush 2019) to
allow for future application of improving knowledge of early
warning signals.

Most management actions take time and resources to im-
plement, and much of the experimental evidence has shown
that early warning signals are present for short durations
and have high data requirements (e.g., Carpenter et al. 2011).
However, post hoc assessments of marine empirical studies
have noted that markedly less data are required to identify
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tipping points, than theory might suggest (Hewitt and Thrush
2019). Itis important to acknowledge that the process of mon-
itoring and analyzing data may delay implementation, lead-
ing to missed opportunities to influence the system prior to
the tipping point occurring. Because of this, using a combi-
nation of monitoring and modeling approaches that assess
multiple sources of data will better enable the recognition
of approaching tipping points and the implementation of ap-
propriate management (see Box 2). Experimental lake stud-
ies have found that preset thresholds of impacts, paired with
consideration of early warning indicators, may allow man-
agers to implement actions early enough to modify drivers
of approaching tipping points (Pace et al. 2017). Therefore,
assuming that tipping points are likely to occur is an impor-
tant first precautionary step (Selkoe et al. 2015).

Tipping points are shaped by multiple spatial

and temporal scales

One of the most difficult aspects of integrating tipping
points into strategic planning and management activities is
determining the scale at which to make decisions. Drivers
may operate at multiple scales, as will sensitivity to those
drivers. Understanding variability in how different species
(i.e., populations) within an ecosystem respond to various
drivers could improve predictions of tipping points (Harley et
al. 2017) and provide earlier opportunities for intervention.
Similarly, tipping points can occur at a variety of scales, rang-
ing from the sub-population scale (e.g., colony level failure
of social bees; Bryden et al. 2013) to the planetary scale. In
their study of climate networks, Liu et al. (2023) found tele-
connections between the Amazon Rainforest and the Tibetan
Plateau. Because of these connections, tipping in one part of
the globe has consequences when teleconnections cause cas-
cades.

Two things can help mitigate tipping points across spa-
tial scales: first, spatial self-organization can help ecosys-
tems evade tipping points across a landscape when alterna-
tive states occur in space at the same time (Rietkerk et al.
2021); second, meta-communities can facilitate rescue effects
(Thompson et al. 2020) through dispersion into and out of im-
pacted areas heading to, or experiencing, a regime shift. If the
spatial scale being considered is too small, evasion becomes
impossible. Conversely, if the spatial scale being considered
is too large (e.g., due to spatial or temporal averaging which
masks important levels of heterogeneity), important oppor-
tunities for solutions such as refugia may be missed (Salois et
al. 2022). An additional complication arises when homoge-
nous restoration activities occur, which may decrease the
landscapes’ ability to self-organize and avoid tipping points.

Although regime shifts can occur at any spatial scale, mak-
ing it essential to monitor at a variety of scales in spatially
structured systems, the speed at which they occur can vary.
This is an additional reason why prediction is so complex.
Regime shifts seen in paleo-records can range anywhere from
1 to 1000 years (Smol et al. 2005; Brovkin et al. 2021) or even
100000 several million years at a global and mass extinc-
tion scale (Sallan and Coates 2010; Sallan et al. 2011). Our
ability to determine the duration of a regime shift and if a
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tipping point has truly occurred is, however, necessarily de-
pendent on the temporal resolution of these paleorecords.
Global tipping points are likely the cumulative result of lo-
calized turnover and regime shifts occurring on shorter or
even sudden time scales, and some studies have shown that
previous regime shifts often occur within what could be con-
sidered “management relevant” time scales, such as the Black
Sea flooding (9.5-9.0 thousand years ago) that resulted in the
complete loss of land ecosystems and transition to saltwater
ecosystems in less than 40 years (Yanchilina et al. 2017). The
time horizon that should be considered by managers is there-
fore linked to the size of the area under consideration (i.e.,
managers operating at smaller scales should be prepared for
faster changes to occur). Time horizons determine when and
how fast managers must respond to early warning signals and
after tipping points have occurred.

