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Abstract
Ecosystems worldwide depend on habitat-forming foundation species that often 
facilitate themselves with increasing density and patch size, while also engaging in 
facultative mutualisms. Anthropogenic global change (e.g., climate change, eutrophi-
cation, overharvest, land-use change), however, is causing rapid declines of foun-
dation species-structured ecosystems, often typified by sudden collapse. Although 
disruption of obligate mutualisms involving foundation species is known to precipitate 
collapse (e.g., coral bleaching), how facultative mutualisms (i.e., context-dependent, 
nonbinding reciprocal interactions) affect ecosystem resilience is uncertain. Here, we 
synthesize recent advancements and combine these with model analyses supported 
by real-world examples, to propose that facultative mutualisms may pose a double-
edged sword for foundation species. We suggest that by amplifying self-facilitative 
feedbacks by foundation species, facultative mutualisms can increase foundation 
species’ resistance to stress from anthropogenic impact. Simultaneously, however, 
mutualism dependency can generate or exacerbate bistability, implying a potential 
for sudden collapse when the mutualism's buffering capacity is exceeded, while re-
covery requires conditions to improve beyond the initial collapse point (hysteresis). 
Thus, our work emphasizes the importance of acknowledging facultative mutualisms 
for conservation and restoration of foundation species-structured ecosystems, but 
highlights the potential risk of relying on mutualisms in the face of global change. 
We argue that significant caveats remain regarding the determination of these feed-
backs, and suggest empirical manipulation across stress gradients as a way forward 
to identify related nonlinear responses.
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1  | INTRODUC TION

Since the Industrial Revolution, humans have been altering envi-
ronmental conditions at an unprecedented pace and scale (Kareiva 
et  al.,  2007; Steffen et  al.,  2018). Human-induced global warming 
(Costanza et  al.,  1997; IPCC,  2014), together with more local im-
pacts such as pollution, biotic invasions, overharvest, and land-use 
changes, has triggered the sixth mass extinction of plants and animals 
(Cardinale et al., 2012). Biodiversity loss can be a direct consequence 
of such impacts, but can also arise from loss of organisms that are 
disproportionately important to ecosystem functions and structure 
(Angelini et al., 2011; Bruno et al., 2003; Estes et al., 2011). Particularly, 
the loss of foundation species (Dayton,  1972)—also known as au-
togenic ecosystem engineers (sensu Jones et  al.,  1997)—can elicit 
dramatic shifts in biodiversity and ecosystem functioning (Angelini 
et al., 2015; Borst et al., 2018; Bulleri et al., 2018; Ellison et al., 2005; 
van der Zee et  al.,  2016). Such spatially dominant habitat-forming 
organisms—including trees, wetland plants, and reef-building cor-
als and bivalves—create complex 3-dimensional biogenic structures 
that modulate the availability of critical resources and ameliorate 
physical stressors (Altieri et  al.,  2007; Donadi et  al.,  2013; Ellison 
et  al.,  2005; Hoegh-Guldberg et  al.,  2007). Because many species 
are dependent on the presence of foundation species, disturbances 
that cause their decline often impact whole habitats to the extent 
that entire ecosystems and their associated communities collapse 
(Angelini et al., 2011; Bruno et al., 2003; Stachowicz, 2001).

Although the foundation species concept typically considers a 
single dominant species or a limited number of co-occurring species 
in the same functional guild (e.g., as often occurs in forests, coral 
reefs, and macroalgae beds), many foundation species engage in 
obligate or facultative mutualisms (Angelini et  al.,  2016; de Fouw 
et al., 2016; Hay et al., 2004; Stachowicz, 2001). Obligate mutual-
isms, such as the association between fungi and phototrophs in li-
chens or the partnership between endosymbiotic zooxanthellae and 
corals, are by definition vital to both species irrespective of envi-
ronmental conditions (Bronstein, 2015; Hoeksema & Bruna, 2000; 
Kiers et al., 2010). Facultative mutualisms, by contrast, are not vital 
to the organisms involved but can extend the natural environmental 
range limits of one or both organisms, thereby causing a species’ re-
alized niche to exceed its fundamental niche (Afkhami et al., 2014; 
Bertness & Callaway,  1994; Bronstein,  2015; Bruno et  al.,  2003; 
Crotty & Bertness,  2015; Stachowicz,  2001). Mounting evidence 
suggests that facultative mutualisms commonly influence biodiver-
sity and ecosystem structure, as many organisms are directly in-
volved in networks of such beneficial interactions (Hay et al., 2004; 
Kiers et al., 2010; Silknetter et al., 2020; Stachowicz, 2001; Valdez 
et al., 2020).

In this paper, we synthesize recent advancements to suggest that 
facultative mutualisms can strongly affect ecosystem stability and 
resilience when the interaction involves a foundation species. It is al-
ready well known that positive interactions in general, including mu-
tualisms, support positive (also known as “exacerbating”) feedback 
mechanisms that, if strong enough, generate ecosystem thresholds 

or “tipping points” in environmental conditions beyond which eco-
systems shift to alternative stable states (Kéfi et al., 2016; Maxwell 
et al., 2017). However, while studies have mostly focused on a single 
feedback mechanism, many ecosystems are characterized by multi-
ple, potentially interacting feedbacks (Maxwell et al., 2017; van de 
Leemput et al., 2018). Here, we propose that facultative mutualisms 
and the feedbacks they initiate can increase foundation species’ 
resistance to human-mediated global change stressors, but simulta-
neously predispose foundation species to abrupt collapse. To test 
this hypothesis, we build a conceptual framework that considers (1) 
how habitat modification by foundation species can lead to self-fa-
cilitation via a positive feedback and consequently affect ecosystem 
resilience, and (2) how mutualisms generate another positive feed-
back that may interact with the first feedback. Finally, we present 
examples (Figure  1; Table  1) and discuss implications and future 
challenges.

2  | FOUNDATION SPECIES AND SELF-
FACILITATIVE FEEDBACKS

Foundation species modify the physical environment through their 
formation of complex physical structures that alter water and/or air-
flow, mediate nutrient cycling, and trap debris and detritus (Angelini 
et  al.,  2011; Dayton,  1972; Jones et  al.,  1994; Stachowicz,  2001). 
Although the typically positive consequences of such habitat modi-
fication for other community members have been the conceptual 
focus of many studies, foundation species also commonly improve 
living conditions for themselves and their conspecifics through 
the same mechanisms (Figure  2a–d) (e.g., van Hirota et  al.,  2011; 
de Koppel et al., 2005; Maxwell et al., 2017; Scheffer et al., 2012). 
Often, such self-facilitation is generated via positive density de-
pendence (Bertness & Callaway, 1994; Bruno et al., 2003) yielding 
a positive feedback, in which habitat quality improves with the den-
sity and/or patch size of the foundation species. Importantly, the 
strength and relevance of such self-facilitation depends on environ-
mental conditions. Changes made to an already suitable habitat via 
self-facilitation will yield little overall improvement in living condi-
tions. By contrast, self-facilitation can be essential to a foundation 
species’ survival, growth, and reproduction in hostile conditions, 
by alleviating physical or biotic stress and thereby extending the 
foundation species’ own realized niche (Bruno et al., 2003; Crotty 
et al., 2018; He & Bertness, 2014). Examples of ecosystems where 
foundation species benefit from positive density dependence in-
clude tropical forest and desert vegetation that mediate water avail-
ability by creating a humid microclimate to stimulate plant growth 
(Hirota et al., 2011; Rietkerk et al., 2004); coral and shellfish reefs 
that facilitate settlement of additional coral and shellfish recruits 
by providing hard structures (Schulte et al., 2009); and seagrasses, 
salt marsh plants, and mangroves that enhance their own growth 
by stabilizing sediments, and trapping suspended particles to locally 
enhance nutrient availability (Balke et al., 2011; Zemp et al., 2017) 
(see Table 1 for further examples).
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Many ecosystems structured by foundation species, including 
salt marshes, seagrass meadows, coral reefs, peatlands, and for-
ests, have been rapidly declining, with losses often characterized 
by sudden collapse and low restoration success rates of degraded 
habitats (Ellison et al., 2005; Hoegh-Guldberg et al., 2007; Maxwell 
et  al.,  2017; Rietkerk et  al.,  2004). A growing body of theoretical 
and empirical studies suggests that collapses are a consequence 
of the existence of feedbacks often derived from strong self-facil-
itation (van de Koppel et al., 1997; Nyström et al., 2000; Scheffer 
et al., 2001). Ecosystems with such feedbacks typically respond in 
a nonlinear fashion to environmental change whereby the feed-
backs buffer increasing external stress to support the foundation 
species’ persistence until a stress threshold is exceeded, at which 
point the foundation species experiences mass mortality. Moreover, 
if the feedback is sufficiently strong, it can cause alternative stable 
states (bistability); a condition where, depending on the initial state, 
either a foundation species-structured or an alternative state is sta-
ble under the same environmental conditions (Figure 2a–d) (Scheffer 
et al., 2001). An important consequence is that recovery is very diffi-
cult once the foundation species’ abundance drops below the critical 
threshold required to induce the level of habitat modification needed 

to initiate and sustain new growth (Balke et  al.,  2011; Scheffer & 
Carpenter, 2003; Scheffer et al., 2001).

Over the last decades, there has been a surge of theoretical work 
on how feedbacks may lead to bistability and ecosystem collapse, 
as well as on indicators to detect nearness to collapse (e.g., Dakos 
et al., 2015; Scheffer et al., 2001). However, despite theoretical ad-
vancements, it remains difficult to predict these phenomena in the real 
world due to lack of knowledge on existing feedbacks or their strength 
and importance under prevailing conditions. As a consequence, den-
sity-dependent positive feedbacks have yet to be systematically inte-
grated into ecosystem management designs, and both the protection 
and restoration of foundation species-dominated ecosystems remain 
extremely difficult (Bruno et al., 2003; Fischman et al., 2019; Silliman 
et al., 2015; Temmink et al., 2020). Moreover, contemporary studies 
have largely focused on a single feedback, often self-facilitation, as 
the central mechanism underpinning nonlinear ecosystem responses 
and bistability (van de Leemput et al., 2016; Maxwell et al., 2017). In 
reality, however, foundation species-dominated systems are often 
governed by multiple feedbacks, which may theoretically interact to 
alter nonlinear responses to environmental change (van de Leemput 
et al., 2016; Maxwell et al., 2017).

