
HAL Id: hal-01938696
https://hal.umontpellier.fr/hal-01938696

Submitted on 10 Dec 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

When can positive interactions cause alternative stable
states in ecosystems?

Sonia Kéfi, Milena Holmgren, Marten Scheffer

To cite this version:
Sonia Kéfi, Milena Holmgren, Marten Scheffer. When can positive interactions cause alternative
stable states in ecosystems?. Functional Ecology, 2016, 30 (1), pp.88 - 97. �10.1111/1365-2435.12601�.
�hal-01938696�

https://hal.umontpellier.fr/hal-01938696
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


MECHANISMS AND CONSEQUENCES OF FACILITATION IN PLANT COMMUNITIES

When can positive interactions cause alternative stable
states in ecosystems?
Sonia K�efi*,1, Milena Holmgren2 and Marten Scheffer3

1Institut des Sciences de l’Evolution, Universit�e de Montpellier, CNRS, IRD, EPHE, CC 065, Place Eug�ene Bataillon,
34095 Montpellier Cedex 05, France; 2Resource Ecology Group, Wageningen University, P.O. Box 47, NL-6700 AA
Wageningen, the Netherlands; and 3Aquatic Ecology and Water Quality Management Group, Wageningen University,
P.O. Box 47, NL-6700 AA Wageningen, the Netherlands

Summary

1. After a period of heavy emphasis on negative interactions, such as predation and competi-

tion, the past two decades have seen an explosion of literature on the role of positive interac-

tions in ecological communities. Such positive interactions can take many forms. One

possibility is that amelioration of environmental stress by plants or sessile animals enhances

growth, reproduction and survival of others, but many more intricate patterns exist.

2. Importantly such positive interactions may contribute to creating a positive feedback. For

instance, biomass can lead to improved environmental conditions causing better growth and

therefore leading to more biomass. A positive feedback is a necessary (but not sufficient) condi-

tion for the emergence of alternative stable states at the community scale. However, the litera-

ture on positive interactions in plant and animal communities rarely addresses this connection.

3. Here, we address this gap, asking the question of when positive interactions may lead to

alternative stable states, and hence set the stage for catastrophic transitions at tipping points in

ecosystems. We argue that, although there are a number of now classical examples in the liter-

ature for which positive interactions are clearly the main actors of positive feedback loops,

more empirical and theoretical research scaling up from the individual-level interactions to the

community and the ecosystem scale processes is needed to further understand under which

conditions positive interactions can trigger positive feedback loops, and thereby alternative

stable states.

Key-words: alternative stable state, bistability, critical transition, facilitation, hysteresis, mul-

ti-stability, negative feedback loop, positive feedback loop, resilience, tipping point

Introduction

Ecological communities and ecosystems respond to exter-

nal changes and perturbations in different ways. Some

ecosystems respond in a smooth, gradual manner to grad-

ual changes in environmental conditions (e.g. climate

change; Fig. 1a,b). Others remain practically inert until a

threshold in external conditions is passed, at which point

the ecosystem may respond abruptly (Fig. 1c) or suddenly

switch from one state to another, a phenomenon referred

to as ‘catastrophic shift’ (Rietkerk et al. 1996; Scheffer

2009; Fig. 1d). These sudden shifts can involve dramatic

ecological and economic consequences, including losses or

gains of species, habitats and ecosystem services. One of

the best-studied ecosystem shifts is the switch from clear to

turbid water in shallow lakes as a result of increased nutri-

ent loading causing algal bloom, loss of animal diversity

and poor water quality (Scheffer et al. 1993). Another clas-

sic example is the desertification of drylands that can

switch to predominantly bare conditions when losing their

perennial vegetation because of climatic variations, human

activities and often the combination of both (Noy-Meir

1975; Schlesinger et al. 1990). Desertification results in a

reduction of the biological potential of the land to support

wild herbivores, livestock, agricultural crops and ulti-

mately human populations (Reynolds et al. 2007).

Catastrophic shift behaviour typically occurs in systems

that have alternative stable states, meaning that, for the*Correspondence author. E-mail: sonia.kefi@univ-montp2.fr
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same level of a given external condition, the system can be

in more than one stable state (e.g. clear vs. turbid water in

shallow lakes; perennial vegetation vs. annual herbaceous

plants or bare soil in drylands). As hinted by simple math-

ematical models of ecosystems (e.g. Noy-Meir 1975; May

1977; Rietkerk et al. 1996; Scheffer 2009), a positive feed-

back is a necessary (but not sufficient) condition for sys-

tems to have alternative stable states. As discussed later in

this paper, a positive feedback is typically composed of a

succession of links (between species as well as between spe-

cies and their abiotic environment), whose product should

be positive for the feedback to be positive. In many classi-

cal examples of alternative stable states, some of those

links composing the feedback loop involve positive interac-

tions between organisms. This may lead to the hasty con-

clusion that positive interactions can lead to alternative

stable states, but what do we actually know about the con-

tributions of positive interactions to catastrophic shifts?

Here, we explore the question of to what extent positive

interactions, by contributing to the establishment of posi-

tive feedbacks, can lead to alternative stable states and

thereby catastrophic shifts in ecological communities and

ecosystems.

Positive interactions occur when one organism makes

the physical or biotic environment more favourable for

another of the same or a different species, either directly

(e.g. reduction of abiotic stress or increased resource

acquisition) or indirectly (e.g. by suppressing a competitor)

(Wilson & Agnew 1992; Bertness & Callaway 1994; Holm-

gren, Scheffer & Huston 1997; Bruno, Stachowicz & Bert-

ness 2003; Callaway 2007; Soliveres, Smit & Maestre

2015). Many direct positive interactions involve an

improvement of the physical environment (e.g. reducing

thermal, water, or nutrient stress, protection from wind or

waves). If these positive interactions end up benefiting the

same species (or group of species, e.g. functional group) as

the one performing it, the positive interaction gives rise to

a positive feedback (Wilson & Agnew 1992). For example,

in drylands, where water is often the most limiting

resource, some vegetation can modify the local environ-

ment in such a way that water infiltration is higher and soil

water evaporation rates lower in vegetated than in non-

vegetated patches, leading to water concentration in

vegetated patches (Schlesinger et al. 1990). In such a case,

vegetation modifies the abiotic environment in a way that

is beneficial for itself, creating a positive feedback: the bet-

ter the vegetation growth, the higher the vegetation cover

or biomass, and the more water available for plants to

grow. Conversely, when vegetation is lost, the soil loses

the physical protection it had from the vegetation cover,

which leads to soil erosion and crust formation, which

further impede water infiltration and enhance runoff

Fig. 1. Types of ecosystem responses to external changes. (a) Let us imagine an external condition which gradually varies in time (e.g.

