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Abstract
Natural ecosystems are experiencing unprecedented rates of change due to anthropogenic activities and
global change, leading to either gradual changes in a given response or tipping points. While the tipping point
concept has been tested in an array of habitats since the 1960s, the spatiotemporal superposition of multiple
drivers in different ecosystems needs to be considered when investigating the response of species, communities,
populations, and ecosystems along environmental gradients. Here, we (1) develop a historical and current perspective of tipping point studies in terrestrial, freshwater, and marine ecological systems; (2) portray the research
effort in different freshwater and marine habitats; and (3) explore the results of experimental studies focusing
on tipping points measured at the individual, communities, ecosystem level, as well as ecosystem functions and
services in a context of single and multiple stressors. The number of studies mentioning the concept of tipping
points increases every year, but very few studies have speciﬁc objective to identify them. Even fewer studies consider how the addition of another stressor into an ecosystem may alter a tipping point. In addition, many studies investigated multiple responses, but only one-fourth (7 out of 28) of them concentrate their effort on
multiple biological or ecological levels of complexity. This review allowed us to identify shortcomings in this
research ﬁeld and propose ways to make this ecological concept anew.

seagrass) (Hoegh-Guldberg et al. 2007; Waycott et al. 2009;
Filbee-Dexter and Scheibling 2014), freshwater (e.g., lakes)
(Carpenter et al. 1985; Woodward et al. 2010), and terrestrial ecosystems (Zeng et al. 1999; Yue et al. 2017; Rilling et al. 2019),
leading to their degradation and even their collapse (i.e., trophic
cascades leading to local extinctions) (Scheffer et al. 2001; Folke
et al. 2004; Brook et al. 2008; Estes et al. 2011). The effects of
temperature and turbidity on seagrass meadows or the impact of
heatwaves and ocean acidiﬁcation on coral reefs are two welldocumented examples of how an environmental factor may lead
to the collapse of key species in an ecosystem when this factor
exceeds its natural range of variation and exceeds (species) tolerance levels (Hoegh-Guldberg et al. 2007; Jorda et al. 2012; Brown
et al. 2013).
With the increase of human footprints on natural ecosystems, two main scenarios that are not mutually exclusive have
been observed: (1) synergistic and antagonistic interactions
(i.e., nonadditive effects) resulting from a spatiotemporal
superposition of multiple drivers (Folt et al. 1999; Crain
et al. 2008; Côté et al. 2016) and (2) tipping points deriving
from unprecedented rates of change in terrestrial and aquatic

Human population growth and activities trigger gradual and
sudden changes in natural habitats that impose constraints on
organisms (Scheffer 2009; Halpern et al. 2019). Environmental
pressures arising from human activities, commonly deﬁned as
drivers (Vinebrooke et al. 2004), inﬂuence biogeochemical,
hydrological, and ecological processes locally and globally (Folke
et al. 2004). Impacts of human activities are ubiquitous and
occur in an array of marine (e.g., coral reefs, kelp forests, and
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example is a shift from a clear water state to a state of phytoplankton dominance in the Chesapeake Bay estuary (Lenihan
and Peterson 1998; Jackson et al. 2001; Scheffer 2009). This
transition started with increased sedimentation and organic
carbon input related to land use in the area. Gradual changes
were observed, with decreased biomass of aquatic plants and
an increase of phytoplankton biomass. However, the oysters
present in the estuary ﬁltered the water and avoided a transition to another state—until the collapse of the oyster ﬁshery.
In the absence of oysters, the ecosystem changed profoundly,
phytoplankton biomass increased, leading to widespread
anoxia (Lenihan and Peterson 1998; Jackson et al. 2001;
Scheffer 2009).
With the increase in occurrence and intensity of multiple
drivers in terrestrial and aquatic ecosystems, adding pulses
(i.e., temporary disturbances) or presses (i.e., long-term disturbances) of drivers in the system may alter tipping points
(Ratajczak et al. 2017). Furthermore, multiple drivers may alter
responses by acting additively or synergistically, creating an
anticipated tipping point or more abrupt response curves
(He et al. 2017). For instance, an increase in a given environmental driver, leading to a smooth linear variation in the ecosystem’s state, may create an intensiﬁed variation in the
ecosystems state with the emergence of a new driver (Fig. 1a).
On the other hand, the range of conditions to which the ecosystem is sensitive may also be altered by introducing a new
environmental driver (Fig. 1b). This may lead to a more extensive range of conditions to which an ecosystem can be sensitive and may also sharpen its response curve to changing
conditions. Finally, for a response that “folds” backward, the
appearance of a second driver in the ecosystem may lead to a
larger unstable equilibrium (Fig. 1c) or to a greater backward
shift to restore the ecosystem state if the conditions are
reversed. Multiple drivers in a system may also create
completely different responses, passing, for instance, from a
smooth linear response (Fig. 1a) to a folded backward curve
(Fig. 1c).
With the addition of anthropogenic to preexisting natural
drivers, almost all ecosystems are now affected by cumulated
drivers (Halpern et al. 2019). From experimental work to longterm monitoring, many studies have been focusing on identifying drivers’ interaction and tipping points on individuals,
populations and ecosystems, and functions and services
(Scheffer and Carpenter 2003; Côté et al. 2016; Carrier-Belleau
et al. 2021). However, very few studies have looked at
whether, and if so how, additional drivers in an environment
can modify speciﬁc ecosystems’ thresholds and tipping points.
In this review, we looked at the pervasiveness of tipping
points in different natural ecosystems in the context of multiple environmental drivers. To do so, (1) we ﬁrst developed a
historical and current perspective on tipping point studies in
terrestrial, freshwater, and marine ecological systems. In this
context, we also explored how the concept of tipping points
and related terms are used in the scientiﬁc literature. Given