F I G U R E  1   Four examples of ecosystems shaped by foundation species, their facultative mutualists, and the positive feedbacks generated
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3  | FOUNDATION SPECIES ,  SELF-
FACILITATIVE ,  AND MUTUALISTIC 
FEEDBACKS: A THEORETIC AL FR AME WORK

Mutualisms, by their very nature of providing reciprocal benefits, 
generate a positive feedback in which each partner stimulates the 
growth or survival of the other, thereby indirectly facilitating it-
self (Bronstein,  2015; Kiers et  al.,  2010). Because facultative mu-
tualisms typically vary in strength with environmental conditions 
(Bronstein, 1994, 2015; Hoeksema & Bruna, 2000; Stachowicz, 2001), 
such interactions may invoke nonlinear responses of partnering spe-
cies to environmental change, similar to the self-facilitation by foun-
dation species discussed above (Dakos & Bascompte, 2014; de Fouw 
et al., 2016, 2018; Lever et al., 2014; Maxwell et al., 2017). Indeed, 
theoretical work suggests that strong mutualistic interactions in 
plant–pollinator networks can cause bistability due to thresholds in 
environmental conditions, beyond which these mutualistic networks 
collapse (Dakos & Bascompte, 2014; Dean, 1983; Goh, 1979; Lever 
et al., 2014).

When a foundation species that, on the one hand, facilitates it-
self also engages in a mutualism, an inherent consequence is that 
the growth or survival of the foundation species is now mediated by 
two feedback mechanisms, not one (de Fouw et al., 2018; Maxwell 
et  al.,  2017). As the two feedbacks are both positive in nature, 
they may act in concert to facilitate the foundation species, poten-
tially amplifying nonlinear ecosystem responses to environmental 
changes (Figure 2e–f). However, the two feedbacks may alleviate the 
same or different stressors, generating a context dependence that 
could strongly affect the foundation species’ vulnerability to anthro-
pogenic global change.

To explore how the self-facilitative and mutualistic feedbacks 
may interactively affect the resilience of foundation species-struc-
tured ecosystems, we used a minimal mathematical model to in-
vestigate three scenarios: (1) The foundation species generates a 
single, self-facilitative feedback that mitigates an environmental 
stressor; (2) the foundation species also engages in a facultative 
mutualism that mitigates a second environmental stressor; or (3) 
the foundation species also engages in a mutualism that acts on 
the same environmental stressor as the self-facilitative feedback. 
Note that we define “stressor” as any external environmental 
force that can reduce the health of the foundation species (sensu 
Stachowicz, 2001).

The model consists of a system of two differential equations (de 
Fouw et al., 2018). The change in foundation species biomass or pop-
ulation size (FS) over time is described by the following differential 
equation:

where gfs is the maximum relative growth rate, Kfs is the carrying ca-
pacity, mfs is the maximum relative mortality, and fS1 and fS2 are func-
tions controlling the mortality due to stressors 1 and 2, respectively.

(1)dFS

dt
=gfs ⋅

(

1−
FS

Kfs

)
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Following de Fouw et al. (2018), and as a conservative approach 
to the effect of the mutualist relative to logistic growth, we assume 
simple linear growth of the mutualist population size (M) that is facil-
itated by the foundation species:

with gm as the maximum growth rate, Hfsm as the half-saturation con-
stant for the positive effect of FS on M, Km as the carrying capacity of 
M, and mm as the relative mortality constant of M.

Function fS1 is described as follows:

where S1 is the maximum (i.e., when not mitigated) stress level from 
stressor 1, Hfs1 is the half-rate constant for reducing the stressor by the 
foundation species itself (i.e., the self-facilitation effect), and fM1 is a 
function controlling the effect of the mutualist on stressor 1.

Function fM1 is described as follows:

(2)dM

dt
=gm ⋅

FS

Hfsm+FS
⋅

(

1−
M

Km

)

−mm ⋅M

(3)fS1=S1 ⋅
Hfs1

Hfs1+FS
⋅ fM1

(4.1)fM1 =
Hm1

Hm1+M
if mutualistM is present

F I G U R E  2   Self-facilitative and 
mutualistic feedbacks stimulate 
foundation species and their associated 
community. When the maximum 
foundation species population size is 
low, beneficial modifications of local 
conditions (orange to green) are minor, 
implying a relatively weak self-facilitative 
feedback (black arrows) (a), yielding a 
slightly nonlinear ecosystem response 
to changing global, ecosystem-level 
conditions (b). A higher maximum 
population size generates a stronger 
feedback (c), thereby increasing the 
nonlinearity of the ecosystem's response 
to change and enhancing the potential 
for bistability (d). When the foundation 
species engages in a mutualism, both 
feedbacks act together to amplify 
environmental modifications (e), and the 
nonlinearity of the ecosystem's response 
to changing global conditions (f)
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in which Hm1 is the half-saturation constant for the effect of the mutu-
alist on reducing stressor 1.

Finally, function fS2 is described as follows:

where S2 is the maximum stress level from stressor 2, and fM2 is the 
function controlling the mutualist's effect on stressor 2 (which is not 
mitigated by the foundation species):

in which Hm2 is the half-saturation constant for the reducing effect of 
the mutualist on stressor 2. Default model parameter settings are pre-
sented in Table 2. Scenario 1 was simulated with both fM1 and fM2 
set at 1 (Equations 4.2 and 6.2, respectively); scenario 2 with fM1 at 
Equation 4.2 and fM2 at Equation (6.1); scenario 3 with fM1 set at 
Equation (4.1) and fM2 at Equation (6.2).

In each scenario, we used bifurcation analyses to evaluate the 
stability of the equilibria of the model at varying settings of stress-
ors 1 and 2, and as a means of generally exploring how gradients 
in both stressors affect ecosystem resilience. For each analysis, the 
maximum stress level of either stressor 1 (S1) or 2 (S2) was increased 
in small steps, after which the model was run to stabilize to its equi-
librium. This analysis was then performed backwards, such that each 
stressor was decreased in small steps. Finally, the two analyses were 
combined to construct bifurcation plots demonstrating how the 
foundation species’ population size varies across gradients in stress-
ors 1 and 2 under each of the three scenarios. We determined unsta-
ble equilibria making a quasi-steady-state assumption and plotting 
equilibria for different values of the control parameters in GRIND 
for MATLAB.

4  | MODEL RESULTS

Similar to earlier studies of self-facilitation (van der Heide 
et al., 2007; Scheffer & Carpenter, 2003; Scheffer et al., 2001), the 
model first predicts that self-facilitation by the foundation species 
causes nonlinear behavior and bistability across the environmental 
stress gradient (Figure 3a). Second, when a mutualism that mitigates 
a second stressor is added, the foundation species’ overall health is 
enhanced (i.e., its net growth:mortality ratio is higher), allowing it 
to reach a higher maximum population size, and to occur across a 
broader range of both stressors (Figure 3b,c). However, nonlinear-
ity also increases, such that bistability emerges for stressor 2, and 
the range of bistability increases for stressor 1. Third and finally, 

when the self-facilitative and mutualistic feedbacks mitigate the 
same environmental stressor, they together amplify the buffering 
capacity for stressor 1, but also greatly enhance the bistability range 
(Figure 3a,c).

Although theoretical, this exercise yields several notable insights. 
First, foundation species can, by engaging in a mutualism, signifi-
cantly expand their environmental range limit for a stressor (Afkhami 
et al., 2014). Interestingly, this “niche-broadening” may be achieved 
even if the mutualism does not directly mitigate the stressor itself, 
but instead stimulates the foundation species by alleviating a second 
stressor. In addition to increasing ecosystem resistance to stress, the 
mutualism extends the range of hysteresis, amplifying nonlinear sys-
tem responses to environmental stress. Consequently, environmen-
tal conditions may have to be improved over a much larger range to 
achieve natural recovery to a stable alternate state compared with 
systems whose behavior is not mediated by a mutualism. Finally, in 
binding both species to a common fate under conditions where the 
mutualism is essential for persistence, mutualistic interactions can 
increase the foundation species’ vulnerability to perturbations that 
affect the mutualist.

5  | E X AMPLES FROM RE AL ECOSYSTEMS

Foundation species in marine, aquatic, and terrestrial ecosystems 
often engage in mutualistic interactions (Figure  1; Table  1) (Hay 
et  al.,  2004; Stachowicz,  2001). For example, the vast majority of 
terrestrial plants engage in mycorrhizal or plant–pollinator interac-
tions (Potts et  al.,  2010; Smith & Read,  1997), submerged marine 
and freshwater macrophytes provide shelter to grazers of algae 
that compete with the plants for light and nutrients (e.g., Peterson 
& Heck, 2001; Scheffer, 1999; Valentine & Duffy, 2007), Sphagnum 
mosses harbor methanotrophic and nitrogen-fixing bacteria that in-
crease CO2 and nitrogen availability to the plant (Larmola et al., 2014; 
Raghoebarsing et al., 2006), and sponges growing on the solid sub-
strate provided by mangrove roots increase nutrient availability for 
the trees (Ellison et al., 1996). Here, we discuss four relatively well-
studied examples (Figure 1) in more detail to illustrate how both self-
facilitative and mutualistic feedbacks can affect ecosystem stability, 
and how human-mediated environmental changes may affect these 
interactions.

5.1 | Arid ecosystems

In arid systems, grasses and shrubs often modify soil conditions to 
their own benefit (Angelini et  al.,  2011; Kefi et  al.,  2007; Rietkerk 
et  al.,  2004; Rietkerk & van de Koppel,  2008). Following scenario 
1, patches of grasses and shrubs enhance water availability by in-
creasing infiltration with their root system, while simultaneously 
lowering evaporation through shading with increasing density and 
patch size (Klausmeier, 1999; Hille Ris Lambers et al., 2001; Rietkerk 
et al., 2002).