rainfall). (b–d) Three types of ecosystem responses to the changes in external condition depending on the strength of the positive feedback

loop between the biotic (e.g. vegetation) and abiotic (local water availability) compartments as typically predicted from simple ecosystem

models (e.g. May 1977; K�efi et al. 2013). The ecosystem state may correspond to, for example, vegetation cover. Without positive feed-

back (b), the ecosystem state responds gradually to the gradual change in external condition. When there is a weak positive feedback loop

(c), the ecosystem response becomes abrupt and less predictable. When the feedback loop is strong (d), the ecosystem state hardly changes

until a threshold in external condition is reached, at which point a small change in external condition leads to an abrupt shift of the

ecosystem from its present state to a contrasting one (e.g. from a green to a desert state). Once the shift happened, going back to the previ-

ous ecosystem state requires the external condition to decrease to lower values than the values at which the shift occurred. This behaviour

(referred to as hysteresis) is due to the fact that two alternative states of the ecosystem (healthy and degraded) coexist for a range of envi-

ronmental conditions (bistability).
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(Schlesinger et al. 1990). This creates hostile conditions for

plant establishment. This positive feedback loop, which

can work both ways (‘more vegetation, better growth con-

ditions’ or ‘less vegetation, worse growth conditions’),

could be responsible for the often catastrophic aspect of

desertification (Fig. 1d; Schlesinger et al. 1990; Rietkerk

et al. 1996; Holmgren & Scheffer 2001).

Because they can be important contributors of positive

feedback loops, examining the potential role of positive

interactions is particularly interesting. However, the link

between positive interactions at the individual level and

positive feedback loops at ecosystem scales (thereby lead-

ing to alternative stable states and catastrophic shifts) is

not straightforward, neither from a theoretical, nor from

an empirical point of view. Here, we first briefly review the

relations between catastrophic shifts, alternative stable

states and positive feedback loops before reflecting on

what we know about the link between positive interactions

and catastrophic shifts using illustrative examples from

both terrestrial and aquatic ecosystems.

Catastrophic shifts in ecosystems and
alternative stable states

A sudden ecosystem response to a gradual change, com-

bined with difficulties in reversing the shift once it happened

(as illustrated in Fig. 1d), has often been considered a hall-

mark of multiple stable states (Scheffer 2009; Petraitis

2013). Abrupt ecosystem responses can also occur for other

reasons than catastrophic shifts (e.g. Fig. 1c), an obvious

one being an abrupt change in environmental conditions. In

the presence of alternative stable states, however, an abrupt

ecosystem response can reflect an ecosystem transition from

one of its stable states to another. Typically, a change in

external conditions (e.g. increasing nutrient loading in shal-

low lakes or herbivore pressure in drylands) may push the

ecosystem towards a threshold (or ‘tipping point’), at which

point a small change in external condition leads to an

abrupt shift of the ecosystem from its present state to a con-

trasting one (i.e. Fig. 1d).

Since its introduction to ecology in the early 70s

(Lewontin 1969; Holling 1973; Sutherland 1974; May

1977), the concept of alternative stable states has attracted

much attention, in particular because of its important

implications for ecosystem management and conservation.

Different types of mathematical models have demonstrated

the potential of populations, communities and ecosystems

to exhibit alternative stable states, for instance in single-

species exploitation models (e.g. Noy-Meir 1975), in two-

dimensional consumer-resource models (e.g. May 1977), in

food webs and in size- or stage-structured models (e.g.

Chase 1999; de Roos & Persson 2002) and in community

assembly models (e.g. Law & Morton 1993).

Although the theory of alternative stable states is well

understood, whether multiple stable states actually occur

in nature has been hotly debated, in part because of the

difficulty of demonstrating their existence in nature but

also because of the lack of clear guidelines regarding what

needs to be checked for in the field and in experiments to

clearly demonstrate the existence of alternative stable

states (Schr€oder, Persson & de Roos 2005; Petraitis 2013).

Digging into the details of the published literature, an

extensive survey by Schr€oder, Persson & de Roos (2005)

stressed that although there is ample evidence that ecologi-

cal systems can exhibit alternative stable states, their exis-

tence should not be considered as the rule. Even when

observational data may show signs of alternative stable

states, demonstrating their existence unequivocally in an

ecosystem requires using experimental approaches, which

are often expensive, time consuming and not always possi-

ble at meaningful spatial and temporal scales (Schr€oder,

Persson & de Roos 2005; Petraitis 2013; but see e.g.

Carpenter et al. 2011; Sirota et al. 2013).

Alternative stable states and positive feedback
loops

Mathematical models highlighted early on the importance

of positive feedback loops for alternative stable states (e.g.

Holling 1973; Noy-Meir 1975; May 1977). More precisely,

mathematical models show that alternative stable ecosys-

tem states are possible if there are positive feedbacks which

are strong enough (Fig. 1b–d). The general idea is that

positive feedbacks amplify small deviations which can

destabilize the system globally, whereas negative feedbacks

counteract deviations and stabilize the system locally

(DeAngelis, Post & Travis 1986).

Let us look into how positive feedback loops function in

one of the most studied and best understood cases of alter-

native stable states in nature: the case of shallow lakes

(Scheffer et al. 1993). In shallow lakes, the whole feedback

loop is thought to involve submerged vegetation and water

clarity. Submerged vegetation increases water clarity,

allowing light to reach deeper in the water column, which

in turn favours submerged plants that tend to be strongly

limited by light in shallow lakes (Fig. 2a). We can intu-

itively understand how this positive feedback loop between

vegetation and water clarity can re-inforce an ecosystem

state with clear water and abundant submerged vegetation.