Management planning has the challenge of determining
under what spatial and temporal scales to operate (see Box 2).
In some cases, scales will be beyond a management entity’s
capacity, but connecting temporal and spatial scales will al-
low for more complete management plans, especially if the
scale is large enough to consider the entirety of a driver’s in-
fluence (i.e., the entire invasion front of an invasive plant), or
interconnections among different realms. Supporting meta-
communities through ecosystem management can facilitate
rescue effects at local scales and potentially decrease the like-
lihood of future tipping points. While planners often work
at regional scales, planning beyond regional scales, employ-
ing similar frameworks and ensuring effective knowledge ex-
change among management entities are essential, especially
in the case of multi-scalar governance scenarios. Considering
multiple realms has been shown to lead to increased ben-
efits and decreased costs (Tulloch et al. 2021). Considering
multiple spatiotemporal scales is expected to have similar
effects.

Tipping points are influenced by multiple

interactions

Tipping points drivers are diverse (and increasing in diver-
sity and number; Reid et al. 2019) and often beyond the scope
of most local environmental managers’ reach (i.e., climate
drivers). Interacting drivers can influence the probability of
tipping points in different ways. If drivers’ effects are addi-
tive (sum of driver effects) or synergistic (combined impact
effects greater than the expected sum of drivers; Folt et al.
1999; Piggott et al. 2015), the system can be pushed closer
to the tipping point than would otherwise be expected (Coté
et al. 2016). In many cases, drivers interact to not only de-
crease the integrity of the system but make it more suscep-
tible to change. In their study of Tasmanian coastal waters,
Ling et al. (2009) found that the impacts of climate-driven sea
urchin expansion were exacerbated by overfishing of large
spiny lobsters (a main predator of sea urchins); these com-
bined impacts led to increased likelihood of overgrazing of
kelp beds and conversion to urchin barrens. In this case, con-
trolling climate-driven change is beyond the manager’s influ-
ence, but intervening to decrease overfishing could decrease
the risk of a tipping point event. This example also highlights
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the need to consider interactions within species networks as
these may contribute to the emergence of alternative states
(Kéfi et al. 2022) or management opportunities.

Whether interacting drivers will always push systems into
detrimental states more quickly is not clear, as interactions
can also be antagonistic in their physical and ecological ef-
fects on key species (Kroeker et al. 2017), or a single driver
may be dominant, even though multiple drivers are present
(Coté et al. 2016). If the cumulative effects of interacting
drivers are not considered, it is likely that the risk of a tipping
point event may be under- or overestimated (Carrier-Belleau
et al. 2022).

An additional complication may arise if one tipping point
has the potential to trigger other tipping points (i.e., domino
effects, knock-on effects, or tipping point cascades). A shift in
one system’s drivers and a subsequent regime shift may pro-
duce additional changes in driver impacts in another system,
leading to changes beyond the original tipping point event
(Klose et al. 2020). This means that managers should not con-
sider drivers or systems in isolation (e.g., if a tipping pointin a
coral reef is likely, considering potentially connected tipping
points in mangrove systems may be necessary). Drivers may
act as connectors among potential tipping points (Rocha et
al. 2018), particularly larger drivers such as climate change,
and make it essential for managers to consider overlapping
drivers across multiple systems.

Considering tipping points within and across various gov-
ernance levels will allow planners and managers to work to-
gether more effectively, developing holistic plans and tak-
ing effective actions to reduce the risk of tipping points
and tipping point cascades. Similar to the way portfolio
management suggests considering protecting networks and
their connections (Schindler et al. 2015), predicting mul-
tiple drivers and connections leading to cascading tipping
points could help alleviate the need for predicting individ-
ual drivers’ influence on single tipping points. If managers
assume that, when a tipping point in one location has al-
ready occurred, changes in drivers and a tipping point in a
connected system will follow, they can react faster to impend-
ing events. Managing the consequences of these events across
multiple interactions using multi-realm perspectives and col-
laborations becomes essential.

Tipping points may, or may not, be reversible
When considering management actions in anticipation of,
or response to, tipping points, it is important to determine
if reversibility is possible. In some cases, no amount of inter-
vention is likely capable of returning an altered system to its
original state. Changes to the system are so all-encompassing
that components of the original system no longer exist (e.g.,
complete collapse and loss of glaciers; Rosier et al. 2021). If
this result is likely, it is especially important to avoid or delay
the tipping point, rather than allowing the tipping point to
occur. This may be possible through building redundancy to
improve the resilience of an ecosystem and is one way to fa-
cilitate successful intervention to maintain the original state.
Determining safe operating space and appropriate manage-
ment thresholds (Rockstréom et al. 2009; Kelly et al. 2014;

Foley et al. 2015) that are flexible in the face of changing con-
ditions is therefore essential.