(4.2)fM1 = 1 if mutualistM is absent

(5)fS2=S2 ⋅ fM2

(6.1)fM2 =
Hm2

Hm2+M
if mutualistM is present

(6.2)fM2 = 1 if mutualistM is absent
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In many cases, these foundational plants engage in mutualis-
tic interactions with mycorrhizal endophytes that benefit from the 
plants by receiving carbohydrates (Smith & Read, 1997). In return, 
these fungal mutualists can increase the productivity, biomass, and 
environmental range limits of the plants that adopt them by allevi-
ating multiple stressors, including nutrient deficiency, salinity, and 
temperature stress (Millar & Bennett,  2016). In dry environments, 
plants can particularly benefit from mycorrhizae as they increase 
their tolerance to drought by increasing both water and nutrient up-
take potential (Afkhami et al., 2014; Bahadur et al., 2019; Márquez 
et  al.,  2007; Peay,  2016). Such mitigation of drought and nutrient 
stress by both self-facilitation and mutualism is similar to scenario 3, 
where the mutualist mitigates the same stressor (or two interrelated 
stressors in this case) as the foundation species (Figure 3).

Although mycorrhizae can mitigate abiotic stressors, exces-
sive stress in the form of anthropogenic nutrient input or extreme 

drought can reduce the plants’ carbon allocation to the mycorrhizae 
(Millar & Bennett,  2016). Reciprocally, mycorrhizal partners have 
been found to adopt resource-hoarding strategies under enhanced 

TA B L E  2   Variables and default parameter settings of the 
conceptual model

Default Description

Variables

FS – Foundation species population 
size

M – Mutualist population size

Parameters

gfs 0.1 Maximum relative growth rate 
of the foundation species

Kfs 1 Carrying capacity of the 
foundation species

mfs 0.3 Maximum relative mortality of 
the foundation species

gm 0.1 Maximum growth rate of the 
mutualist

Hfsm 0.3 Half-saturation constant for 
the positive effect of FS on M

Km 1 Carrying capacity of the 
mutualist

mm 0.05 Relative mortality constant of 
the mutualist

S1 0.05 Maximum (i.e., when not 
mitigated) stress level from 
stressor 1

Hfs1 0.3 Half-rate constant for the 
reducing effect of FS on 
stressor 1

Hm1 0.3 Half-rate constant for the 
reducing effect of M on 
stressor 1

S2 0.05 Maximum (i.e., when not 
mitigated) stress level from 
stressor 2

Hm2 0.3 Half-rate constant for the 
reducing effect of M on 
stressor 2

F I G U R E  3   Bifurcation analyses of a minimal model of 
foundation species with mutualisms. The self-facilitative feedback 
acts on stressor 1, generating bistability (scenario 1). The mutualism 
increases this bistability range, particularly when it also acts 
on stressor 1 (scenario 3), but even when mitigating stressor 2 
(scenario 2) (a, c). When mitigating stressor 2, the mutualist also 
introduces bistability for this variable (b, c)
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nutrient availability (Kiers et al., 2010). A potential consequence of 
such a weakening in mutualism strength is that the plants’ resilience 
to drought also decreases (Afkhami et al., 2014; Brunner et al., 2015; 
Márquez et al., 2007; Peay, 2016). Such a loss of drought resilience 
may increase the potential for arid grassland and shrubland ecosys-
tems to degrade and collapse in the face of warming-induced de-
creases in precipitation.

5.2 | Tropical forests

Trees are the dominant habitat-structuring organisms of forests 
(Ellison et al., 2005). Following scenario 1, trees in tropical regions 
modify the environment to their own benefit by outcompeting 
grasses that would otherwise facilitate wildfires that in turn pro-
mote open savannas or grasslands (Hirota et al., 2011). Moreover, in 
particularly large and/or dense forest patches, trees can generate a 
vegetation-climate feedback in which the trees via evapotranspira-
tion maintain a moist microclimate that stimulates rainfall, thereby 
stabilizing tree-dominance and preventing grassland encroachment 
(Hirota et  al.,  2011; Lewis,  2006; Lindenmayer et  al.,  2016; Zemp 
et al., 2017).

Similar to arid ecosystems, tropical trees also commonly engage 
in endophytic mutualisms that, following scenario 3 in the model, 
can increase tree tolerance to drought and wildfires (Brunner 
et al., 2015). Simultaneously, following scenario 2, many tropical tree 
species engage in mutualisms that act on a second stressor—that is, 
reduced reproductive capacity—as they depend on pollinators and 
seed dispersers for their reproduction (Janzen & Martin, 1982; Peres 
et al., 2016; Rodriguez-Cabal et al., 2007). Extirpation of monkeys, 
birds, bats, and other vital seed dispersers and pollinators, however, 
weaken the strength of these plant–animal mutualisms in many 
areas. In the Amazon, for instance, overhunting has severely reduced 
populations of seed-dispersing vertebrates, causing “empty forests” 
(Redford, 1992). Consequently, seed dispersal becomes depressed, 
reducing tree recruitment and causing forest canopies to become 
more open (Peres et al., 2016). This can in turn weaken the tree-mi-
croclimate feedback that mitigates the first stressor (drought), thus 
increasing the risk of forest collapse, particularly in many tropical 
regions where global warming is altering precipitation regimes.

5.3 | Salt marshes

Salt-tolerant marsh grasses are important foundation species 
along temperate and subtropical coastlines. By progressively baf-
fling currents and waves with increasing shoot density and patch 
size, marsh grasses stabilize and elevate the sediment bed and 
increase nutrient availability (van Bouma et al., 2009; de Koppel 
et al., 2005; Temmerman et al., 2007). Following scenario 1, these 
self-facilitative feedbacks have been found to increase ecosystem 
resistance to small-scale disturbances, but also increase the po-
tential for bistability and collapse following intense, large-scale 

disturbances like winter storms (van van Belzen et  al.,  2017; de 
Koppel et al., 2005).

Along the US Atlantic and Gulf coasts, ribbed mussels (Geukensia 
demissa) aggregate in the mud around cordgrass stems, where they 
profit from stable settlement substrate and canopy shading (Altieri 
et  al.,  2007; Borst et  al.,  2018). In return, as mussels filter phyto-
plankton and clay particles from the water column, they deposit 
nutrient-rich pseudofaeces, stimulating cordgrass growth and sur-
vival (Bertness, 1984). This mussel fertilization acts in concert with 
cordgrass particle trapping to alleviate nutrient limitation, following 
our model scenario 3.

In addition to enhancing nutrient availability, mussels can also en-
hance soil moisture and decrease salinity stress during hot dry spells, 
increasing cordgrass survival by 5–25 times (Angelini et al., 2016). 
During drought, the mutualism therefore buffers a second stressor 
in ways similar to scenario 2. Recent work, however, suggests that in-
tense or repetitive droughts may ultimately exceed the mutualism's 
buffering capacity (Derksen-Hooijberg et  al.,  2019). Should these 
extreme events increase in both severity and frequency as pre-
dicted, the salinity-buffering mechanism will be under intensifying 
pressure, increasing the likelihood of salt marsh collapse (Angelini 
et al., 2016; Derksen-Hooijberg et al., 2019).

5.4 | Seagrass meadows

Seagrasses are habitat-forming, flowering plants in shallow coastal 
areas worldwide (Larkum et al., 2006). Similar to salt marsh plants, 
dense and large seagrass meadows reduce hydrodynamic en-
ergy and trap suspended particles, while their root mats prevent 
sediment resuspension, increasing light penetration (Christianen 
et al., 2013; Hansen & Reidenbach, 2012; van der Heide et al., 2007; 
Koch,  2001). Following scenario 1, these habitat modifications in-
crease seagrass growth and survival, but also increase the potential 
for bistability (van der Heide et al., 2007; Maxwell et al., 2017).

Although sediment trapping and stabilization stimulate seagrass 
growth, they also cause a negative feedback as organic matter from 
the water column accumulates in the sediment, and its anaerobic 
decomposition involving sulfate-reducing bacteria has the potential 
to produce toxic levels of sulfides (de Fouw et al., 2016, 2018; van 
der Heide et al., 2012; Maxwell et al., 2017). Although seagrasses 
stimulate sulfide oxidation by releasing oxygen from their roots, 
sulfide production can outpace oxygen release under warmer con-
ditions, resulting in sulfide accumulation and seagrass mortality (de 
Fouw et al., 2016, 2018). Following model scenario 2, over 90% of 
seagrasses growing in subtropical to tropical conditions, and over 
50% in temperate areas, are associated with lucinid bivalve mutual-
ists that have endosymbiotic sulfide-oxidizing bacteria in their gills 
(van der Heide et al., 2012). In this pervasive facultative mutualism, 
the lucinid-bacteria consortium profits from both the sulfide and 
released oxygen and, in consuming and oxidizing sulfide, allevi-
ates sulfide toxicity stress experienced by seagrass (van der Heide 
et al., 2012).
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Drought, however, was recently shown to disrupt this mutual-
ism in West African intertidal seagrass meadows. On the mudflats of 
Banc d’Arguin, a drought in 2011 initiated seagrass degradation, de-
creasing oxygen release from the roots, and causing the mutualism 
to collapse. This, in turn, spiked sediment sulfide levels, amplifying 
seagrass die-off and causing landscape-scale degradation (de Fouw 
et al., 2016, 2018). These results illustrate that extreme conditions, 
such as drought or excessive eutrophication (Maxwell et al., 2017), 
may exceed the buffering capacity of this mutualism, thus trigger-
ing its breakdown and seagrass mass mortality. After such collapse, 
recovery may only be possible once sediment organic matter and 
sulfide levels have been dramatically reduced (de Fouw et al., 2018).

6  | PERSPEC TIVES

Collectively, our findings highlight that foundation species often 
facilitate both themselves and associated community members 
through density- or patch size-dependent alterations of abiotic con-
ditions, and that they commonly engage in facultative mutualistic in-
teractions that initiate additional feedbacks. Our model simulations, 
supported by empirical observations from four different types of eco-
systems, suggest that the self-facilitative feedback can be amplified 
by the mutualistic feedback, increasing the potential for nonlinear 
ecosystem responses and bistability in the face of increasing human-
mediated global change stressors (Figure 3a). Specifically, our mod-
eling results suggest that when the self-facilitative and mutualistic 
feedbacks operate on the same environmental stressor, ecosystem 
resistance to stress can be particularly high, but, consequently, also 
the range of hysteresis and thus the risk of catastrophic collapse. Our 
real-world examples highlight the relevance of these findings as they 
indicate that this may occur when (a) drought resistance is bolstered 
by both desert plants and their endophytes (Márquez et al., 2007; 
Peay, 2016), and (b) nutrient-enhancement is sustained both by salt 
marsh grasses and ribbed mussels (Bertness,  1984). Although this 
“amplification effect” is less dramatic when the self-facilitative and 
mutualistic feedbacks operate on different stressors, their simulta-
neous functioning can have important consequences for ecosystem 
resilience, as bistability may now be generated along two (instead of 
one) stress gradients (Figure 3a,b). In our real-world examples, these 
dynamics appear to occur in tropical forest where trees engineer the 
microclimate to support their own persistence, and simultaneously 
benefit from a seed-dispersing mutualist feedback.