environments (Brook et al. 2008; Steffen et al. 2011). While
multiple-driver research attempts to understand and predict
driver interaction (Orr et al. 2020), research on tipping points
seeks to identify a point where an abrupt shift between alternative ecosystem states occurs (Dakos et al. 2019). Both scenarios, interactions and tipping points, affect responses at
different biological or ecological organization levels, from
physiological processes to populations, communities, ecosystem functioning (e.g., biogeochemical ﬂuxes), and services
(e.g., food security), leading to substantial environmental
impacts and complexify conservation and management decisions (Forbes et al. 2017). It is now clear that identifying
nonlinear responses and interacting stressors is crucial to provide guidelines for managers and conservation planning (Côté
et al. 2016). Furthermore, both concepts can provide useful
information on when and how acting upon a set of environmental drivers is necessary to maximize conservation efforts
(Côté et al. 2016).
The theory of tipping points is integral to the idea of the
theory of dynamic systems in mathematics used to describe
the interaction of all kinds of processes (Scheffer 2009). In
ecology, the notion of tipping points was pushed forward by
pioneering works in the 1960s and 1970s and has since been
applied to different aquatic ecosystems (Carpenter et al. 1985).
Tipping points have been deﬁned in various ways but can be
quantiﬁed as zones of rapid change in a nonlinear relationship
between an ecosystem condition and the intensity of a given
driver (Selkoe et al. 2015). Increased pressure in environmental drivers in ecosystems (e.g., nutrient inputs, temperature
increases, and habitat destruction) may decrease resilience and
cause a linear variation in a biological response (Vitousek
et al. 1997; Tilman et al. 2001), leading to smooth transitions
in ecosystems states (Fig. 1a) or, on the contrary, to abrupt
transitions beyond a critical level (i.e., tipping point) (Fig. 1b).
Increase intensity of a given driver may also lead to a response
curve that “folds” backward, implying two alternative states
for the ecosystem separated by an unstable state (Fig. 1c). This
unstable state marks the border between the basins of attraction (i.e., set of initial conditions that lead to a particular
attractor, Scheffer 2009) of the two stable states. Tipping
points or catastrophic shifts (see Table 1 for deﬁnitions) have
been identiﬁed in many environments (empirically and theoretically). For example, when looking into bivalve aquaculture,
Robert et al. (2013) used nine densities (from 0 to 1400 mussels m 2) of blue mussels (Mytilus edulis) and their biodeposition in an in situ experiment to identify their inﬂuence
on benthic infaunal assemblages and ecosystem functioning
(i.e., nutrient biogeochemical ﬂuxes). Their results identify a
nonlinear response of the benthic community to increased
organic loading due to biodeposition by mussels with a break
in the area of 200–400 mussels m 2. The authors showed the
evidence for a tipping point through sediment characteristics,
macrofaunal communities, benthic respiration, and biogeochemical ﬂuxes. (Robert et al. 2013). Another well-known
2
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Fig 1. Representation of different ways in which ecosystem state may vary with changes in environmental conditions in the context of single
(blue) or multiple (red) drivers. (a) Ecosystem state may vary smoothly and almost linearly with changes in environmental conditions. This
response curve may be accentuated if more than one stressor occurs in the ecosystem and result in a more substantial variation in the ecosystems
state if a large external force is imposed on the system. (b) Ecosystems may also be sensitive to a speciﬁc range of conditions. A small perturbation
or increase in environmental conditions will generate important changes in the ecosystem state for this type of response. In this sense, if a second
driver is present in the ecosystem, this may generate a larger change in state for the same given perturbation. (c) If the ecosystem state responds
so that the curve is folded backward with alternative stable states, it will strongly respond to variations in environmental conditions if the system
approaches the bifurcation point (BP1, BP2). Adding a second stressor to this scenario could extend the unstable equilibria and make certain stable states inaccessible. The bifurcation point for a given environmental condition could also be at a lower or more degraded ecosystem state (BP2
vs. BP1) if there are multiple stressors in the environment and the forward shift could be more pronounced. (d) If stress is progressively reduced,
the ecosystem may recover and show hysteresis beyond a certain point (BP3, BP4). Multiple stressors in the system may require a larger backward
shift to restore the ecosystem state and a larger variation to overcome. Multiple stressors in an ecosystem could also wholly affect the way an ecosystem responds to changing conditions and could make the system shift from one response (e.g., (a) linear response) to another (e.g., (b) tipping point or (b) folded backward curve).
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Table 1. Terminology and deﬁnitions used within the context of tipping point in marine, freshwater and terrestrial studies.
Term
Alternative
stable state
Breakpoint