A system that has exceeded a tipping point may be influ-
enced to return to its original state, even if the path along
which this occurs is different (Beisner et al. 2003). For exam-
ple, facilitating the return of an annual fire regime in shrub-
invaded lands helped push the system back toward its orig-
inal state, a tall grass prairie (Collins et al. 2021). By influ-
encing the drivers, or by adaptively managing new system
components, managers may be able to push systems from
new (presumably undesirable) states to the original (desir-
able) state. Although complete reversibility to the original
state may not always be the goal, deliberately tipping systems
from an undesirable to a new, more desirable, state could
allow managers to influence the overall outcomes post-tip
(Lenton 2020).

Tipping points need both ecological and social

contexts

The social and ecological dimensions of ecosystems cannot
be disentangled when considering tipping points and regime
shifts. These dimensions are not isolated from one another;
therefore, transdisciplinary approaches must be adopted dur-
ing both planning and management. For example, when an
ecosystem that supports a fishery is impacted by resource use,
failing to include the social aspects of fisheries communities
in management can impact the long-term responses of the
system to harvesting (Yletyinen et al. 2018; Box 2).

Conflicting priorities and preferences among stakehold-
ers to the consequences of tipping points can create ad-
ditional complications. Ensuring that different perspectives
are evenly represented and considered by decision-making
bodies can be challenging. Some actors may benefit from a
regime shift resulting in stakeholder reluctance to support
restoration to the original state. For example, a collapse of
the cod fishery in the Gulf of Maine was followed by a transi-
tion to a lucrative lobster fishery (Steneck et al. 2011), and the
invasion of blue crabs into the Mediterranean has led to a new
fishery in Tunisia alongside efforts to remove the non-native
species in Italy and elsewhere (Marchessaux et al. 2023).
Those who see the most benefit after a tipping point will
thus likely have the least motivation for change (Selkoe et al.
2015). In other cases, stakeholder support for changes back to
an original state is more robust because those changes have
little impact on stakeholders but have large ecological bene-
fits. For instance, changing from car-based transport to bus-
based transport in Mount Zion National Park resulted in posi-
tive impacts on cougar numbers with little associated impact
on park visitors (Ripple and Beschta 2006).

Societal values almost always dictate what can and cannot
be successfully acted upon, and decision-making is depen-
dent on societal values requiring inclusive co-development
of solutions with diverse stakeholders. Without taking this
into account, managers may be faced with a near-impossible
task. Knowing that risk tolerance and acceptance are nec-
essary components of decision-making, managers should
work to integrate not only economic risk aversion/tolerance,
but also cultural risk aversion/tolerance (see examples in
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Biggs et al. 2018). Local managers are uniquely positioned to
capture this context and the relational value of the results of
intervention to manage past or anticipated tipping points.

Management decisions can be made based only on ecolog-
ical context, but management decisions integrating tipping
points perspectives will necessitate some consideration of so-
cial and or economic context. Some management objectives
currently incorporate these (i.e., Lester et al. 2021), but do-
ing so will require transdisciplinary teams and diverse voices,
which in turn mandates fostering of trusted relationships in
advance of crises. Considering different societal values (Ford
etal.2021) and actively integrating different knowledge bases
will lead to management outcomes that are better supported
by communities and are effective across social and ecologi-
cal boundaries. This will also enable the inclusion of histor-
ically underrepresented voices and viewpoints (Yletyinen et
al. 2019).

Tipping points are complex and heterogeneous

Due to the complexity of predicting, identifying, and man-
aging tipping points before they occur, they are often con-
sidered “ecological surprises” (Filbee-Dexter et al. 2017). Sur-
prises may arise from differences in manager expectations
and the actual results of management interventions. For ex-
ample, if hysteresis is present in a system, more effort to de-
crease drivers may be necessary to return the system to the
original state than was required to cause the switch (Foley et
al. 2015).