These central findings build upon a number of prior studies 
demonstrating that mutualists can broaden species’ environmen-
tal tolerance ranges (e.g., Afkhami et  al.,  2014; Kiers et  al.,  2010). 
However, our work further suggests that when facultative mutu-
alistic interactions involve foundation species, they increase both 
their resistance to gradual changes or sudden perturbations, and 
their propensity to exhibit nonlinear ecosystem responses to an-
thropogenic global change pressures (Figure 4). Thus, consideration 
of both self-facilitative and mutualism-generated feedbacks is likely 
to be essential for predicting the stress thresholds beyond which 

foundation species and their associated communities and ecosystem 
functions will collapse, as well as the level of environmental stress 
mitigation that must be achieved to trigger natural recovery.

More broadly, the results of our modeling and literature review 
emphasize the importance of acknowledging and quantifying how 
multiple feedbacks interact to drive ecosystem dynamics. Recent 
work from coral reefs and seagrass meadows has similarly high-
lighted that foundation species can be involved in multiple feed-
backs that collectively amplify nonlinear responses (see Maxwell 
et al., 2017; van de Leemput et al., 2018). Moreover, the strength of 
such feedbacks and their level of interaction are likely highly con-
text-dependent, varying in strength along environmental gradients 
or in response to changing conditions (Maxwell et al., 2017), an area 
of study that requires far more research. Specifically, for ecosys-
tems shaped by foundation species, it is important to identify those 
that are simultaneously engaged in self-facilitative and facultative 
mutualistic feedbacks. Clearly, although our real-world examples 
highlight only four ecosystems, there are many more of ecosystems 
with foundation species where both feedback types can occur and 
interact (see Table 1).

A vital next step is to resolve the relative strength of the self-fa-
cilitative and facultative mutualistic feedbacks in modulating the 
dynamics of foundation species-dominated ecosystems. A first 
approach could be to construct a more system-specific simulation 
model to assess the potential for nonlinear behavior and bistabil-
ity in response to increasing global stressors. A second possibility is 
to correlatively investigate the response of such ecosystems when 
they are undergoing a sudden perturbation. Recent examples were 
presented by de Fouw et al. (2016) and Angelini et al. (2016) where 
intertidal seagrass meadows with lucinid bivalves and salt marshes 
with ribbed mussels partly collapsed due to droughts. Although 
they do not provide definitive proof for bistability, new statistical 
techniques such as potential analysis may yield important clues re-
garding the importance of feedbacks in driving ecosystem dynamics 
(Dakos et al., 2015; de Fouw et al., 2016; Hirota et al., 2011; Scheffer 
et al., 2012).

The ultimate step is then to experimentally manipulate both 
the self-facilitative and mutualistic feedbacks across relevant 
stress gradients to identify nonlinear responses and alternative 
stable states, and to test whether the mutualist or the founda-
tion species is the weaker link when conditions change. To our 
knowledge, such elaborate experiments, which basically repre-
sent an empirical version of our model simulations, have not yet 
been conducted with foundation species and their mutualists. 
However, different parts of such an experiment have been car-
ried out across a range of different ecosystem types. For instance, 
Afkhami et  al.  (2014) manipulated endophyte mutualisms across 
a range of environmental conditions using field and greenhouse 
experiments to empirically demonstrate mutualism-mediated 
broadening of environmental tolerance to drought in plants. In 
addition, Angelini et al.  (2016) experimentally demonstrated mu-
tualism-mediated drought resistance in US salt marshes during a 
heat spell. Neither study, however, simultaneously manipulated 
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the strength of the self-facilitative feedback (e.g., by manipulating 
plant density or patch size). Experiments in which both the foun-
dation species and the mutualist were manipulated have been car-
ried out with seagrasses and lucinids (van der Heide et al., 2012), 
and with cordgrass and ribbed mussels (Borst et al., 2018). In these 
cases, however, the environmental conditions were not manipu-
lated. Moreover, none of the above experimental studies focused 
on identifying nonlinear responses or bistability across stress gra-
dients such as presented in our model analyses, emphasizing that 
understanding these systems through experimental manipulation 
is currently an important caveat.

7  | POTENTIAL MANAGEMENT 
IMPLIC ATIONS

From a conservation standpoint, it is of primary importance to iden-
tify whether foundation species generate self-facilitative feedbacks, 
mutualistic feedbacks, or both, and to measure their strength. If 
feedbacks are indeed important, our work suggests that, ideally, 
managers and regulators should aim to maintain stress levels well 
below the point where these feedbacks become vital for foundation 
species persistence (i.e., <0.3 in our model; see Figure 3). Obviously, 
this may be infeasible, especially when a stressor is initiated by global 
rather than local processes, such as droughts or heat waves. In such 
cases, however, it may be possible to reduce local stressors for the 

purpose of increasing foundation species' capacity to persist under 
increasing global stress. Specifically, as suggested by our model and 
earlier work (He & Silliman, 2019; Scheffer et al., 2015), when selfa-
cilitative and mutualistic feedbacks both buffer against the same 
global stressor (i.e., stressor 1), mitigation of a second local stressor 
that is not affected by the feedbacks (see Figure 3c, scenario 3) can 
be highly effective in enabling the ecosystem to persist in a founda-
tion species-dominated state. The underlying reason for this is that 
the maximum net growth of the foundation species increases lin-
early with a reduction of stressor 2, which in turn increases both 
self-facilitation and mutualism feedback strength and thus the foun-
dation species' capacity to buffer stressor 1. Furthermore, when one 
of these feedbacks instead buffers a local stressor, the response of 
the foundation species to local improvements, and therefore also 
its ability to withstand and mitigate the global stressor, becomes 
nonlinear.

Even when local stressors are mitigated via proactive manage-
ment or regulation, continued global environmental change may ul-
timately cause foundation species to become fully reliant on their 
facultative mutualistic partners. Under such circumstances, further 
escalation of the global stress or sudden perturbations, such as ex-
treme storms or consumer outbreaks, may ultimately exceed the 
buffering capacity of the self-facilitative and/or mutualistic feed-
backs, causing foundation species collapse. Once degraded, self-fa-
cilitative feedbacks required for sustaining the foundation species 
are absent, yielding establishment thresholds that prevent natural 

F I G U R E  4   Stability landscape of 
ecosystems shaped by foundation 
species without (a) and with mutualists 
(b). Ecosystem A is controlled by a 
self-facilitative feedback, and hence, a 
relatively small change in global conditions 
(or perturbation) is sufficient to cause 
the healthy (green) system to collapse 
(red). Contrastingly, as ecosystem B 
is controlled by self-facilitative and 
mutualistic feedbacks that amplify each 
other, a more severe change in global 
conditions (or perturbation) is required 
for a collapse. If collapsed due to gradual 
changes, recovery requires conditions 
to be improved beyond the point of 
collapse, a pathway that is much longer for 
ecosystem B
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recovery. Moreover, these dynamics may be exacerbated by the ab-
sence of mutualists that can help improve environmental conditions 
and the foundation species’ health (Angelini et al., 2016; Angelini & 
Silliman, 2012). Consequently, environmental conditions need to be 
improved much more than the level of stress that provoked the col-
lapse to initiate natural, or unassisted, recovery (hysteresis) under 
such circumstances (Figure 4).

In the context of restoration or habitat creation efforts, our 
findings suggest that harnessing self-facilitation and mutualisms 
can enhance the success of such interventions to regain foundation 
species and their ecological benefits (Gagnon et  al.,  2020; Valdez 
et  al.,  2020). Indeed, recent experimental work in salt marshes 
highlights that including self-facilitation into restoration designs by 
clumping cordgrass transplants rather than planting them in dis-
persed arrays can double restoration yields (Silliman et  al.,  2015). 
Moreover, integrating mutualisms into restoration by co-transplan-
tation of cordgrass and mussels can enhance success by a similar 
margin (Borst et al., 2018). At the same time, however, it is import-
ant to realize that such reliance on self-facilitation and mutualisms 
comes at the cost of increased threshold behavior, which decreases 
predictability and may unintentionally set systems up for sudden 
collapse in the long run.

8  | CONCLUSIONS

It is clear that the biodiversity and functioning of many terrestrial, 
freshwater, and marine benthic ecosystems hinges on habitat-
forming foundation species (Angelini et al., 2011; Borst et al., 2018; 
Ellison,  2019). Such spatially dominant habitat-forming organisms 
(e.g., trees, terrestrial shrubs and grasses, marine and freshwater 
macrophytes, bivalve and coral reefs) create complex biogenic struc-
tures that ameliorate physical stress and modulate resource avail-
ability. Although it is widely appreciated that associated species 
often benefit from such habitat modification, foundation species 
also facilitate their own growth through these same mechanisms. 
Although such self-facilitative and mutualistic feedbacks can act as 
a buffer against increasing environmental stress, theory and obser-
vations suggest that when they are disrupted, foundation species 
can experience rapid mortality, resulting in persistent collapse of the 
ecosystem they support.

This study highlights that many foundation species engage in 
facultative mutualisms that, by providing reciprocal benefits, gen-
erate a second positive feedback that may act on the same or a dif-
ferent stressor as the self-facilitative feedback. Overall, our model 
and case studies suggest that such mutualisms, which are pervasive 
in natural systems, pose a double-edged sword in the face of hu-
man-mediated global change. Specifically, mutualisms help protect 
and restore foundation species-structured ecosystems in times of 
rapid, global environmental change, but reliance on self-facilitative 
and mutualistic feedbacks may come at the inherent cost of in-
creased threshold behavior, increasing the potential for bistability 
and sudden, persistent collapse.

ACKNOWLEDG MENTS
We thank Brian S. Silliman and two anonymous reviewers for their 
helpful comments on earlier versions of this manuscript. TvdH 
was supported by NWO-Vidi Career #16588; CA by NSF-CAREER 
#1652628; JdF by NWO Open Competition #ALWOP.203; and JSE 
by Formas Young Research Leaders #2013-1074.