Deﬁnition
Refers to the theory that predicts that ecosystems can exist under multiple nontransitory states, or stability domains. An
unstable equilibria, generated by a change in external condition, marks the border between two stable states
(Holling 1973; Scheffer and Carpenter 2003)
Value along environmental gradient whereupon a system will move into an alternative stable state. Often used as a
synonym of threshold (May 1977)

Driver

An environmental change (naturally or anthropogenically driven) that results in a quantiﬁable biological response,
ranging from stress to enhancement (Boyd and Hutchins 2012)

Equilibrium

Circumstances in which the processes that affect the state and properties of a system all balance out so that the system

Hysteresis

does not change (Scheffer 2009)
After a parameter returns to its original value following a perturbation, hysteresis is revealed if the system can change
back to the original state at a different threshold (Beisner et al. 2003; Faassen et al. 2015)

Phase transition

Theory that states that a system can undergo strong change in its macroscopic properties if a suitable control
parameter is adequately tuned. Near these critical points, the critical components (i.e., key characteristic constants)

Regime shift

Sharp change from one dynamic state to a contrasting one. In the region where a regime shift occurs, a small change
in pressure can cause a disproportionately large and abrupt change in system properties (i.e., single species,

Stressor

An environmental change (naturally or anthropogenically driven) that decreases organismal ﬁtness (Boyd and
Hutchins 2012)

Tipping point

Thresholds of localized effects, including multiple system properties (i.e., ecological, sociocultural, and economic).
Zones of rapid change in a nonlinear relationship between a response/condition and the intensity of a given driver

are the same for very different systems. Often used as a synonym of critical transition (Solé et al. 1996)

populations, ecosystem functioning and services) (Scheffer et al. 2001; Beisner et al. 2003; Lauerburg et al. 2020)

(Selkoe et al. 2015; van Nes et al. 2016)

regime shift (Lauerburg et al. 2020), catastrophic shift (Scheffer
et al. 2001), critical transition (Scheffer 2009), phase transition
(Solé et al. 1996), fold bifurcation (Chisholm and Filotas 2009),
bifurcation point (Strogatz 1994), breakpoint (May 1977), punctuated equilibrium (Milkoreit et al. 2018), ecological threshold
(Lauerburg et al. 2020), and state shift (Scheffer and Van
Nes 2007). Although some terms are interchangeably used, we
propose deﬁnitions of the main terms used throughout this
article to facilitate a more consistent use of terminology
(Table 1).
The terms dose–response, exposure-response, and dosedependent were not purposefully included in this review. They
refer to an approach that mainly focuses on characterizing cellular and organism responses as a function of exposure to a
driver that is usually of chemical nature. This approach is particularly used in pharmacology and (eco)toxicology where the
focus is not placed on the ecosystems. Therefore, adding these
terms would have heavily skewed our research results toward
chemical drivers on physiological responses. Instead, we
restricted our research to environmental studies by adding the
search terms ecology, ecosystem, habitat, species, biodiversity, biology, and environment (Dreujou et al. 2020).
We initiated our research in the literature by looking at tipping point studies in terrestrial, freshwater, and marine environments (search queries 1–3, Supplementary Table S1). We
then focused on freshwater and marine ecosystems by

the prevalence of tipping point studies in aquatic ecosystems
(vs. terrestrial ecosystems), we focused on the latter. Following
this, (2) we separated our results among different aquatic habitats to better portray the difference in the research effort.
(3) We then used a systematic approach to explore the results
of experimental studies focusing on tipping points measured
at the individual, communities, ecosystem level, as well as
ecosystem functions and services. (4) We ﬁnally discussed our
current understanding of tipping points by identifying gaps
and shortcomings in this research ﬁeld and possible ways forward to make this central ecological concept anew.

Methodology
Literature review
The database Web of Science (WoS, Thompson Reuters,
webofknowledge.com) was used to compile all studies from
1990 to December 2020 (included). We queried the title, keywords, and abstracts of original research articles. Only primary
literature (i.e., peer-reviewed literature) was included in this
review.
Beforehand, a list of synonyms of tipping points or other
vocabulary used within this context was established by gathering pioneer studies on the subject. This process led to form a
list of 12 research terms for tipping point studies: tipping point
(van Nes et al. 2016), alternative stable state (Holling 1973),
4
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breakpoint were the three most mentioned terms in the literature when considering the cumulative number of publications
in 2020 in terrestrial, marine, and freshwater habitats confounded. On the contrary, the terms catastrophic shift, fold
bifurcation, bifurcation point, punctuated equilibrium, and state
shift were the least used in the literature in all habitats confounded with each less than 50 cumulative number of publications in 2020.
We identiﬁed years between 1990 and 2020 where terms
signiﬁcantly increased in all three habitats confounded. For
instance, the term regime shift appeared in the mid-1990s, but
its usage signiﬁcantly increased in 1996 and has been increasing to reach up to over 80 publications annually and near
2000 cumulative publications in 2020 (Fig. 2). While some
terms have been constantly used in the scientiﬁc literature
since the beginning of the 1990s, such as phase transition,
breakpoint, and critical transition, other terms such as tipping
point occurred later on in the literature and signiﬁcantly
increase in 2010 as shown by a signiﬁcant breakpoint at
that year.
We also found that the relative usage of terms differed
among marine, freshwater, and terrestrial habitats. For example, the term regime shift was more often adopted in marine
habitats where more than 60% of articles use this term compared to 45% in freshwater and 30% in terrestrial ecosystems
(Fig. 3). On the contrary, the proportional usage of the term
tipping point was superior in terrestrial habitats (22%), followed
by freshwater (14%) and marine ecosystems (13%) (Fig. 3).