This same feedback can also work the other way around

once it has been disrupted (e.g. by water becoming turbid

because of external nutrient loading), thereby driving the

ecosystem away from a clear water state to an alternative

state with turbid water and no submerged vegetation

(Fig. 2b). This example is a simplified version of the story

where a positive interaction (i.e. submerged plants facilitat-

ing other submerged plants) is directly linked to a positive

feedback loop (through increased water clarity).

Positive feedback loops and positive
interactions

In reality, the relationship between submerged vegetation

and water clarity in shallow lakes involves a large variety

© 2015 The Authors. Functional Ecology published by John Wiley & Sons Ltd on behalf of British Ecological Society, Functional Ecology, 30, 88–97
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of mechanisms and ecological interactions that link biotic

and abiotic compartments in both positive and negative

ways (orange and green arrows on Fig. 2c): submerged

vegetation stabilizes the substrate with its root system and

decreases water velocity and sediment re-suspension,

favouring water clarity (James & Barko 1990); plants pro-

vide refuge to zooplankton against their fish predators

(Hosper 1989); and vegetation suppresses phytoplankton

growth because of nutrient competition (van Donk et al.

1990) and the production of allelopathic substances (Schef-

fer et al. 1993). Altogether, this network of direct and indi-

rect interactions includes several feedback loops, that is

there are several possible paths leaving and coming back

to the vegetation ‘box’. This network of interactions

between the different components of the system makes the

generalization of the link between positive interactions and

feedback loops not straightforward.

Looking more in detail at the net effects of all these

interactions, it is clear that all the loops leaving and com-

ing back to the ‘vegetation box’ have a net positive effect,

independently of the path followed (the sign of the net

effect is obtained by multiplying the signs of the compos-

ing arrows along the way). For example, an increase in

submerged vegetation would lead to more nutrient uptake

by the vegetation, so have a negative impact upon nutri-

ents (�), which would increase competition with phyto-

plankton, thereby leading to less phytoplankton (�),

which would result in improved water clarity (+), which

would further improve the growth of submerged plants

(+). The whole path constitutes a net positive feedback

loop (�*�*+*+). Although there are different loops

involved in the diagram that may have different weights

and relative importance, the two states of ‘clear water and

abundant submerged vegetation’ on the one hand, and of

‘turbid water and absent submerged vegetation’ on the

other hand are clearly self-reinforcing in this example. In

other words, independently of the route chosen in this very

particular case, Fig. 2c can always be summarized into

Fig. 2a.

What is the contribution of positive interactions to these

positive feedback loops? It is noteworthy that the illustra-

tive shallow lake diagram (Fig. 2c) includes several posi-

tive interactions:

1. Submerged plants stabilize the substrate through their

roots and decrease the water velocity nearby. This reduces

sediment re-suspension and improves light penetration for

the photosynthesis of other submerged plants.

2. Plants uptake nutrients, reducing the nutrient loading

in the water column that would be available for floating

algae. This increases water clarity and thereby light for

other submerged plants.

3. Plants create a shelter for zooplankton from their fish

predators. Since zooplankton predates on floating

algae, this also reduces water turbidity and increases

the light for other submerged plants.

These positive interactions are components of the feed-

back loops previously discussed. They may constitute a

feedback loop (i) or be only part of a more complex loop

(ii). In case (i), the results of the theoretical models previ-

ously mentioned are directly applicable: the stronger the

positive interaction (e.g. the ability of plants to stabilize

the substrate), the stronger the positive feedback loop and

the higher the chance of the system having alternative

stable states and therefore of experiencing catastrophic

shifts in response to perturbations. In case (ii), that is when

a positive interaction is part of a complex loop, the link

between positive interaction and positive feedback loop

depends on the sign and intensity of the other interactions

involved in the loop. In particular, the sign of the loop

Fig. 2. Positive feedback loops and positive interactions. (a) Main feedback loop thought to be responsible for alternative stable states in

shallow lakes. (b) Details of the interactions between the components of the system. Orange: negative effects (source decreases target).

Green: positive effects (source increases target). A feedback loop is a series of interactions that goes from one component of the system

back to itself. The sign of a given loop can be obtained by multiplying the signs along the way. In this way, it can be seen that both the

clear and the turbid states are self-reinforcing, and diagram b can thereby be summarize as diagram a. Note that a positive feedback loop

can be obtained by the combinations of negative interactions only, as long as there are an even number of negative interactions along the

loop. Adapted from Scheffer et al. (1993). (c) Pictures of a shallow lake in the clear water state (left) and in the turbid water state (right)

(Pictures: M. Scheffer).
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crucially depends on the number of negative interactions

involved (an even number is required for the feedback loop

to be positive).

In addition, because several loops may link the biotic

and abiotic compartments, the overall net effect at the

ecosystem scale depends on the relative strength of all the

feedback loops, in particular if loops of opposing direc-

tions (different signs) co-occur. At this point, it is impor-

tant to emphasize again that the existence of positive

feedbacks is not a sufficient condition for alternative stable

states; it is rather the sign and intensity of the net effect of

all the positive and negative feedbacks which matter.

Beyond shallow lakes

We ‘dissected’ the well-known shallow lake example to

illustrate how positive interactions in ecological communi-

ties can generate strong positive feedbacks that affect

ecosystem dynamics. There are numerous examples from

different types of ecosystems, which hint at a link between

positive interactions, positive feedbacks and possible

ecosystem shifts between alternative stable states (see

Table 1 for some examples and Suding, Gross & House-

man 2004; Scheffer 2009 for more extensive reviews).

POS IT IVE INTERACT IONS AND SELF -ORGANIZED

PATTERNING

Positive interactions are well-known to play an important

role under harsh environmental conditions where some

individuals (e.g. nurse plants) create favourable microenvi-

ronments for others by buffering abiotic stress, improving

resource acquisition and protecting from predators (Holm-

gren, Scheffer & Huston 1997; Callaway 2007). When these

individuals are sessile, their positive effects only occur very

close to them and the positive effects have a spatial compo-

nent which leads to spatial clustering of individuals. At the

same time, because resources are limited in harsh environ-

ments, clusters compete among each other for resources,

leading to a ‘scale-dependent feedback’ of local facilitation

and competition father away (Rietkerk & van de Koppel

2008).