Ecological systems are complex, but most models do not
reflect this complexity. Simple models consider only a sub-
set of the components of an ecosystem that may influence,
or be influenced by, a tipping point. They are insufficient
to truly understand if, and when, a tipping point will occur
and what the end result will be (Kéfi et al. 2022). More com-
plex models may only be part of the solution to understand-
ing tipping points, as they run the risk of misidentifying an
ecosystems likelihood of tipping if they are parameterized
incorrectly and therefore should be integrated with other ap-
proaches, such as experimentation, to accurately understand
tipping points (Kéfi et al. 2022). Quantifying uncertainty is ex-
ceptionally difficult, especially since tipping points are quite
heterogeneous. As the complexity of the scales and dynam-
ics of a system increases, the risk associated with incorrectly
identifying thresholds for management within systems also
increases. If further complicated by social, economic, and cul-
tural considerations and the management entities’ organi-
zational complexity, different goals add to this uncertainty
(Johnson and Ray 2021).

When systems have multiple potential alternative stable
states, quantifying the risk of each outcome can help dur-
ing management decision-making. Assuming that only a sin-
gle outcome is possible can lead to management that does
not function as expected, especially if potential feedback
loops are not parameterized. Christiansen et al. (2014) deter-
mined that when marine protected areas were established
to decrease fishing pressures on sea turtles, an unexpected
consequence was increased the herbivory of seagrass, lead-
ing to potential ecosystem collapse. By controlling for one
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potential tipping point, but not considering how drivers will
change, the foundation for another tipping point was devel-
oped. The complexity of the interactions within an ecosys-
tem requires consideration of complexity and uncertainty at
many scales.

Tipping points require action

Determining when it is necessary to gather more informa-
tion before acting is a difficult problem in environmental sci-
ences in general (McDonald-Madden et al. 2010; Bennett et
al. 2018). This difficulty may be exacerbated in systems that
are subject to tipping points because the consequences of act-
ing too late are potentially catastrophic. It is likely that some
tipping points are more readily acted upon than others. It
may be difficult for managers to act upon unpredictable tip-
ping points, particularly if acting comes with a significant
cost, and there are more predictable options for limited re-
sources. There may also be considerable lags between recog-
nizing a tipping point and acting upon it, and resource limita-
tions mean that managers are typically unable to act on every
potential threat to an ecosystem. They must choose what is
within their capacity and where to direct limited resources.

Whether to focus on drivers or the consequences of tip-
ping points may depend on the types of management inter-
ventions that can be used and what the ultimate manage-
ment goals are. By focusing on drivers, managers have the
opportunity to capture additional early warning signals (e.g.,
Pace et al. 2017). Drivers are often easier to identify on short
time scales than the consequences of a tipping point, and
by considering potential drivers, managers can intervene in
a timely manner. There are risks if managers focus on one
driver over other, more impactful drivers, but focusing on
consequences is almost always the more costly option. In-
corporating tipping points in cost-benefit analysis can result
in more effective processes being recommended for imple-
mentation (Cai et al. 2015). Combining different management
goals (i.e., avoiding regime shifts and working on ecosystem
restoration) could also lead to synergies in management ac-
tivities.

Careful, evidence-based decision-making is essential, and
information should be collected on social, scientific, and
management aspects of decisions. Using this information in
adaptive management enables us to learn and improve man-
agement choices as new information comes to light. By utiliz-
ing adaptive management as tipping points are approached
(assuming it is possible to predict them) or to decrease over-
all driver effects in the system, better results are likely possi-
ble. In addition to collecting sufficiently high-frequency and
long-term data prior to acting, it will be essential to moni-
tor interventions to see if they work as intended and to avoid
negative, unintended consequences. Additionally, there is a
need to improve information sharing across realms (Menge
et al. 2009; Orr et al. 2020) to improve progress in tipping
point management.

While working toward general principles that apply to all
tipping points is a worthwhile goal in the long run, focusing
on this and delaying the application of current knowledge
may contribute to future tipping points. Through their re-
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Table 2. Recommendations for moving forward with tipping points in ecosystem policy and management.

Recommendation

Why?

How?

Learn across multiple realms * Enables faster uptake of new
knowledge/techniques

Builds on existing knowledge

Seek opportunities for cross-realm ¢ Enhances interconnectedness of realms
Enables potential to control future tipping points

action
in connected systems

funding

Coordinate to decrease
duplication of effort across
realms and scales

Decreases research repetition

e o o

Enables cost-/benefit-sharing

Act on tipping points holistically * Acknowledges that drivers do not operate in

isolation

Enables potential to understand the
generalizability of tipping point knowledge

Saves limited funding resources

Acknowledges that drivers can extend across

¢ Attend multi- or inter-realm conferences

¢ Publish in generalist journals (not specifically
marine, freshwater, and terrestrial)