acknowledging studies published in speciﬁc habitats within
these results. Publications were grouped by the ecosystem type
or habitat where the study took place by doing individual
queries for these freshwater and marine habitats: lakes, rivers,
ponds, streams, wetlands, bogs, ocean, estuaries, intertidal zone,
coastal, salt marsh, mudﬂats, seagrass meadows, mangroves, coral
reefs, deep-sea, sea, and kelp forest (search queries 4–24, Supplementary Table S1). Finally, the last search query was carried
out by adding the terms experiment and manipulation to focus
on and categorize the publications by the type of study separating; in situ manipulation experiments and laboratory
experiments or bioassays (search query 25, Supplementary
Table S1). We concentrated our review on experimental
approaches because results are much easier to interpret than
ﬁeld patterns and can provide evidence for the existence of
alternative attractors (Scheffer 2009). Narrowing it down to a
subset of studies (experimental approaches) allowed us to proceed to an in-depth examination of the publications of the
last query. We carefully read through every article to ascertain
its relevance to our objectives and to identify: the type of
study, the type of ecological habitat, the environmental
driver(s) of interest, the biological response(s), and compartment (i.e., level of biological or ecological complexity), the
term used to refer to tipping points and the statistical analyses
used in the study. Here, drivers can be natural or anthropogenic processes, events, or activities that cause a change in a
biological or ecological component of an ecosystem (Selkoe
et al. 2015). Details of search queries and research terms are
available in Supplementary Table S1.

Tipping point studies in natural ecosystems: Overview and
bibliometric analysis
Temporal spread of tipping point studies
A total of 2585 research articles, all habitats confounded
(marine, freshwater, and terrestrial), focused on tipping points
or any synonyms related to this concept stated above between
1990 and 2020. Publications were more abundant in marine,
followed by freshwater and terrestrial ecosystems (Fig. 4a),
with a constant increase in all three habitats since the 1990s.
A steep increase in the number of publications in marine ecosystems was observed in 1999, as shown by a signiﬁcant
breakpoint along our timeline (p = 0.0105) (Fig. 4b). Signiﬁcant breakpoints were also identiﬁed in 2003 for freshwater
studies (p < 0.0001) and in 2006 for terrestrial publications
(p < 0.0001) (Fig. 2b). When looking in more details at studies
in aquatic habitats, particularly in marine habitats, we found
those in the sea to be most numerous (35.0%, with a cumulative of 677 studies). This was followed by ocean (24.0%, with
a cumulative of 465 studies), coastal zones, including mudﬂats, sandﬂats, rocky shore habitats and tidal pools (20.5%,
with a cumulative of 396 studies), the tidal zone (4.8%, with a
cumulative of 93 studies), coral reefs (4.4%, with a cumulative
of 85 studies), estuaries (3.6%, with a cumulative of 69 studies),
kelp forests (2.4%, with a cumulative of 47 studies), salt
marshes and seagrass meadows (1.5%, with a cumulative of

Data analysis
Bibliographic analyses were performed using the bibliometrix
R package in R studio (Aria and Cuccurullo 2017). We created
the author collaboration and co-citation network in marine,
freshwater, and terrestrial habitats using a “FruchtermanReingold” layout algorithm based on the 50 most cited papers of
our dataset (Aria and Cuccurullo 2017). The keyword thematic
map was performed using the co-word analyses based on the
authors’ keywords in all three habitats. We used the same package to show the number of publications per country and the
number per authors. We assessed breakpoints in the number of
studies through time using the SEGMENTED R package
(Muggeo 2008; Vanacker et al. 2015). This type of analysis uses
broken-line regression models to determine where a linear regression relationship changes and estimates a breakpoint.

Results and discussion
Terminology and concepts in literature
Marine, freshwater, and terrestrial studies interchangeably
use multiple terms related to the concept of tipping point. We
found a heterogeneous usage of terminology in this ﬁeld and
also patterns related to their abundance in the literature since
the 1990s (Fig. 2). For example, regime shift, tipping point, and
5
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Fig 2. Cumulative (a) and noncumulative (b) number of articles published per year adopting the different terms related to the concept of tipping points
in marine, freshwater and terrestrial environments from 1990 to 2020. Only the seven most used terms are shown (> 50 cumulative papers). Dashed lines
represent a signiﬁcant (p < 0.05) increase in the number of studies for the terms regime shift, ecological threshold, tipping point, breakpoint, critical transition,
and phase transition.

far as freshwater habitats are concerned, we found that
research on tipping points was dominant in lakes (38.7%,
with a cumulative of 357 studies), followed by that on rivers
(27.8%, with a cumulative of 257 studies), streams (16.3%
with a cumulative of 150 studies), wetlands, including bogs
(13.1% with a cumulative of 121 studies), ponds (4.1% with a
cumulative of 38 studies), and bogs (3.1% with a cumulative
of 29 studies) (Fig. 5b; Supplementary Table S1). A particular
focus on tipping points in lakes was expected, since these
inland waters are considered models of dynamic systems
reﬂecting how other aquatic ecosystems might work
(Scheffer 2009). Among other important research, the concept
of tipping points was ﬁrst suggested by Forbes (1887), in his
article “The Lake as a Microcosm” and then by Scheffer (1998)
in his inﬂuential book titled “Ecology of shallow lakes.”