Scale-dependent feedbacks allow the coexistence, in

space, of two alternative states: dense patches with high

biomass coexisting with patches of low plant biomass or

bare ground. In drylands, this leads to the typical

patchiness of vegetation cover, with patches of perennial

plants (shrubs, trees, perennial herbaceous plants) growing

in a matrix of annual herbaceous plants or bare soil

(Fig. 3a; Holmgren & Scheffer 2001). Vegetation patches

of different sizes and shapes have been observed in arid

and semi-arid ecosystems throughout the world, such as

irregular patterns in Mediterranean ecosystems (Fig 3a;

K�efi et al. 2007a), or regular stripes (‘tiger bush’), labyr-

inths, spots (‘leopard bush’) and gaps in the vegetation

cover of other arid ecosystems (Rietkerk & van de Koppel

2008). Other examples of ecosystems with local positive

interactions show striking spatial patterning, such as regu-

lar bands of mussel beds perpendicular to the flow of the

water (Fig. 3b; van de Koppel et al. 2005b), self-organized

plant patterns in saltmarshes (van de Koppel et al. 2005a),

diatom patterns on tidal flats (Weerman et al. 2012), hum-

mock-hollow patterns in peatlands (Fig. 3c,d; Eppinga

et al. 2009) and fog-driven vegetation patterns in temper-

ate forest (Stanton, Armesto & Hedin 2014). Mathematical

models suggest that scale-dependent feedbacks, in addition

to leading to spatial patterning, also lead to system-scale

alternative stable states and possible catastrophic shifts at

the ecosystem scale (e.g. van de Koppel et al. 2005a,b;

Eppinga et al. 2009; K�efi et al. 2010), meaning that

increasing stress can lead to large scale collapse of these

patterned ecosystems.

POS IT IVE INTERACT IONS AND ECOLOGICAL

RESTORAT ION

Long-term observations have made clear that simply

recovering the historical disturbance level or abiotic condi-

tions that shifted an ecosystem to a degraded condition is

not enough to restore the previous ecosystem state (Sud-

ing, Gross & Houseman 2004). Indeed, in the degraded

state, feedbacks between components of the ecosystem act

as stabilizing mechanisms, making the ecosystem resilient

to restoration efforts. Knowledge about the feedback loops

at play can be extremely relevant to restoration by provid-

ing the keys to engineer transitions between alternative

stable states (Westoby, Walker & Noy-Meir 1989). For

example, in shallow lakes, reducing nutrient inputs into

the lakes proved to be insufficient to restore a clear water

condition. Understanding the underlying ecological mecha-

nisms suggested that drastically reducing the abundance of

benthic fishes was the most effective way of disrupting the

positive feedbacks that maintained the turbid state. This

biomanipulation approach has been widely used to clear

up European shallow lakes in countries such as Denmark

and the Netherlands (Søndergaard et al. 2007).

Much work has been done on trying to take advantage

of some species’ ability to perform positive interactions to

disrupt the feedbacks in place in degraded systems, and

thereby enhance their restoration (Suding, Gross & House-

man 2004; Byers et al. 2006). For example, reforestation

programs in degraded semi-arid ecosystems, such as the

Mediterranean ones, have long recognized the benefits of

using key nurse plant species to restore original shrublands

and forests (G�omez-Aparicio 2009). Understanding under

which conditions these facilitative effects are indeed main

contributors of dominant positive feedback loops is critical

for successful long-term ecological restoration. Field evi-

dence indicates that nurse facilitation is not always suc-

cessful or persistent. Although it is well-established that

facilitative interactions become increasingly important in

stressful environments (Callaway 2007; He, Bertness &

Altieri 2013), plant–plant interactions are context depen-

dent and can shift to neutral or negative ones with

© 2015 The Authors. Functional Ecology published by John Wiley & Sons Ltd on behalf of British Ecological Society, Functional Ecology, 30, 88–97
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ontogeny or with changes in environmental conditions

(Holmgren, Scheffer & Huston 1997). Under very severe

abiotic stress (Maestre & Cortina 2004; Butterfield et al.

2010) or herbivore pressure (Smit et al. 2007), plant–plant
interactions can become negative. The loss of net facilita-

tive interactions under extreme levels of environmental

stress could occur either if nurses reach a limit in their

capacity to improve the microenvironment or because the

positive effects do not compensate the unavoidable costs of

sharing resources between neighbouring individuals

(Michalet et al. 2006; Holmgren et al. 2012). Indeed, meta-

analysis of the published literature (Holmgren et al. 2012)

and assessments of restoration experiments indicate that

nurse plant effects depend on their morphological traits

and the overall environmental conditions (Padilla & Pug-

naire 2006; G�omez-Aparicio 2009). Further understanding

these processes can help improve restoration programs,

taking advantage of positive interaction’s potential to dis-

Table 1. Examples of facilitative mechanisms and alternative stable states in a variety of ecosystems

Alternative stable

states Ecosystem Reinforcing mechanism Example of reference

Submerged plant –
clear water state

Phytoplankton –
turbid water state

Shallow lake Aquatic plants improve water clarity Scheffer et al. (1993)

Stoneworts (charophytes) -

pondweeds (submerged

macrophytes)

Shallow lake Stoneworts favour carbon depletion,

suppressing pondweeds and creating

better light conditions for themselves

Hargeby et al. (1994)

Green algae -

cyanobacteria

Shallow lake Cyanobacteria favour shade which

stabilizes their dominance

Scheffer et al. (1997)

Free-floating plants -

submerged vegetation

(macrophytes)

Temperate

ponds,

ditches and

tropical lakes

Floating plants favour dark, anoxic conditions.

Submerged vegetation decreases nutrient

availability for floating plants.

Scheffer et al. (2003)

Coral - algae

(no actual proof of

alternative stable

states, just a suggestion)

Coral reefs Nutrient loading and disappearance of

herbivorous fish favour algae.

Algae prevent coral recruitment

and have a low palatability.