CONFLIC T OF INTERE S T
The authors declare no conflict of interest.

AUTHOR CONTRIBUTION
Tjisse van der Heide: Conceptualization (equal); Formal analysis 
(lead); Investigation (equal); Writing-original draft (lead); Writing-
review & editing (equal). Christine Angelini: Conceptualization 
(supporting); Formal analysis (supporting); Investigation (equal); 
Writing-original draft (supporting); Writing-review & editing 
(equal). Jimmy De Fouw: Conceptualization (supporting); Formal 
analysis (supporting); Investigation (equal); Writing-original 
draft (supporting); Writing-review & editing (equal). Johan S. 
Eklöf: Conceptualization (equal); Formal analysis (supporting); 
Investigation (equal); Writing-original draft (supporting); Writing-
review & editing (equal).

DATA AVAIL ABILIT Y S TATEMENT
No new data were used.

ORCID
Tjisse van der Heide   https://orcid.org/0000-0002-3664-8904 

R E FE R E N C E S
Afkhami, M. E., McIntyre, P. J., & Strauss, S. Y. (2014). Mutualist-mediated 

effects on species' range limits across large geographic scales. 
Ecology Letters, 17, 1265–1273. https://doi.org/10.1111/ele.12332

Altieri, A. H., Silliman, B. R., & Bertness, M. D. (2007). Hierarchical or-
ganization via a facilitation cascade in intertidal cordgrass bed 
communities. American Naturalist, 169, 195–206. https://doi.
org/10.1086/510603

Angelini, C., Altieri, A. H., Silliman, B. R., & Bertness, M. D. (2011). 
Interactions among foundation species and their consequences for 
community organization, biodiversity, and conservation. BioScience, 
61, 782–789. https://doi.org/10.1525/bio.2011.61.10.8

Angelini, C., Griffin, J. N., van de Koppel, J., Lamers, L. P. M., Smolders, 
A. J. P., Derksen-Hooijberg, M., van der Heide, T., & Silliman, B. R. 
(2016). A keystone mutualism underpins resilience of a coastal eco-
system to drought. Nature Communications, 7, 12473. https://doi.
org/10.1038/ncomm​s12473

Angelini, C., & Silliman, B. R. (2012). Patch size-dependent community re-
covery after massive disturbance. Ecology, 93, 101–110. https://doi.
org/10.1890/11-0557.1

Angelini, C., van der Heide, T., Griffin, J. N., Morton, J. P., Derksen-
Hooijberg, M., Lamers, L. P. M., Smolders, A. J. P., & Silliman, B. R. 
(2015). Foundation species' overlap enhances biodiversity and 
multifunctionality from the patch to landscape scale in southeast-
ern United States salt marshes. Proceedings of the Royal Society 
B: Biological Sciences, 282, 20150421. https://doi.org/10.1098/
rspb.2015.0421

Bahadur, A., Batool, A., Nasir, F., Jiang, S., Mingsen, Q., Zhang, Q., Pan, 
J., Liu, Y., & Feng, H. (2019). Mechanistic insights into arbuscular 

https://orcid.org/0000-0002-3664-8904
https://orcid.org/0000-0002-3664-8904
https://doi.org/10.1111/ele.12332
https://doi.org/10.1086/510603
https://doi.org/10.1086/510603
https://doi.org/10.1525/bio.2011.61.10.8
https://doi.org/10.1038/ncomms12473
https://doi.org/10.1038/ncomms12473
https://doi.org/10.1890/11-0557.1
https://doi.org/10.1890/11-0557.1
https://doi.org/10.1098/rspb.2015.0421
https://doi.org/10.1098/rspb.2015.0421


     |  13van der HEIDE et al.

mycorrhizal fungi-mediated drought stress tolerance in plants. 
International Journal of Molecular Sciences, 20, 4199. https://doi.
org/10.3390/ijms2​0174199

Balke, T., Bouma, T. J., Horstman, E. M., Webb, E. L., Erftemeijer, P. L. 
A., & Herman, P. M. J. (2011). Windows of opportunity: Thresholds 
to mangrove seedling establishment on tidal flats. Marine Ecology 
Progress Series, 440, 1–9. https://doi.org/10.3354/meps0​9364

Bertness, M. D. (1984). Ribbed mussels and Spartina alterniflora produc-
tion in a New England salt-marsh. Ecology, 65, 1794–1807. https://
doi.org/10.2307/1937776

Bertness, M. D., & Callaway, R. (1994). Positive interactions in com-
munities. Trends in Ecology & Evolution, 9, 191–193. https://doi.
org/10.1016/0169-5347(94)90088-4

Borst, A. C. W., Verberk, W. C. E. P., Angelini, C., Schotanus, J., Wolters, 
J., Christianen, M. J. A., van der Zee, E. M., Derksen-Hooijberg, M., & 
van der Heide, T. (2018). Foundation species enhance food web com-
plexity through non-trophic facilitation. PLoS One, 13, e0199152. 
https://doi.org/10.1371/journ​al.pone.0199152

Bouma, T. J., Friedrichs, M., Van Wesenbeeck, B. K., Temmerman, S., 
Graf, G., & Herman, P. M. J. (2009). Density-dependent linkage of 
scale-dependent feedbacks: A flume study on the intertidal macro-
phyte Spartina anglica. Oikos, 118, 260–268.

Bronstein, J. L. (1994). Conditional outcomes in mutualism interactions. 
Trends in Ecology & Evolution, 9, 214–217.

Bronstein, J. L. (2015). Mutualism. Oxford University Press.
Brunner, I., Herzog, C., Dawes, M. A., Arend, M., & Sperisen, C. (2015). 

How tree roots respond to drought. Frontiers in Plant Science, 6, 547. 
https://doi.org/10.3389/fpls.2015.00547

Bruno, J. F., Stachowicz, J. J., & Bertness, M. D. (2003). Inclusion of facil-
itation into ecological theory. Trends in Ecology & Evolution, 18, 119–
125. https://doi.org/10.1016/S0169-5347(02)00045-9

Bulleri, F., Eriksson, B. K., Queirós, A., Airoldi, L., Arenas, F., Arvanitidis, 
C., Bouma, T. J., Crowe, T. P., Davoult, D., Guizien, K., Iveša, L., 
Jenkins, S. R., Michalet, R., Olabarria, C., Procaccini, G., Serrão, E. 
A., Wahl, M., & Benedetti-Cecchi, L. (2018). Harnessing positive spe-
cies interactions as a tool against climate-driven loss of coastal bio-
diversity. PLoS Biology, 16, e2006852. https://doi.org/10.1371/journ​
al.pbio.2006852

Cardinale, B. J., Duffy, J. E., Gonzalez, A., Hooper, D. U., Perrings, C., 
Venail, P., Narwani, A., Mace, G. M., Tilman, D., Wardle, D. A., Kinzig, 
A. P., Daily, G. C., Loreau, M., Grace, J. B., Larigauderie, A., Srivastava, 
D. S., & Naeem, S. (2012). Biodiversity loss and its impact on human-
ity. Nature, 486, 59–67. https://doi.org/10.1038/natur​e11148

Christianen, M. J. A., van Belzen, J., Herman, P. M. J., van Katwijk, M. M., 
Lamers, L. P. M., van Leent, P. J. M., & Bouma, T. J. (2013). Low-canopy 
seagrass beds still provide important coastal protection services. 
PLoS One, 8, e62413. https://doi.org/10.1371/journ​al.pone.0062413

Costanza, R., d'Arge, R., de Groot, R., Farber, S., Grasso, M., Hannon, B., 
Limburg, K., Naeem, S., Oneill, R. V., Paruelo, J., Raskin, R. G., Sutton, 
P., & van den Belt, M. (1997). The value of the world's ecosystem 
services and natural capital. Nature, 387, 253–260. https://doi.
org/10.1038/387253a0

Crotty, S. M., & Bertness, M. D. (2015). Positive interactions expand 
habitat use and the realized niches of sympatric species. Ecology, 96, 
2575–2582. https://doi.org/10.1890/15-0240.1

Crotty, S. M., Sharp, S. J., Bersoza, A. C., Prince, K. D., Cronk, K., Johnson, 
E. E., & Angelini, C. (2018). Foundation species patch configuration 
mediates salt marsh biodiversity, stability and multifunctionality. 
Ecology Letters, 21, 1681–1692. https://doi.org/10.1111/ele.13146

Dakos, V., & Bascompte, J. (2014). Critical slowing down as early warning 
for the onset of collapse in mutualistic communities. Proceedings of 
the National Academy of Sciences of the United States of America, 111, 
17546–17551. https://doi.org/10.1073/pnas.14063​26111

Dakos, V., Carpenter, S. R., van Nes, E. H., & Scheffer, M. (2015). 
Resilience indicators: Prospects and limitations for early warnings of 

regime shifts. Philosophical Transactions of the Royal Society of London. 
Series B. Biological Sciences, 370, 20130263. https://doi.org/10.1098/
rstb.2013.0263

Dayton, P. (1972). Toward an understanding of community resilience and 
the potential effects of enrichments to the benthos at McMurdo 
Sound, Antarctica. In Proceedings of the Colloquium on Conservation 
Problems in Antarctica (pp. 81–95). Allen Press Lawrence.

de Fouw, J., Govers, L. L., van de Koppel, J., van Belzen, J., Dorigo, W., 
Sidi Cheikh, M. A., Christianen, M. J. A., van der Reijden, K. J., van der 
Geest, M., Piersma, T., Smolders, A. J. P., Olff, H., Lamers, L. P. M., van 
Gils, J. A., & van der Heide, T. (2016). Drought, mutualism breakdown 
and landscape-scale degradation of seagrass beds. Current Biology, 
26, 1051–1056. https://doi.org/10.1016/j.cub.2016.02.023

de Fouw, J., van der Heide, T., van Belzen, J., Govers, L. L., Cheikh, M. A. 
S., Olff, H., van de Koppel, J., & van Gils, J. A. (2018). A facultative 
mutualistic feedback enhances the stability of tropical intertidal sea-
grass beds. Scientific Reports, 8, 12988.