30 studies per habitat), and mangroves (1.3%, with a cumulative of 24 studies) followed by deep-sea research (1%, with a
cumulative of 20 studies) (Fig. 5a; Supplementary Table S1). As

Bibliographic analysis
The concept of tipping point in marine, freshwater, and
terrestrial is addressed worldwide (Fig. 6a). The majority of
studies focusing on tipping points were performed in the
Northern Hemisphere, with the United States, China,

Fig 3. Proportional usage of the seven most used terms related to the
concept of tipping point in marine (dark blue), freshwater (light blue),
and terrestrial (green) habitats. The bars represent the proportion of the
publications using the and adds up to 100%.
6
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Fig 4. Cumulative (a) and noncumulative (b) number of articles published per year adopting the term tipping points or a synonym in marine, freshwater, or terrestrial environments from 1990 to 2020. Dashed lines represent a signiﬁcant (p < 0.05) increase in the number of studies in marine (dark blue),
freshwater (light blue), and terrestrial (green) ecosystems.

points and alternative stable states (Holling 1973; Scheffer
et al. 2001; Scheffer and Carpenter 2003; Folke et al. 2004;
Scheffer 2009).
The most frequently used terms regarding the concept of
tipping points in marine, freshwater, and terrestrial habitats
are represented through a thematic network of keywords and
a keyword co-occurrence analysis (Fig. 7). The thematic network represents clusters that are considered as different
themes (Fig. 7a,c,e) (Cobo et al. 2011). Keywords in the upperleft quadrat are developed and very specialized themes and
differ between marine (e.g., global warming), freshwater
(e.g., climate variability), and terrestrial habitats (e.g., land
use). Themes in the upper-right quadrat represent motor
themes that are well developed and important for structuring
the research ﬁeld. No common terms were found between all
three habitats for this theme. Themes in the bottom-left quadrat are both weakly developed and marginal and represent
either emerging, or disappearing themes (Cobo et al. 2011).
For instance, in terrestrial habitats, themes such as resilience,
wildﬁre, or ecosystem services may need development due to the
research ﬁeld growing toward them (Lam-Gordillo et al. 2020).

England, Germany, Australia, and Canada being in combination responsible for more than 50% of all publications, with
the majority of publications carried out by single countries
(Fig. 6a,b). Even though the ﬁeld of research is widely spread,
with over 9042 contributing authors, some authors have contributed abundantly to the ﬁeld (Fig. 6c). While authors
mainly contribute to either marine, freshwater, or terrestrial
studies, others have combined different habitats to their
research. The author collaboration network for marine, freshwater, and terrestrial habitats confounded unveiled three main
groups of interlinked authors (in blue, purple and green) as
well as multiple smaller collaborations among few authors
(Fig. 6d). The three main clusters seem to reﬂect work done in
different research spheres; in blue, we ﬁnd authors related to
studies in freshwater environments (e.g., Pace, Carpenter); in
purple are researchers focusing on mathematical models
(e.g., Van Nes, Scheffer, Dakos); in green authors working
mainly in marine habitats (e.g., Edwards, Beaugrand, Tian).
The co-citation network revealed three author groups based
on nine main publications (in bold) (Fig. 6e). These publications are recognized as pioneer works in the ﬁeld of tipping
7
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Fig 5. Cumulative number of scientiﬁc articles from 1990 to 2020 referring to tipping points in (a) marine and (b) freshwater ecosystems divided by
habitats. Marine habitats include oceans, seas (enclosed by land), estuaries, coastal zones, tidal zones (including mudﬂats, sandﬂats, rocky shores, tidal
pools, and salt marshes), seagrass meadows, mangroves, coral reefs, kelp forests, and deep seas. Freshwater habitats include lakes, rivers, ponds, streams,
and wetlands (including bogs).

For freshwater and terrestrial habitats, three clusters of keywords (represented in green, blue, and red) were identiﬁed
whereas two clusters were associated with marine habitats
(Fig. 7b,d,f). Those clusters represent themes that are usually used