Knowlton (1992)

Kelp - urchin and

crustose coralline

algae (urchin barren state)

Temperate

rocky reefs

Kelp foliage and waves keep sea urchins out,

thereby decreasing kelp grazing by urchins.

Crustose coralline algae (CCA) facilitate

the recruitment of sea urchins which enhances

urchin grazing and prevents CCA being

overgrown by macroalgae.

Baskett & Salomon (2010)

Vegetated -

bare soil

Drylands Vegetation improves water retention locally

(by increasing albedo, transpiring).

Schlesinger et al. (1990)

High vegetation cover -

low vegetation cover

Sahel-Sahara,

amazon

Vegetation promotes precipitations at a

regional scale.

Brovkin et al. (1998)

High diatom cover,

high silt content, low

erosion - erosion state

(low diatom and silt content)

Intertidal

mudflats

Benthic diatoms decrease sediment erosion

by secreting extracellular polymeric

substances, which increases their growth.

van de Koppel et al. (2001),

Weerman et al. (2012)

Saltmarsh vegetation,

thick sediment layer -

saltmarsh collapse,

vegetation lost

Saltmarshes Saltmarsh plants increase clay deposition,

prevent erosion by waves and decrease

salt stress for other plants, which

favour plant growth.

Bertness & Hacker (1994),

van de Koppel et al. (2005a)

Vascular plants -

no vascular plants

Boreal peatlands Shrubs colonize moss hummocks and facilitate

further tree establishment by ameliorating

abiotic stress (e.g. cooling air in summer,

lower soil water logging).

Eppinga et al. (2009),

Holmgren et al. (2015)
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rupt feedbacks in place and favour restoration of the

ecosystem to the desired state.

POS IT IVE INTERACT IONS AND EVOLUT ION

As positive interactions can be such a strong force, it is

hardly surprising that it has played an important role in

evolution as well. In the course of deep time, life itself has

made our planet hospitable in many ways. This process

has not been smooth. Instead, biological innovations trig-

gered revolutionary shifts into novel states (Lenton &

Watson 2013). Although in evolution there is no way back

to demonstrate hysteresis, such new states can often be

seen as alternative stable states. For example, the great

oxygenation event, about 2�4 billion years ago, was the

result of the emergence of photosynthesis interacting with

a positive feedback in atmospheric chemistry leading to an

alternative stable state (Goldblatt, Lenton & Watson

2006). This high-oxygen state subsequently facilitated the

Cambrian explosion of life (Lenton & Watson 2013).

Massive changes in the aspect of global vegetation may

also be related to facilitative effects, where certain plant

forms alter conditions that promote their own success. For

instance, it is thought that such ecosystem engineering may

have been central to one of the most spectacular evolution-

ary radiation events in life, the explosion of flowering

plants (angiosperms) in the mid-Cretaceous (Berendse &

Scheffer 2009). Several groups of angiosperms were already

around about 130 million years ago. However, they

remained a minor component of the gymnosperm-domi-

nated vegetation of the Earth for many millions of years

until they finally rose to massive dominance around 70–
100 million years ago. Innovations such as seed dispersal

and pollination by animals may have contributed to the

sudden angiosperm radiation. However, another mecha-

nism that has likely played a role is the fact that angios-

perms created conditions that facilitated their own growth.

Angiosperms need higher soil nutrient levels than gym-

nosperms. However, angiosperms also promote nutrient

levels because they produce litter that is easily decomposed

compared to the litter of gymnosperms. Angiosperms thus

facilitate angiosperm growth through an improvement of

growing conditions. This positive feedback may have been

important in driving the runaway process that may have

unleashed this new plant type once a critical threshold was

passed (Berendse & Scheffer 2009).

An even more rapid change of global vegetation was

invoked by the evolution of C4 grasses that rapidly con-

curred large parts of the Earth during the Miocene and

Pliocene (3–8 million years ago) (Edwards et al. 2010).

The success of these grasses was in part due to their

flammability which implied a facilitative loop. Fire favours

grass over trees as grass bounces back from fire better.

The massive global change upon the spread of C4 grasses

also had important cascading evolutionary effects. For

instance, upon the global spread of C4 grasses, fire-

adapted savanna tree species have evolved from the forest

species, and now there is hardly any overlap between the

species pool of savanna and of the neighbouring forests

(Hoffmann, Orthen & Nascimento 2003).

Future directions: towards an ecological theory
of positive interactions

What we mostly see in terms of alternative states in ecosys-

tems is a shift in dominance from one functional group to

another (and in a few cases from absence or presence of all

biomass; Table 1). Those can often be understood from

positive feedbacks between organisms and the physical

environment (Fig. 1b–d), where a functional group pro-

motes conditions under which it grows better than the

competing group (Table 1). In other terms, the contrasting

(a) (b)

(c) (d)

Fig. 3. Spatial patterns due to facilitative

interactions in (a) drylands (El Planeron,

Belchite, Northeast of Spain; Picture: S.

K�efi), (b) mussel beds on intertidal flats

(Dutch Wadden Sea; Picture: Jim van Bel-

zen) and c–d) boreal peatbogs in Finland

(C: circular hummocks, D: long stripes;

Pictures: M. Holmgren).
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ecosystem states have stabilizing feedback mechanisms that

keep them persistent. Those feedbacks can cause thresh-

old-like responses to changing conditions if they are strong

enough relative to the other processes occurring in the

ecosystem.

In a number of now classical examples in the literature,

the core of these positive feedbacks are positive interac-

tions occurring through the abiotic environment (Bertness

& Callaway 1994; Holmgren, Scheffer & Huston 1997;

Bruno, Stachowicz & Bertness 2003; Callaway 2007),

which thereby contribute to the possible emergence of

alternative stable states. However, positive interactions

occurring through the abiotic environment may only have

the potential to trigger self-reinforcing feedbacks under

certain conditions. We hypothesize that this is more likely

to occur when the facilitative effects (i) involve a modifica-

tion of the physical environment that favour the facilitat-

ing species or group of species, such as amelioration of

atmospheric conditions (e.g. temperature or wind), changes

in soil conditions (e.g. water infiltration or drainage); (ii)

the facilitative effects are sufficiently strong to expand

across relatively large patches in an ecosystem; (iii) the

facilitative effects interact with changes in disturbance

regimes that further favour the establishment of a new

community. These conditions may more likely occur at

intermediate levels of environmental severity in some

ecosystems. The best examples we know are semi-arid

ecosystems (e.g. Rietkerk et al. 1996; Holmgren & Scheffer

2001), grasslands (e.g. Le Bagousse-Pinguet et al. 2014),

peatlands (e.g. Eppinga et al. 2009; Holmgren et al. 2015)

and marshes (e.g. Bertness & Hacker 1994; van de Koppel

et al. 2005a).