Read literature outside one’s core realm
Participate in interdisciplinary student mentoring

Develop cross-realm research/management teams
Consider multi-realm funding opportunities

Creates potential to access to new sources of

Develop multi-realm research projects
Collaborate with agencies at different
organizational levels

Conduct cross-realm evidence syntheses

Embrace accessible information sharing
Facilitate inter-realm knowledge sharing through
plain language summaries

Engage in integrated approaches to management
* Ensure realm-specific management agencies
collaborate when developing holistic

realms management goals/strategies
Build transdisciplinary teams to ¢ Enhances cross-realm knowledge exchanges * Foster collaboration among ecological and social
ensure social and economic * Enables socio-ecological connections to be sciences
contexts are integrated in embedded explicitly ¢ Develop funding sources for transdisciplinary
decision-making ¢ Creates multiple viewpoints/knowledge bases teams
* Recognizes different stakeholder and * Incorporate different knowledge bases within
rightsholder needs projects

view of 51 case studies, Kelly et al. (2014) determined that the
best ways to successfully avoid or respond to tipping points
were (1) continuous ecosystem monitoring, (2) considering
known or expected thresholds in management decisions, and
(3) managing drivers at appropriate scales. However, there are
cases where one or more of these components may not be
possible or efficient. In those cases, avoiding tipping points is
likely to produce the best results in the absence of complete
information, since our ability to predict tipping points us-
ing early warning indicators remains limited. Because of the
high uncertainty, especially if paired with high likelihood of
irreversibility, a precautionary approach is necessary. Precau-
tionary approaches can be costly (Scheffer et al. 2009), neces-
sitating high-frequency and high-quality data and strong reg-
ulator control (Selkoe et al. 2015). However, because crossing
tipping points is likely to result in higher costs overall, work-
ing to avoid tipping points and acting for the highest ecolog-
ical benefit prior to tipping occurring is likely the best op-
tion available to managers. Effectively communicating these
trade-offs to decision-makers will make a cautious approach
to future tipping points more palatable.

Moving forward to effectively manage
tipping points

The narrative around tipping points is often one of de-
spair and loss, which can hinder managers from effectively
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managing tipping points. While these types of narratives can
be counterproductive, inspiring narratives can produce im-
proved outcomes (Bennett et al. 2016). Gaining public buy-in
and social license is yet another complexity that could poten-
tially constrain managers’ ability to tackle tipping points in
ecological systems using a tipping points perspective. High-
lighting bright spots and success stories in tipping points
management may be one way to bolster public buy-in and
social license when managing these complex interactions
(Cvitanovic and Hobday 2018). Improved sharing of manage-
ment outcomes is one way to start changing public percep-
tion surrounding tipping points. That being noted, contin-
uing to share examples of instances where systems have ex-
perienced tipping points along with associated consequences
to society can also help to foster support. Finding the balance
between hope and despair is always challenging (Kidd et al.
2019; Park et al. 2020) and would be a worthy area of research
for tipping points.

As we move forward in our understanding of tipping points
and our ability to predict them, it is essential that better pre-
dictions (based on a variety of techniques such as mechanis-
tic and statistical models, machine learning, and manipula-
tive experiments) help pinpoint early warning signals so that
we have sufficient time to act. Analyzing existing datasets
in novel ways (e.g., Gutowsky et al. 2019) and using meth-
ods that combine disparate datasets (such as evidence syn-
theses) could help make connections in existing data, further
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improving our understanding of what to focus on when at-
tempting to predict future tipping points. To further develop
our understanding of tipping points management, we rec-
ommend the following: (1) learn across multiple realms, (2)
seek opportunities for cross-realm action, (3) coordinate to
decrease duplication of effort across realms and scales, (4) act
on tipping points holistically; and (5) build transdisciplinary
teams to ensure social and economic contexts are integrated
in decision-making (Table 2).

It is likely that we will be unsuccessful in preventing some
tipping points, but this should not be a deterrent in attempt-
ing to predict and manage tipping points in the future. Scien-
tists, planners and managers, and practitioners should take
these as opportunities for learning and further developing
our ability to manage these potentially catastrophic changes
moving forward and thereby preventing localized regime
shifts from scaling up to become regional or global events.
Although our knowledge of tipping points remains imper-
fect, we must continue working toward incorporating tipping
points perspectives in environmental management and con-
servation in all realms.
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