Finally, themes in the bottom-right quadrat are basic themes.
While they are essential for the research ﬁeld, they are not
developed. Interestingly, the themes regime shift and alternative
stable state occurred for all three habitats.
8
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Fig 6. Studies focusing on the concept of tipping point in marine, freshwater, and terrestrial habitats. (a) Geographical distribution of the included publications in the literature review. The color intensity represents the number of publications afﬁliated with a given country (all authors) and the circled
number represents the proportion of publications (%) associated with the top six productive countries. (b) The top 20 most productive countries with
single country publications (yellow) and multiple country publications (brown). (c) The top 20 most productive authors. The colors represent the habitat
in which the work of the author has mainly been carried out: marine (dark blue), freshwater (light blue), and/or terrestrial (green). (d) Author collaboration network. Nodes represent relations between the authors of the 50 most cited papers of the dataset; lines represent at least one co-authorship; node
and font size are proportional to the number of publications; node colors represent different networks of authors. (e) Co-citation network. Nodes represent relations between the 50 most cited papers of the dataset; node and font size are proportional to the number of citations of the article; node colors
represent different networks of citations.
9
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Fig 7. Bibliographic analysis of publications on tipping point studies divided by marine (a, b), freshwater (c, d), and terrestrial habitats (e, f). (a, c, e)
Thematic network of keywords based on co-word analysis through the authors keyword co-occurrences. The four quadrant represent the four kinds of
themes for every keyword: motor themes (upper-right), niche themes (upper-left), emerging or declining themes (lower-left), and basic themes (lowerright). (b, d, f) Keyword co-occurrences based on the 25 most cited publications.
same clusters for marine, freshwater, and terrestrial studies. We
also found terms related to management, such as conservation,
restoration, impact, or land-use for all three habitats.

together in the literature. Interestingly, regime shift, climatechange, and ecosystem are three abundant terms but are not used
in the same way for all three habitats. They are not part of the
10
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points in the context of multiple drivers. Those gaps relate to
multiple drivers along environmental gradients, the continuity between terrestrial, freshwater, and marine ecosystems,
the environmental and biological context of an ecosystem
(legacy effect), and the biological levels of complexity investigated throughout research on tipping points. Therefore, we
propose an integrative framework in order to include those
aspects (Fig. 9).

Quantitative description of experimental studies focusing
on tipping points
Within the identiﬁed research articles with our ﬁrst search
query, we found 205 articles that focused on experimental studies between 1990 and 2020. Only 86 were relevant for the
upcoming discussion: that is, focused on ecological studies in
aquatic habitats and used a laboratory or ﬁeld experimental
approach. The others either used different types of approaches
(e.g., long-term monitoring, modeling) or the use of the tipping
point or any synonyms stated above referred to different concepts. Of these articles, only 28 (32.6%) speciﬁcally aimed to
identify tipping points (or synonym), or tipping points were
clearly stated in their hypothesis or expected results
(Supplementary Table S2). The majority of studies, however,
elaborated about tipping points generally in the introduction or
discussion. Focusing exclusively at the works having an objective
to identify a tipping point (or synonym), we found that local
anthropogenic drivers (e.g., nutrient input, salinity variation)
were the most commonly investigated stressor, followed by ecological processes (e.g., predation, grazing), global change drivers
(e.g., CO2 concentration), and natural events that are expected
to be exacerbated by human activities or global change in the
future (e.g., drought, extreme temperature events) (Fig. 8a). The
preponderance of articles focused on single stressors (64.3% for
the total number of studies, respectively 75% and 56.2% for
freshwater and marine habitats), and fewer studies tested the
effect of multiple drivers in the context of tipping points (35.7%
for the total number of studies, respectively 25% and 43.8% for
freshwater and marine habitats) (Fig. 8b; Table 2). However, the
majority of studies (i.e., 75%) testing the effect of multiple
drivers also considered ecological processes in the context of
human activities or global change (Supplementary Table S2).
Very few studies focused on multiple anthropogenically driven
stressors (local stressors or global change), suggesting that the
notions of multiple stressors and cumulative impact in the frame
of tipping points are not well established.
We found that the effect of increasing intensities of given
stressors on biological responses was mainly investigated at
the community level, followed by ecosystem functioning and
services (Fig. 8c). Fewer publications investigated responses at
the individual and population levels. Articles primarily
focused on multiple responses but concentrated their efforts
on single levels of biological complexity (Fig. 8d). For
instance, 75% of studies focused on single biological levels
(respectively 83.3% and 68.8% in freshwater and marine habitats), while only 25% investigated responses at multiple levels
of biological of complexity. No studies included all biological/
ecological complexity levels, from the individual level to ecosystem functioning and services.

Tipping points in the context of multiple drivers
A recent synthesis of 36 meta-analyses, including a total of
4600 studies, examined ecosystem responses to environmental
drivers in experimental and observation settings (Hillebrand
et al. 2020). This synthesis included various environmental
drivers such as eutrophication, ﬁre, nitrogen fertilization, and
climate warming. While there was clear evidence for rapid
changes in ecosystem responses with increasing environmental stress, Hillebrand and colleagues showed that these
changes were characterized by gradual responses instead of
being organized around tipping points. However, this pattern
does not underestimate the importance of tipping points but
suggests that they should not be expected solely along singular environmental gradients but may be caused by the interaction between pulses of drivers along environmental gradients
(Benedetti-Cecchi et al. 2015; Millar and Stephenson 2015;
Dudney and Suding 2020).
Few scientists have investigated tipping points in the context of multiple stressors. Benedetti-Cecchi et al. (2015) combined a pulse disturbance (e.g., a strong storm) to a press
perturbation (e.g., an annual clipping of Cystoseira amentacea
canopy) designed to generate a gradient of increasing competitive pressure on understory assemblages. The addition of a
pulse disturbance was designed to magnify press perturbation
effects. The authors found that superposed pulse to press disturbance ampliﬁed environmental noise and caused ﬂickering,
showing that the system was switching back and forth
between alternative states (Scheffer et al. 2009; Wang
et al. 2012; Benedetti-Cecchi et al. 2015).
To identify thresholds and reﬂect natural conditions in
anthropized ecosystems, and if we want to keep the ecological
concept of tipping points anew, the following points should
be considered: (1) focusing on interacting drivers along environmental gradients, (2) taking into account the legacy effect
of the ecosystem (i.e., impacts that previous conditions have
on current processes; Monger et al. 2015), (3) considering disturbance regimes (i.e., magnitude, frequency, and spatial
extent of a perturbation; Sousa 1984) along environmental
gradients, and (4) considering the links among marine, freshwater, and terrestrial ecosystems. First of all, the effects of multiple drivers in aquatic ecosystems may be magniﬁed by
synergistic and antagonistic interactions (Côté et al. 2016).
Investigating driver interaction along an environmental gradient may help identify (1) synergies, that may create an anticipated or intensiﬁed tipping point or (2) antagonistic