Going through the literature, it is striking how much

has been done at the micro-scale level of interactions

between individuals (Table 1). Bridging this vibrant field

to the important question of alternative stable states

seems an obvious opportunity for progress, but requires

scaling up results from the individual level to the com-

munity and the ecosystem scale. Recent work, using

simple individual based models, provides insights into

the conditions under which individual plant effects may

scale up to cause alternative stable states on a landscape

level (Xu et al. 2015b). On the empirical side, as remo-

tely sensed images are quickly improving, the possibility

to infer the strength of positive interactions from large

scale patterns (Xu et al. 2015a) is another opportunity

to scale up from plant–plant interactions to landscape

dynamics.

Further theory development as well as empirical work

across scales may help bridge that gap between the differ-

ent organizational levels. Ultimately, getting a clearer

understanding of the links between individual-level facilita-

tion, positive feedback loops, alternative stable states and

ecosystem-level catastrophic shifts may rely on investigat-

ing whole networks of interactions between species and

their abiotic environment, that is on merging ecosystem

and community approaches (K�efi et al. 2012). Indeed, a

limitation of the ecosystem models which have been used

to study ecosystem shifts so far is that they often ignore

species diversity and the diversity of their interactions and

usually simulate one or a few nurse species (e.g. Noy-Meir

1975; May 1977; Rietkerk et al. 1996; van de Koppel

et al. 2001, 2005a,b; K�efi et al. 2007b). In such cases, a

positive interaction is almost equivalent to a positive feed-

back loop (such as in Fig. 2a). Conversely, community

ecology models, which integrate species diversity, do not

generally take positive interactions into account despite

their potential functional importance for community func-

tioning and resilience (Bruno, Stachowicz & Bertness

2003). When complex interaction networks have been

studied (e.g. pollination networks; Lever et al. 2014), posi-

tive interactions have usually been studied in isolation

from other types of interactions (but see Gross 2008; K�efi

et al. 2012).

The link between positive interactions and positive

feedback loops is not trivial because it increases the com-

plexity of the models used, but also because we know that

ecosystems in which positive interactions are present and

abundant do not necessarily exhibit alternative stable

states. In many cases, positive interactions could be more

important in linking, transmitting and modulating effects

within ecosystems rather than in causing changes per se.

This suggests that, despite an increasing interest about the

implication of facilitation at community and ecosystem

levels (e.g. K�efi et al. 2007b; Gross 2008; Lever et al.

2014; Xu et al. 2015b), there is still a need for a further

integration of positive interactions into ecological theory,

more than a decade after the call of Bruno, Stachowicz &

Bertness (2003). A better understanding of the role of

positive interactions could be essential for smart ecosys-

tem management (and in particular, the prevention of

catastrophic shifts) as well as for ecosystem restoration

(e.g. a better use of positive interactions to trigger positive

feedback loops).

Acknowledgements

The research of S.K. received funding from the European Union’s Seventh

Framework Programme (FP7/2007-2013) under grant agreement no.

283068 (CASCADE). The authors would like to thank Santiago Soliveres,

Richard Michalet, Francisco Pugnaire and two anonymous reviewers for

interesting comments and suggestions on previous versions of this paper.

References

Baskett, M.L. & Salomon, A.K. (2010) Recruitment facilitation can drive

alternative states on temperate reefs. Ecology, 91, 1763–1773.
Berendse, F. & Scheffer, M. (2009) The angiosperm radiation revisited, an

ecological explanation for Darwin’s ‘abominable mystery’. Ecology Let-

ters, 12, 865–872.
Bertness, M.D. & Callaway, R. (1994) Positive interactions in communities.

Trends in Ecology & Evolution, 9, 191–193.
Bertness, M.D. & Hacker, S.D. (1994) Physical stress and positive

associations among marsh plants. The American Naturalist, 144,

363–372.
Brovkin, V., Claussen, M., Petoukhov, V. & Ganopolski, A. (1998) On the

stability of the atmosphere-vegetation system in the Sahara/Sahel region.

Journal of Geophysical Research: Atmospheres, 103, 31613–31624.

© 2015 The Authors. Functional Ecology published by John Wiley & Sons Ltd on behalf of British Ecological Society, Functional Ecology, 30, 88–97

Facilitation and alternative stable states 95



Bruno, J.F., Stachowicz, J.J. & Bertness, M.D. (2003) Inclusion of facili-

tation into ecological theory. Trends in Ecology & Evolution, 18, 119–
125.

Butterfield, B.J., Betancourt, J.L., Turner, R.M. & Briggs, J.M. (2010)

Facilitation drives 65 years of vegetation change in the Sonoran Desert.

Ecology, 91, 1132–1139.
Byers, J.E., Cuddington, K., Jones, C.G., Talley, T.S., Hastings, A., Lam-

brinos, J.G. et al. (2006) Using ecosystem engineers to restore ecological

systems. Trends in Ecology & Evolution, 21, 493–500.
Callaway, R.M. (2007) Positive Interactions and Interdependence in Plant

Communities. Springer, Dordrecht, The Netherlands.