Dean, A. M. (1983). A simple model of mutualism. American Naturalist, 
121, 409–417. https://doi.org/10.1086/284069

Derksen-Hooijberg, M., Angelini, C., Hoogveld, J. R. H., Lamers, L. P. M., 
Borst, A. C. W., Smolders, A. J. P., Harpenslager, S. F., Govers, L. L., & 
van der Heide, T. (2019). Repetitive desiccation events weaken a salt 
marsh mutualism. Journal of Ecology, 107(5), 2415–2426. https://doi.
org/10.1111/1365-2745.13178

Donadi, S., van der Heide, T., van der Zee, E. M., Eklöf, J. S., van de 
Koppel, J., Weerman, E. J., Piersma, T., Olff, H., & Eriksson, B. K. 
(2013). Cross-habitat interactions among bivalves species control 
community structure on intertidal flats. Ecology, 94, 489–498.

Ellison, A. M. (2019). Foundation species, non-trophic interactions, 
and the value of being common. Iscience, 13, 254–268. https://doi.
org/10.1016/j.isci.2019.02.020

Ellison, A. M., Bank, M. S., Clinton, B. D., Colburn, E. A., Elliott, K., Ford, C. 
R., Foster, D. R., Kloeppel, B. D., Knoepp, J. D., Lovett, G. M., Mohan, 
J., Orwig, D. A., Rodenhouse, N. L., Sobczak, W. V., Stinson, K. A., 
Stone, J. K., Swan, C. M., Thompson, J., Von Holle, B., & Webster, J. 
R. (2005). Loss of foundation species: Consequences for the struc-
ture and dynamics of forested ecosystems. Frontiers in Ecology and 
the Environment, 3, 479–486.

Ellison, A. M., Farnsworth, E. J., & Twilley, R. R. (1996). Facultative mutu-
alism between red mangroves and root-fouling sponges in Belizean 
mangal. Ecology, 77, 2431–2444. https://doi.org/10.2307/2265744

Ernst, M., Mendgen, K. W., & Wirsel, S. G. (2003). Endophytic fungal mu-
tualists: Seed-borne Stagonospora spp. enhance reed biomass pro-
duction in axenic microcosms. Molecular Plant-Microbe Interactions, 
16, 580–587.

Estes, J. A., Terborgh, J., Brashares, J. S., Power, M. E., Berger, J., Bond, 
W. J., Carpenter, S. R., Essington, T. E., Holt, R. D., Jackson, J. B. C., 
Marquis, R. J., Oksanen, L., Oksanen, T., Paine, R. T., Pikitch, E. K., 
Ripple, W. J., Sandin, S. A., Scheffer, M., Schoener, T. W., … Wardle, 
D. A. (2011). Trophic downgrading of Planet Earth. Science, 333, 301–
306. https://doi.org/10.1126/scien​ce.1205106

Fischman, H. S., Crotty, S. M., & Angelini, C. (2019). Optimizing coastal 
restoration with the stress gradient hypothesis. Proceedings of the 
Royal Society B: Biological Sciences, 286, 20191978. https://doi.
org/10.1098/rspb.2019.1978

Gagnon, K., Rinde, E., Bengil, E. G. T., Carugati, L., Christianen, M. J. 
A., Danovaro, R., Gambi, C., Govers, L. L., Kipson, S., Meysick, L., 
Pajusalu, L., Tüney Kızılkaya, İ., van de Koppel, J., van der Heide, T., 
van Katwijk, M. M., & Boström, C. (2020). Facilitating foundation 
species: The potential for plant–bivalve interactions to improve hab-
itat restoration success. Journal of Applied Ecology, 57(6), 1161–1179.

Goh, B. (1979). Stability in models of mutualism. American Naturalist, 113, 
261–275. https://doi.org/10.1086/283384

Hansen, J. C. R., & Reidenbach, M. A. (2012). Wave and tidally driven flows 
in eelgrass beds and their effect on sediment suspension. Marine 

https://doi.org/10.3390/ijms20174199
https://doi.org/10.3390/ijms20174199
https://doi.org/10.3354/meps09364
https://doi.org/10.2307/1937776
https://doi.org/10.2307/1937776
https://doi.org/10.1016/0169-5347(94)90088-4
https://doi.org/10.1016/0169-5347(94)90088-4
https://doi.org/10.1371/journal.pone.0199152
https://doi.org/10.3389/fpls.2015.00547
https://doi.org/10.1016/S0169-5347(02)00045-9
https://doi.org/10.1371/journal.pbio.2006852
https://doi.org/10.1371/journal.pbio.2006852
https://doi.org/10.1038/nature11148
https://doi.org/10.1371/journal.pone.0062413
https://doi.org/10.1038/387253a0
https://doi.org/10.1038/387253a0
https://doi.org/10.1890/15-0240.1
https://doi.org/10.1111/ele.13146
https://doi.org/10.1073/pnas.1406326111
https://doi.org/10.1098/rstb.2013.0263
https://doi.org/10.1098/rstb.2013.0263
https://doi.org/10.1016/j.cub.2016.02.023
https://doi.org/10.1086/284069
https://doi.org/10.1111/1365-2745.13178
https://doi.org/10.1111/1365-2745.13178
https://doi.org/10.1016/j.isci.2019.02.020
https://doi.org/10.1016/j.isci.2019.02.020
https://doi.org/10.2307/2265744
https://doi.org/10.1126/science.1205106
https://doi.org/10.1098/rspb.2019.1978
https://doi.org/10.1098/rspb.2019.1978
https://doi.org/10.1086/283384


14  |     van der HEIDE et al.

Ecology Progress Series, 448, 271–287. https://doi.org/10.3354/
meps0​9225

Hay, M. E., Parker, J. D., Burkepile, D. E., Caudill, C. C., Wilson, A. E., 
Hallinan, Z. P., & Chequer, A. D. (2004). Mutualisms and aquatic 
community structure: The enemy of my enemy is my friend. Annual 
Review of Ecology Evolution and Systematics, 35, 175–197. https://doi.
org/10.1146/annur​ev.ecols​ys.34.011802.132357

He, Q., & Bertness, M. D. (2014). Extreme stresses, niches, and positive 
species interactions along stress gradients. Ecology, 95, 1437–1443. 
https://doi.org/10.1890/13-2226.1

He, Q., & Silliman, B. R. (2019). Climate change, human impacts, and 
coastal ecosystems in the Anthropocene. Current Biology, 29, 
R1021–R1035. https://doi.org/10.1016/j.cub.2019.08.042

Hille Ris Lambers, R., Rietkerk, M., van den Bosch, F., Prins, H. H. T., & de 
Kroon, H. (2001). Vegetation pattern formation in semi-arid grazing 
systems. Ecology, 82, 50–61.

Hirota, M., Holmgren, M., Van Nes, E. H., & Scheffer, M. (2011). Global re-
silience of tropical forest and savanna to critical transitions. Science, 
334, 232–235. https://doi.org/10.1126/scien​ce.1210657

Hoegh-Guldberg, O., Mumby, P. J., Hooten, A. J., Steneck, R. S., 
Greenfield, P., Gomez, E., Harvell, C. D., Sale, P. F., Edwards, A. J., 
Caldeira, K., Knowlton, N., Eakin, C. M., Iglesias-Prieto, R., Muthiga, 
N., Bradbury, R. H., Dubi, A., & Hatziolos, M. E. (2007). Coral reefs 
under rapid climate change and ocean acidification. Science, 318, 
1737–1742. https://doi.org/10.1126/scien​ce.1152509

Hoeksema, J. D., & Bruna, E. M. (2000). Pursuing the big questions 
about interspecific mutualism: A review of theoretical approaches. 
Oecologia, 125, 321–330. https://doi.org/10.1007/s0044​20000496

Horn, M. H. (1997). Evidence for dispersal of fig seeds by the fruit-eating 
characid fish Brycon guatemalensis Regan in a Costa Rican tropical 
rain forest. Oecologia, 109, 259–264. https://doi.org/10.1007/s0044​
20050081

Horn, M. H., Correa, S. B., Parolin, P., Pollux, B. J. A., Anderson, J. T., 
Lucas, C., Widmann, P., Tjiu, A., Galetti, M., & Goulding, M. (2011). 
Seed dispersal by fishes in tropical and temperate fresh waters: 
The growing evidence. Acta Oecologica, 37, 561–577. https://doi.
org/10.1016/j.actao.2011.06.004

Huxham, M., Kumara, M. P., Jayatissa, L. P., Krauss, K. W., Kairo, J., 
Langat, J., Mencuccini, M., Skov, M. W., & Kirui, B. (2010). Intra-and 
interspecific facilitation in mangroves may increase resilience to cli-
mate change threats. Philosophical Transactions of the Royal Society 
B: Biological Sciences, 365, 2127–2135. https://doi.org/10.1098/
rstb.2010.0094

IPCC (2014). Climate change 2014: Impacts, adaptation, and vulnerability. 
Part A: Global and sectoral aspects. Contribution of working group II to 
the fifth assessment report of the Intergovernmental Panel on Climate 
Change (p. 1132).

Janzen, D. H. (1966). Coevolution of mutualism between ants and Acacia 
in Central America. Evolution, 20, 249.

Janzen, D. H., & Martin, P. S. (1982). Neotropical anachronisms - The fruits 
the Gomphotheres ate. Science, 215, 19–27. https://doi.org/10.1126/
scien​ce.215.4528.19

Jones, C. G., Lawton, J. H., & Shachak, M. (1994). Organisms as ecosystem 
engineers. Oikos, 69, 373–386. https://doi.org/10.2307/3545850

Jones, C. G., Lawton, J. H., & Shachak, M. (1997). Positive and negative 
effects of organisms as physical ecosystem engineers. Ecology, 78, 
1946–1957.

Kareiva, P., Watts, S., McDonald, R., & Boucher, T. (2007). Domesticated 
nature: Shaping landscapes and ecosystems for human welfare. 
Science, 316, 1866–1869. https://doi.org/10.1126/scien​ce.1140170

Kéfi, S., Holmgren, M., & Scheffer, M. (2016). When can positive inter-
actions cause alternative stable states in ecosystems? Functional 
Ecology, 30, 88–97.