Conceptual and methodological shortcomings and ways
forward: An integrative framework
Throughout our review, we have identiﬁed some research
gaps, which may complement current research on tipping
11
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Fig 8. Mosaic plot showing (a) the type of driver (anthropogenic, ecological process, global change, and natural event); (b) if single or multiple stressors
were investigated in the study; (c) the level of biological complexity (individual, population, community, and ecosystem), and (d) if single or multiple
levels of biological complexity were considered in the study. The surface of the rectangles is proportional to the frequency of studies in freshwater (light
blue) or marine (dark blue) habitats. Those results are based on the 28 publications that had for objective to identify a tipping point.

the magnitude, frequency, and spatial extent of a driver.
Finally, terrestrial and aquatic ecosystems are interlinked
and while drivers may emerge from one ecosystem, they
may affect adjacent ones. Therefore, terrestrial and coastal
environments (freshwater or marine) must be incorporated
since coastlines are not impermeable barriers (Beauchesne
et al. 2020). To do so, we can investigate the effect of landbased drivers on freshwater ecosystems and vice versa
(e.g., terrestrial nutrient input to freshwater or marine coastal
waters).

relationships, which could delay the reach of a tipping point.
This can be done by looking at the effect of pulses or presses
of drivers along increasing environmental conditions and can
be done experimentally or with observational data. Modeling
or observational studies can help choose the investigated
drivers or set the levels of locally relevant drivers (Côté
et al. 2016). Ultimately identifying driver interactions along
environmental gradients could provide useful information to
managers or conservationists by informing them on which
stressor to act upon, when, and where (Côté et al. 2016). Second of all, tipping points can be altered by the legacy effect of
an ecosystem. For instance, the nature of past disturbances
and conditions may affect the critical value at which a system
might reach a threshold, suggesting that universal tipping
points should not be expected equally across all systems
(Monger et al. 2015; Dudney and Suding 2020). Third of all,
the disturbance regimes of drivers along an environmental
gradient should also be considered, especially in experimental
studies, as different components of a disturbance will affect
ecosystems and push them beyond their thresholds of tolerance (Miller et al. 2011; Brooks and Crowe 2019). Long-term
observational study and modeling work can also help identify