Carpenter, S.R., Cole, J.J., Pace, M.L., Batt, R., Brock, W.A., Cline, T.

et al. (2011) Early warnings of regime shifts: a whole-ecosystem experi-

ment. Science, 332, 1079–1082.
Chase, J. (1999) Food web effects of prey size refugia: variable interactions

and alternative stable equilibria. The American Naturalist, 154, 559–570.
DeAngelis, D., Post, W.M. & Travis, C.C. (1986) Positive Feedback in Nat-

ural Systems. Springer-Verlag, Berlin, Germany.

van Donk, E., Grimm, M.P., Gulati, R.D. & Klein Breteler, J.P.G. (1990)

Whole-lake food-web manipulation as a means to study community

interactions in a small ecosystem. Hydrobiologia, 200–201, 275–289.
Edwards, E.J., Osborne, C.P., Str€omberg, C.A.E., Smith, S.A., C4 Grasses

Consortium, Bond, W.J. et al. (2010) The origins of C4 grasslands: inte-

grating evolutionary and ecosystem science. Science (New York, N.Y.),

328, 587–591.
Eppinga, M.B., de Ruiter, P.C., Wassen, M.J. & Rietkerk, M. (2009) Nutri-

ents and hydrology indicate the driving mechanisms of peatland surface

patterning. The American Naturalist, 173, 803–818.
Goldblatt, C., Lenton, T.M. & Watson, A.J. (2006) Bistability of atmo-

spheric oxygen and the Great Oxidation. Nature, 443, 683–686.
G�omez-Aparicio, L. (2009) The role of plant interactions in the restoration

of degraded ecosystems: a meta-analysis across life-forms and ecosys-

tems. Journal of Ecology, 97, 1202–1214.
Gross, K. (2008) Positive interactions among competitors can produce spe-

cies-rich communities. Ecology Letters, 11, 929–936.
Hargeby, A., Andersson, G., Blindow, I. & Johansson, S. (1994) Trophic

web structure in a shallow eutrophic lake during a dominance shift from

phytoplankton to submerged macrophytes. Hydrobiologia, 279–280, 83–
90.

He, Q., Bertness, M.D. & Altieri, A.H. (2013) Global shifts towards posi-

tive species interactions with increasing environmental stress. Ecology

Letters, 16, 695–706.
Hoffmann, W.A., Orthen, B. & Nascimento, P.K.V. do (2003) Comparative

fire ecology of tropical savanna and forest trees. Functional Ecology, 17,

720–726.
Holling, C.S. (1973) Resilience and stability of ecological systems. Annual

Review of Ecology and Systematics, 4, 1–23.
Holmgren, M. & Scheffer, M. (2001) El Ni~no as a window of opportunity

for the restoration of degraded arid. Ecosystems, 4, 151–159.
Holmgren, M., Scheffer, M. & Huston, M.A. (1997) The interplay of facili-

tation and competition in plant communities. Ecology, 78, 1966–1975.
Holmgren, M., G�omez-Aparicio, L., Quero, J.L. & Valladares, F. (2012)

Non-linear effects of drought under shade: reconciling physiological and

ecological models in plant communities. Oecologia, 169, 293–305.
Holmgren, M., Lin, C.-Y., Murillo, J.E., Nieuwenhuis, A., Penninkhof, J.,

Sanders, N. et al. (2015) Positive shrub–tree interactions facilitate woody
encroachment in boreal peatlands. Journal of Ecology, 103, 58–66.

Hosper, S.H. (1989) Biomanipulation, new perspectives for restoration of

shallow, eutrophic lakes in The Netherlands. Hydrobiological Bulletin,

23, 5–10.
James, W.F. & Barko, J.W. (1990) Macrophyte influences on the zonation

of sediment accretion and composition in a north-temperate reservoir.

Archiv f€ur Hydrobiologie, 120, 129–142.
K�efi, S., Rietkerk, M., Alados, C.L., Pueyo, Y., Papanastasis, V.P., ElAich,

A. et al. (2007a) Spatial vegetation patterns and imminent desertification

in Mediterranean arid ecosystems. Nature, 449, 213–217.
K�efi, S., Rietkerk, M., van Baalen, M. & Loreau, M. (2007b) Local facilita-

tion, bistability and transitions in arid ecosystems. Theoretical Population

Biology, 71, 367–379.
K�efi, S., Eppinga, M.B., de Ruiter, P.C. & Rietkerk, M. (2010) Bistability

and regular spatial patterns in arid ecosystems. Theoretical Ecology, 3,

257–269.
K�efi, S., Berlow, E.L., Wieters, E.A., Navarrete, S.A., Petchey, O.L.,

Wood, S.A. et al. (2012) More than a meal. . . integrating non-feeding

interactions into food webs. Ecology Letters, 15, 291–300.

K�efi, S., Dakos, V., Scheffer, M., Van Nes, E.H. & Rietkerk, M. (2013)

Early warning signals also precede non-catastrophic transitions. Oikos,

122, 641–648.
Knowlton, N. (1992) Thresholds and multiple stable states in coral reef

community dynamics. American Zoologist, 32, 674–682.
van de Koppel, J., Herman, P.M.J., Thoolen, P. & Heip, C.H.R. (2001) Do

alternate stable states occur in natural ecosystems? Evidence from a tidal

flat. Ecology, 82, 3449–3461.
van de Koppel, J., van der Wal, D, Bakker, J.P. & Herman, P.M.J. (2005a)

Self-organization and vegetation collapse in salt marsh ecosystems. The

American Naturalist, 165, E1–E12.
van de Koppel, J., Rietkerk, M., Dankers, N. & Herman, P.M.J. (2005b)

Scale-dependent feedback and regular spatial patterns in young mussel

beds. The American Naturalist, 165, E66–E77.
Law, R. & Morton, R.D. (1993) Alternative permanent states of ecological

communities. Ecology, 74, 1347–1361.
Le Bagousse-Pinguet, Y., Maalouf, J.-P., Touzard, B. & Michalet, R.

(2014) Importance, but not intensity of plant interactions relates to spe-

cies diversity under the interplay of stress and disturbance. Oikos, 123,

777–785.
Lenton, T. & Watson, A. (2013) Revolutions That Made the Earth. Oxford

University Press, New York, NY, USA.