Kefi, S., Rietkerk, M., Alados, C. L., Pueyo, Y., Papanastasis, V. P., ElAich, 
A., & de Ruiter, P. C. (2007). Spatial vegetation patterns and imminent 

desertification in Mediterranean arid ecosystems. Nature, 449, 213–
U215. https://doi.org/10.1038/natur​e06111

Kiers, E. T., Palmer, T. M., Ives, A. R., Bruno, J. F., & Bronstein, 
J. L. (2010). Mutualisms in a changing world: An evolution-
ary perspective. Ecology Letters, 13, 1459–1474. https://doi.
org/10.1111/j.1461-0248.2010.01538.x

Klausmeier, C. A. (1999). Regular and irregular patterns in semiarid veg-
etation. Science, 284, 1826–1828. https://doi.org/10.1126/scien​
ce.284.5421.1826

Koch, E. M. (2001). Beyond light: Physical, geological, and geochemical 
parameters as possible submersed aquatic vegetation habitat re-
quirements. Estuaries, 24, 1–17. https://doi.org/10.2307/1352808

Kowalchuk, G. A., De Souza, F. A., & Van Veen, J. A. (2002). Community 
analysis of arbuscular mycorrhizal fungi associated with Ammophila 
arenaria in Dutch coastal sand dunes. Molecular Ecology, 11, 571–581. 
https://doi.org/10.1046/j.0962-1083.2001.01457.x

Larkum, A. W. D., Orth, R. J., & Duarte, C. M. (2006). Seagrasses: Biology, 
ecology and conservation. Springer.

Larmola, T., Leppänen, S. M., Tuittila, E., Aarva, M., Merilä, P., Fritze, 
H., & Tiirola, M. (2014). Methanotrophy induces nitrogen fixation 
during peatland development. Proceedings of the National Academy 
of Sciences United States of America, 111, 734–739. https://doi.
org/10.1073/pnas.13142​84111

Leemans, L., Martínez, I., van der Heide, T., van Katwijk, M. M., & van 
Tussenbroek, B. I. (2020). A mutualism between unattached coralline 
algae and seagrasses prevents overgrazing by sea turtles. Ecosystems. 
https://doi.org/10.1007/s10021-020-00492-w

Lever, J., van Nes, E. H., Scheffer, M., & Bascompte, J. (2014). The sudden 
collapse of pollinator communities. Ecology Letters, 17(3), 350–359. 
https://doi.org/10.1111/ele.12236

Lewis, S. L. (2006). Tropical forests and the changing earth system. 
Philosophical Transactions of the Royal Society B: Biological Sciences, 
361, 195–210. https://doi.org/10.1098/rstb.2005.1711

Lindenmayer, D., Messier, C., & Sato, C. (2016). Avoiding ecosystem 
collapse in managed forest ecosystems. Frontiers in Ecology and the 
Environment, 14, 561–568. https://doi.org/10.1002/fee.1434

Malanson, G. P., Butler, D. R., Fagre, D. B., Walsh, S. J., Tomback, D. F., 
Daniels, L. D., Resler, L. M., Smith, W. K., Weiss, D. J., Peterson, D. L., 
Bunn, A. G., Hiemstra, C. A., Liptzin, D., Bourgeron, P. S., Shen, Z., & 
Millar, C. I. (2007). Alpine treeline of western North America: Linking 
organism-to-landscape dynamics. Physical Geography, 28, 378–396. 
https://doi.org/10.2747/0272-3646.28.5.378

Márquez, L. M., Redman, R. S., Rodriguez, R. J., & Roossinck, M. J. (2007). 
A virus in a fungus in a plant: Three-way symbiosis required for ther-
mal tolerance. Science, 315, 513–515. https://doi.org/10.1126/scien​
ce.1136237

Maxwell, P. S., Eklöf, J. S., Katwijk, M. M., O’Brien, K., de la Torre-Castro, 
M., Boström, C., Bouma, T. J., Krause-Jensen, D., Unsworth, R. K. F., 
van Tussenbroek, B. I., & van der Heide, T. (2017). The fundamental 
role of ecological feedback mechanisms for the adaptive management 
of seagrass ecosystems – a review. Biological Reviews, 92, 1521–1538.

Millar, N. S., & Bennett, A. E. (2016). Stressed out symbiotes: 
Hypotheses for the influence of abiotic stress on arbuscular my-
corrhizal fungi. Oecologia, 182, 625–641. https://doi.org/10.1007/
s00442-016-3673-7

Nyström, M., Folke, C., & Moberg, F. (2000). Coral reef distur-
bance and resilience in a human-dominated environment. Trends 
in Ecology & Evolution, 15, 413–417. https://doi.org/10.1016/
S0169-5347(00)01948-0

Oliveira, R., Dodd, J., & Castro, P. M. (2001). The mycorrhizal status of 
Phragmites australis in several polluted soils and sediments of an in-
dustrialised region of Northern Portugal. Mycorrhiza, 10, 241–247. 
https://doi.org/10.1007/s0057​20000087

Peay, K. G. (2016). The mutualistic niche: Mycorrhizal symbiosis and 
community dynamics. Annual Review of Ecology Evolution and 

https://doi.org/10.3354/meps09225
https://doi.org/10.3354/meps09225
https://doi.org/10.1146/annurev.ecolsys.34.011802.132357
https://doi.org/10.1146/annurev.ecolsys.34.011802.132357
https://doi.org/10.1890/13-2226.1
https://doi.org/10.1016/j.cub.2019.08.042
https://doi.org/10.1126/science.1210657
https://doi.org/10.1126/science.1152509
https://doi.org/10.1007/s004420000496
https://doi.org/10.1007/s004420050081
https://doi.org/10.1007/s004420050081
https://doi.org/10.1016/j.actao.2011.06.004
https://doi.org/10.1016/j.actao.2011.06.004
https://doi.org/10.1098/rstb.2010.0094
https://doi.org/10.1098/rstb.2010.0094
https://doi.org/10.1126/science.215.4528.19
https://doi.org/10.1126/science.215.4528.19
https://doi.org/10.2307/3545850
https://doi.org/10.1126/science.1140170
https://doi.org/10.1038/nature06111
https://doi.org/10.1111/j.1461-0248.2010.01538.x
https://doi.org/10.1111/j.1461-0248.2010.01538.x
https://doi.org/10.1126/science.284.5421.1826
https://doi.org/10.1126/science.284.5421.1826
https://doi.org/10.2307/1352808
https://doi.org/10.1046/j.0962-1083.2001.01457.x
https://doi.org/10.1073/pnas.1314284111
https://doi.org/10.1073/pnas.1314284111
https://doi.org/10.1007/s10021-020-00492-w
https://doi.org/10.1111/ele.12236
https://doi.org/10.1098/rstb.2005.1711
https://doi.org/10.1002/fee.1434
https://doi.org/10.2747/0272-3646.28.5.378
https://doi.org/10.1126/science.1136237
https://doi.org/10.1126/science.1136237
https://doi.org/10.1007/s00442-016-3673-7
https://doi.org/10.1007/s00442-016-3673-7
https://doi.org/10.1016/S0169-5347(00)01948-0
https://doi.org/10.1016/S0169-5347(00)01948-0
https://doi.org/10.1007/s005720000087


     |  15van der HEIDE et al.

Systematics, 47, 143–164. https://doi.org/10.1146/annur​ev-ecols​
ys-121415-032100

Peres, C. A., Emilio, T., Schietti, J., Desmoulière, S. J. M., & Levi, T. (2016). 
Dispersal limitation induces long-term biomass collapse in over-
hunted Amazonian forests. Proceedings of the National Academy of 
Sciences of the United States of America, 113, 892–897. https://doi.
org/10.1073/pnas.15165​25113

Peterson, B. J., & Heck, K. L. Jr (2001). Positive interactions between 
suspension-feeding bivalves and seagrass – A facultative mutu-
alism. Marine Ecology Progress Series, 213, 143–155. https://doi.
org/10.3354/meps2​13143

Potts, S. G., Biesmeijer, J. C., Kremen, C., Neumann, P., Schweiger, O., 
& Kunin, W. E. (2010). Global pollinator declines: Trends, impacts 
and drivers. Trends in Ecology & Evolution, 25, 345–353. https://doi.
org/10.1016/j.tree.2010.01.007

Pyatt, J. C., Tomback, D. F., Blakeslee, S. C., Wunder, M. B., Resler, L. M., 
Boggs, L. A., & Bevency, H. D. (2016). The importance of conifers for fa-
cilitation at treeline: Comparing biophysical characteristics of leeward 
microsites in whitebark pine communities. Arctic, Antarctic, and Alpine 
Research, 48, 427–444. https://doi.org/10.1657/AAAR0​015-055

Raghoebarsing, A. A., Pol, A., van de Pas-Schoonen, K. T., Smolders, A. 
J. P., Ettwig, K. F., Rijpstra, W. I. C., Schouten, S., Sinninghe-Damsté, 
J. S., Op den Camp, H. J. M., Jetten, M. S. M., & Strous, M. (2006). 
A microbial consortium couples anaerobic methane oxidation to de-
nitrification. Nature, 440, 918. https://doi.org/10.1038/natur​e04617

Redford, K. H. (1992). The empty forest. BioScience, 42, 412–422. https://
doi.org/10.2307/1311860

Reijers, V. C., Cruijsen, P. M. J. M., Hoetjes, S. C. S., van den Akker, M., 
Heusinkveld, J. H. T., van de Koppel, J., Lamers, L. P. M., Olff, H., & van 
der Heide, T. (2019). Loss of spatial structure after temporary herbi-
vore absence in a high-productivity reed marsh. Journal of Applied 
Ecology, 56, 1817–1826. https://doi.org/10.1111/1365-2664.13394

Reijers, V. C., Siteur, K., Hoeks, S., van Belzen, J., Borst, A. C. W., 
Heusinkveld, J. H. T., Govers, L. L., Bouma, T. J., Lamers, L. P. M., van de 
Koppel, J., & van der Heide, T. (2019). A Lévy expansion strategy op-
timizes early dune building by beach grasses. Nature Communications, 
10, 2656. https://doi.org/10.1038/s41467-019-10699-8

Rietkerk, M., Boerlijst, M. C., van Langevelde, F., Lambers, H. R., van de 
Koppel, J., Kumar, L., Prins, H. H. T., & de Roos, A. M.(2002). Self-
organization of vegetation in arid ecosystems. American Naturalist, 
160, 524–530.