Tipping points and multiple levels of biological complexity
The effect of individual or combined environmental drivers
often differ based on the observed level of biological organization (Crain et al. 2008); effects of isolated stressors on
populations are not proportional to those on individuals as
the effect can be of lesser (Galic et al. 2017, 2018; Schmolke
et al. 2017) or greater magnitude (Gergs et al. 2013). In addition, combined stressors often have antagonistic effect at the
individual level (Nys et al. 2017; Galic et al. 2018). However,
at the population and ecosystem levels, properties tend to be
synergistically impacted by stressor combinations (Crain
12
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Table 2. Results of the literature review of in situ and laboratory experimental studies focusing on tipping points in freshwater and marine ecosystems that
considered multiple drivers of change (two or more). Results are shown for the type of study, the ecological habitat, the environmental driver(s) of interest, the
biological response(s), the level of biological compartment, the vocabulary used, and the main statistical analysis used to accomplish the objectives. Environmental drivers may be of physical and chemical origin, biotic factors or anthropogenically driven. Please refer to Supplementary Table S2 for the comprehensive
list of studies focusing on both single and multiple drivers.
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et al. 2008; Galic et al. 2017). This suggests that investigating
responses solely at the individual level may result in underestimated risk evaluation. This can be explained by the fact
that stressor combinations will target different processes
(e.g., feeding or reproductive rates, somatic growth, etc.) and
result in a different interacting scenario or that compensatory
or dispensatory processes and feedbacks across levels of organization may arise from induced stress (Galic et al. 2018).
Although many papers looked at various responses, most
studies focused on an individual biological or ecological level of
organization. However, some examples of studies focusing on
multiple levels of organization in the context of single or multiple drivers are worth highlighting. For instance, Pinckney
et al. (2020) investigated the effect of multiple drivers
(i.e., dissolved inorganic nitrogen [DIN], irradiance) on phytoplankton diversity (community) and the presence of focal groups
(population) in two contrasting estuarine systems. The authors
showed that DIN additions change algal group diversity and the
abundance of different groups, suggesting that ambient DIN concentrations should not exceed breakpoint concentrations
(25 and 50 μmol L 1). On the other hand, Green and Fong (2015)
focused on the effect of eutrophication on macrofauna and
microphytobenthos diversity (community) as well as sediment
iron and sulﬁde concentrations (ecosystem functioning). The
authors identiﬁed a point beyond which macroalgal mat thickness (used to represent eutrophication) reduced macrofauna biodiversity (> 1.5 cm).
Responses to multiple stressors are rarely additive across different biological organization levels, suggesting that stressors’ pathways of action differ, and so differ the resulting processes and
feedback revealed at different scales (Galic et al. 2018). To move
forward within this ﬁeld of research, we propose experimental
studies should explore and link responses at the individual (cellular, metabolism, physiology, evolution, and behavior), population (dynamics), community (structure, complexity, and
dynamics), and ecosystems (functions and services) level in order
to identify tipping points within the context of single and multiple stressors. This can be achieved by building simpliﬁed communities that reﬂect natural assemblages to capture the natural
complexity of ecosystems (Carrier-Belleau et al. 2021). This will
also help identify which components of an ecosystem are most
likely to be impacted by single or multiple stressors (CarrierBelleau et al. 2021). By including multiple scales of organization,
we will likely be able to provide a mechanistic understanding of
species or communities responses to ecological change, this being
a key component in predicting ecosystem sensitivity to gradual
and sudden changes (Somero 2012) and perhaps more important
than identifying critical threshold values, that are quite contextdependent (Dudney and Suding 2020; Hillebrand et al. 2020).
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Tipping points, experimental designs, and statistical
analyses
Experimental approaches are a promising avenue to provide evidence for the occurrence of thresholds and alternative
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Fig 9. Proposed framework considering both concepts of tipping points and multiple drivers in marine, freshwater, and terrestrial habitats. To combine
both concepts, stressor interaction (synergistic and antagonistic interactions) should be investigated along increasing environmental gradients. This
would allow to understand how stressor interactions can alter tipping points. The investigated stressors should be informed by experimental, observation,
modeling studies as well as theoretical work and should consider the connectivity between marine, freshwater, and terrestrial habitats. The observed
responses should include responses at the individual, population, community levels as well as ecosystem functioning and services. Finally, the legacy effect
(e.g., previous impacts) of an ecosystem as well as future scenarios of change and species distribution should be taken into consideration.

understand the effect of environmental drivers on biological
components, their approach does not help to identify a
threshold or a tipping point but can point out to catastrophic
shifts. As an example of good practice in identifying regime
shifts, He et al. (2017) investigated regime shifts in vegetation
cover in salt marshes when plant communities were exposed
to two levels of natural enemies (pathogens) and three
drought levels. He and colleagues used ANOVA to identify this
regime shift. Another positive example, this time on the identiﬁcation of breakpoints, was provided by Aspin et al. (2019)

stable states (Scheffer and Carpenter 2003). However, to identify tipping points, experiments need to be purposely designed
and appropriate statistical analyses need to be used
(Underwood 1991). Our results showed that many experimental studies aimed at identifying a tipping point but used very
few levels (i.e., number of positions/intensities along an environmental gradient), and in some cases only using the presence or absence of a driver. The number of levels used to
identify tipping points ranged from 2 to 21. While studies
using only very few levels provide relevant results to
15
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enable a mechanistic understanding of ecosystems’ sensitivity
to environmental drivers and contribute to identifying critical
values at which functions are lost. These actions will ultimately provide helpful information to balance ecosystem utilization and the preservation of natural resources successfully.

who wished to identify a breakpoint in macroinvertebrate
community composition along 21 levels of drought in streams
using segmented regression analysis. These two experimental
approaches had distinctive objectives (identifying a regime
shift vs. a breakpoint) and used appropriate designs and statistical analyses to reach their objectives.
Multiple levels of the environmental driver need to be used
to identify tipping points along environmental gradients.
These levels need to reﬂect present natural conditions and
potential future pressure magnitudes to detect changes
along gradients of environmental pressures (Petraitis and
Dudgeon 2004; Hillebrand et al. 2020). Using a broad range of
environmental driver will also ensure that the tipping point is
completely bracketed (Petraitis and Dudgeon 2004). The number of levels needs to be established depending on multiple
aspects: available literature on the subject, the number and
combination of investigated drivers, the natural temporal and
spatial variation of the drivers, the species’ or ecosystems’ sensitivity to the drivers, etc. Incorporating extremes along an
environmental gradient will also help identify whether a system has one or more basin of attraction (Petraitis and
Dudgeon 2004).
Experiments aiming to identify tipping points need to be
analyzed using regression approaches, such as broken-line linear regression models, to determine where the regression relationship varies (Muggeo 2008; Vanacker et al. 2015).
Alternatively, if the objective is to identify drastic changes
between two environmental states, we suggest fewer levels
could be used and analyses of variance could help identify the
effect of experimental treatments and identify driver interactions when relevant (Piggott et al. 2015). However, when
investigating tipping points along environmental gradients
in the context of multiple drivers, combining both statistical approaches (regression and ANOVA) and using purposely designed experiments (e.g., factorial design) will help
understand how multiple environmental drivers can affect
ecosystem resilience along a perturbation gradient. Ultimately, this could link both concepts of stressor interactions (i.e., synergistic and antagonistic relationships) and
tipping points.
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