Lever, J.J., van Nes, E.H., Scheffer, M. & Bascompte, J. (2014) The sudden

collapse of pollinator communities. Ecology Letters, 17, 350–359.
Lewontin, R.C. (1969) The meaning of stability. Brookhaven Symposia in

Biology, 22, 13–24.
Maestre, F.T. & Cortina, J. (2004) Do positive interactions increase with

abiotic stress? A test from a semi-arid steppe. Proceedings of the Royal

Society of London B: Biological Sciences, 271, S331–S333.
May, R.M. (1977) Thresholds and breakpoints in ecosystems with a multi-

plicity of stable states. Nature, 269, 471–477.
Michalet, R., Brooker, R.W., Cavieres, L.A., Kikvidze, Z., Lortie, C.J.,

Pugnaire, F.I. et al. (2006) Do biotic interactions shape both sides of the

humped-back model of species richness in plant communities? Ecology

Letters, 9, 767–773.
Noy-Meir, I. (1975) Stability of grazing systems: an application of preda-

tor-prey graphs. Journal of Ecology, 63, 459–481.
Padilla, F.M. & Pugnaire, F.I. (2006) The role of nurse plants in the

restoration of degraded environments. Frontiers in Ecology and the Envi-

ronment, 4, 196–202.
Petraitis, P. (2013) Multiple Stable States in Natural Ecosystems. Oxford

University Press, Oxford, UK.

Reynolds, J.F., Smith, D.M.S., Lambin, E.F., Turner, B.L., Mortimore,

M., Batterbury, S.P.J. et al. (2007) Global desertification: building a

science for dryland development. Science (New York, N.Y.), 316,

847–851.
Rietkerk, M. & van de Koppel, J. (2008) Regular pattern formation in real

ecosystems. Trends in Ecology & Evolution, 23, 169–175.
Rietkerk, M., Ketner, P., Stroosnijder, L. & Prins, H.H.T. (1996) Sahelian

rangeland development: A catastrophe? Journal of Range Management,

49, 512–519.
de Roos, A.M. & Persson, L. (2002) Size-dependent life-history traits pro-

mote catastrophic collapses of top predators. Proceedings of the National

Academy of Sciences, 99, 12907–12912.
Scheffer, M. (2009) Critical Transitions in Nature and Society, Princeton

Studies in Complexity. Princeton University Press, Princeton, NJ,

USA.

Scheffer, M., Hosper, S.H., Meijer, M.-L., Moss, B. & Jeppesen, E. (1993)

Alternative equilibria in shallow lakes. Trends in Ecology & Evolution, 8,

275–279.
Scheffer, M., Rinaldi, S., Gragnani, A., Mur, L.R. & van Nes, E.H. (1997)

On the dominance of filamentous cyanobacteria in shallow, turbid lakes.

Ecology, 78, 272–282.
Scheffer, M., Szab�o, S., Gragnani, A., van Nes, E.H., Rinaldi, S., Kautsky,

N. et al. (2003) Floating plant dominance as a stable state. Proceedings

of the National Academy of Sciences, 100, 4040–4045.
Schlesinger, W.H., Reynolds, J.F., Cunningham, G.L., Huenneke, L.F.,

Jarrell, W.M., Virginia, R.A. et al. (1990) Biological feedbacks in global

desertification. Science, 247, 1043–1048.
Schr€oder, A., Persson, L. & de Roos, A.M. (2005) Direct experimental evi-

dence for alternative stable states: a review. Oikos, 110, 3–19.
Sirota, J., Baiser, B., Gotelli, N.J. & Ellison, A.M. (2013) Organic-matter

loading determines regime shifts and alternative states in an aquatic

ecosystem. Proceedings of the National Academy of Sciences of the United

States of America, 110, 7742–7747.

© 2015 The Authors. Functional Ecology published by John Wiley & Sons Ltd on behalf of British Ecological Society, Functional Ecology, 30, 88–97

96 S. K�efi M. Holmgren & M. Scheffer



Smit, C., Vandenberghe, C., den Ouden, J. & M€uller-Sch€arer, H. (2007)

Nurse plants, tree saplings and grazing pressure: changes in facilitation

along a biotic environmental gradient. Oecologia, 152, 265–273.
Soliveres, S., Smit, C. & Maestre, F.T. (2015) Moving forward on facilita-

tion research: response to changing environments and effects on the

diversity, functioning and evolution of plant communities. Biological

Reviews of the Cambridge Philosophical Society, 90, 297–313.
Søndergaard, M., Jeppesen, E., Lauridsen, T.L., Skov, C., Van Nes, E.H.,

Roijackers, R. et al. (2007) Lake restoration: successes, failures and

long-term effects. Journal of Applied Ecology, 44, 1095–1105.
Stanton, D.E., Armesto, J.J. & Hedin, L.O. (2014) Ecosystem properties

self-organize in response to a directional fog-vegetation interaction. Ecol-

ogy, 95, 1203–1212.
Suding, K.N., Gross, K.L. & Houseman, G.R. (2004) Alternative states

and positive feedbacks in restoration ecology. Trends in Ecology & Evo-

lution, 19, 46–53.
Sutherland, J.P. (1974) Multiple stable points in natural communities. The

American Naturalist, 108, 859–873.

Weerman, E.J., van Belzen, J., Rietkerk, M., Temmerman, S., K�efi, S., Her-

man, P.M.J. et al. (2012) Changes in diatom patch-size distribution and

degradation in a spatially self-organized intertidal mudflat ecosystem.

Ecology, 93, 608–618.
Westoby, M., Walker, B. & Noy-Meir, I. (1989) Opportunistic management

for rangelands not at equilibrium. Journal of Range Management, 42,

266–274.
Wilson, J.B. & Agnew, A.D.Q. (1992) Positive-feedback switches in plant

communities. Advances in Ecological Research, 23, 264–336.
Xu, C., Holmgren, M., van Nes, E.H., Maestre, F.T., Soliveres, S., Ber-

dugo, M. et al. (2015a) Can we infer plant facilitation from remote sens-

ing? A test across global drylands. Ecological Applications, 25, 1456–
1462.

Xu, C., Van Nes, E.H., Holmgren, M., K�efi, S. & Scheffer, M. (2015b)

Local facilitation may cause tipping points on a landscape level preceded

by early warning indicators. The American Naturalist, 186, E81–E90.

Received 8 February 2015; accepted 2 November 2015

Handling Editor: Francisco Pugnaire

© 2015 The Authors. Functional Ecology published by John Wiley & Sons Ltd on behalf of British Ecological Society, Functional Ecology, 30, 88–97

Facilitation and alternative stable states 97