Rietkerk, M., Dekker, S. C., de Ruiter, P. C., & van de Koppel, J. (2004). 
Self-organized patchiness and catastrophic shifts in ecosystems. 
Science, 305, 1926–1929. https://doi.org/10.1126/scien​ce.1101867

Rietkerk, M., & van de Koppel, J. (2008). Regular pattern formation in real 
ecosystems. Trends in Ecology & Evolution, 23, 169–175. https://doi.
org/10.1016/j.tree.2007.10.013

Rodriguez-Cabal, M. A., Aizen, M. A., & Novaro, A. J. (2007). Habitat 
fragmentation disrupts a plant-disperser mutualism in the temper-
ate forest of South America. Biological Conservation, 139, 195–202. 
https://doi.org/10.1016/j.biocon.2007.06.014

Scheffer, M. (1999). The effect of aquatic vegetation on turbidity; how 
important are the filter feeders? Hydrobiologia, 408, 307–316.

Scheffer, M., Barrett, S., Carpenter, S. R., Folke, C., Green, A. J., Holmgren, 
M., Hughes, T. P., Kosten, S., van de Leemput, I. A., Nepstad, D. C., 
van Nes, E. H., Peeters, E. T. H. M., & Walker, B. (2015). Creating a 
safe operating space for iconic ecosystems. Science, 347, 1317–1319. 
https://doi.org/10.1126/scien​ce.aaa3769

Scheffer, M., & Carpenter, S. R. (2003). Catastrophic regime shifts in eco-
systems: Linking theory to observation. Trends in Ecology & Evolution, 
18, 648–656. https://doi.org/10.1016/j.tree.2003.09.002

Scheffer, M., Carpenter, S., Foley, J. A., Folke, C., & Walker, B. (2001). 
Catastrophic shifts in ecosystems. Nature, 413, 591–596. https://doi.
org/10.1038/35098000

Scheffer, M., Hirota, M., Holmgren, M., Van Nes, E. H., & Chapin, F. S. 
(2012). Thresholds for boreal biome transitions. Proceedings of the 
National Academy of Sciences of the United States of America, 109, 
21384–21389. https://doi.org/10.1073/pnas.12198​44110

Schulte, D. M., Burke, R. P., & Lipcius, R. N. (2009). Unprecedented res-
toration of a native oyster metapopulation. Science, 325, 1124–1128. 
https://doi.org/10.1126/scien​ce.1176516

Silknetter, S., Creed, R. P., Brown, B. L., Frimpong, E. A., Skelton, J., & 
Peoples, B. K. (2020). Positive biotic interactions in freshwaters: 
A review and research directive. Freshwater Biology, 65, 811–832. 
https://doi.org/10.1111/fwb.13476

Silliman, B. R., Schrack, E., He, Q., Cope, R., Santoni, A., van der Heide, 
T., Jacobi, R., Jacobi, M., & van de Koppel, J. (2015). Facilitation shifts 
paradigms and can amplify coastal restoration efforts. Proceedings of 
the National Academy of Sciences of the United States of America, 112, 
14295–14300. https://doi.org/10.1073/pnas.15152​97112

Smith, S. E., & Read, D. J. (1997). Mycorrhizal symbiosis. Academic Press.
Speight, M. R., Hunter, M. D., & Watt, A. D. (1999). Ecology of insects: 

Concepts and applications. Blackwell Science Ltd.
Stachowicz, J. J. (2001). Mutualism, facilitation, and the structure of eco-

logical communities. BioScience, 51, 235–246.
Steffen, W., Rockström, J., Richardson, K., Lenton, T. M., Folke, C., 

Liverman, D., Summerhayes, C. P., Barnosky, A. D., Cornell, S. 
E., Crucifix, M., Donges, J. F., Fetzer, I., Lade, S. J., Scheffer, M., 
Winkelmann, R., & Schellnhuber, H. J. (2018). Trajectories of the Earth 
system in the Anthropocene. Proceedings of the National Academy of 
Sciences of the United States of America, 115(33), 8252–8259.

Temmerman, S., Bouma, T. J., Van de Koppel, J., Van der Wal, D., De Vries, 
M. B., & Herman, P. M. J. (2007). Vegetation causes channel erosion 
in a tidal landscape. Geology, 35, 631–634. https://doi.org/10.1130/
G2350​2A.1

Temmink, R. J. M., Christianen, M. J. A., Fivash, G. S., Angelini, C., 
Boström, C., Didderen, K., Engel, S. M., Esteban, N., Gaeckle, J. L., 
Gagnon, K., Govers, L. L., Infantes, E., van Katwijk, M. M., Kipson, S., 
Lamers, L. P. M., Lengkeek, W., Silliman, B. R., van Tussenbroek, B. I., 
Unsworth, R. K. F., … van der Heide, T. (2020). Mimicry of emergent 
traits amplifies coastal restoration success. Nature Communications, 
11, 3668. https://doi.org/10.1038/s41467-020-17438-4

Tirado, R., Bråthen, K. A., & Pugnaire, F. I. (2015). Mutual positive effects 
between shrubs in an arid ecosystem. Scientific Reports, 5, 14710.

Valdez, S. R., Zhang, Y. S., van der Heide, T., Vanderklift, M. A., Tarquinio, 
F., Orth, R. J., & Silliman, B. R. (2020). Positive ecological interactions 
and the success of seagrass restoration. Frontiers in Marine Science, 
7, 91.

Valentine, J. F., & Duffy, J. E. (2007). The central role of grazing in sea-
grass ecology. In A. W. D. Larkum, R. J. Orth, & C. M. Duarte (Eds.), 
Seagrasses: Biology, ecology and conservation. Springer.

van Belzen, J., van de Koppel, J. V., Kirwan, M. L., van der Wal, D., 
Herman, P. M. J., Dakos, V., Kefi, S., Scheffer, M., Guntenspergen, 
G. R., & Bouma, T. J. (2017). Vegetation recovery in tidal marshes 
reveals critical slowing down under increased inundation. Nature 
Communications, 8, 7. https://doi.org/10.1038/ncomm​s15811

van de Koppel, J., Rietkerk, M., Dankers, N., & Herman, P. M. J. (2005). 
Scale-dependent feedback and regular spatial patterns in young 
mussel beds. American Naturalist, 165, E66–E77. https://doi.
org/10.1086/428362

van de Koppel, J., Rietkerk, M., & Weissing, F. J. (1997). Catastrophic 
vegetation shifts and soil degradation in terrestrial grazing systems. 
Trends in Ecology & Evolution, 12, 352–356. https://doi.org/10.1016/
S0169-5347(97)01133-6

van de Leemput, I. A., Dakos, V., Scheffer, M., & van Nes, E. H. (2018). 
Slow recovery from local disturbances as an indicator for loss of eco-
system resilience. Ecosystems, 21, 141–152. https://doi.org/10.1007/
s10021-017-0154-8

https://doi.org/10.1146/annurev-ecolsys-121415-032100
https://doi.org/10.1146/annurev-ecolsys-121415-032100
https://doi.org/10.1073/pnas.1516525113
https://doi.org/10.1073/pnas.1516525113
https://doi.org/10.3354/meps213143
https://doi.org/10.3354/meps213143
https://doi.org/10.1016/j.tree.2010.01.007
https://doi.org/10.1016/j.tree.2010.01.007
https://doi.org/10.1657/AAAR0015-055
https://doi.org/10.1038/nature04617
https://doi.org/10.2307/1311860
https://doi.org/10.2307/1311860
https://doi.org/10.1111/1365-2664.13394
https://doi.org/10.1038/s41467-019-10699-8
https://doi.org/10.1126/science.1101867
https://doi.org/10.1016/j.tree.2007.10.013
https://doi.org/10.1016/j.tree.2007.10.013
https://doi.org/10.1016/j.biocon.2007.06.014
https://doi.org/10.1126/science.aaa3769
https://doi.org/10.1016/j.tree.2003.09.002
https://doi.org/10.1038/35098000
https://doi.org/10.1038/35098000
https://doi.org/10.1073/pnas.1219844110
https://doi.org/10.1126/science.1176516
https://doi.org/10.1111/fwb.13476
https://doi.org/10.1073/pnas.1515297112
https://doi.org/10.1130/G23502A.1
https://doi.org/10.1130/G23502A.1
https://doi.org/10.1038/s41467-020-17438-4
https://doi.org/10.1038/ncomms15811
https://doi.org/10.1086/428362
https://doi.org/10.1086/428362
https://doi.org/10.1016/S0169-5347(97)01133-6
https://doi.org/10.1016/S0169-5347(97)01133-6
https://doi.org/10.1007/s10021-017-0154-8
https://doi.org/10.1007/s10021-017-0154-8


16  |     van der HEIDE et al.

van de Leemput, I. A., Hughes, T. P., van Nes, E. H., & Scheffer, M. (2016). 
Multiple feedbacks and the prevalence of alternate stable states 
on coral reefs. Coral Reefs, 35, 857–865. https://doi.org/10.1007/
s00338-016-1439-7

van der Heide, T., Govers, L. L., de Fouw, J., Olff, H., van der Geest, M., 
van Katwijk, M. M., Piersma, T., van de Koppel, J., Silliman, B. R., 
Smolders, A. J. P., & van Gils, J. A. (2012). A three-stage symbiosis 
forms the foundation of seagrass ecosystems. Science, 336, 1432–
1434. https://doi.org/10.1126/scien​ce.1219973

van der Heide, T., van Nes, E. H., Geerling, G. W., Smolders, A. J. P., 
Bouma, T. J., & van Katwijk, M. (2007). Positive feedbacks in sea-
grass ecosystems: Implications for success in conservation and 
restoration. Ecosystems, 10, 1311–1322. https://doi.org/10.1007/
s10021-007-9099-7

van der Zee, E. M., Angelini, C., Govers, L. L., Christianen, M. J. A., Altieri, 
A. H., van der Reijden, K. J., Silliman, B. R., van de Koppel, J., van der 
Geest, M., van Gils, J. A., van der Veer, H. W., Piersma, T., de Ruiter, P. 
C., Olff, H., & van der Heide, T. (2016). How habitat-modifying organ-
isms structure the food web of two coastal ecosystems. Proceedings 

of the Royal Society B: Biological Sciences, 283, 20152326. https://doi.
org/10.1098/rspb.2015.2326

Zemp, D. C., Schleussner, C., Barbosa, H. M. J., Hirota, M., Montade, 
V., Sampaio, G., Staal, A., Wang-Erlandsson, L., & Rammig, A. 
(2017). Self-amplified Amazon forest loss due to vegetation-atmo-
sphere feedbacks. Nature Communications, 8, 14681. https://doi.
org/10.1038/ncomm​s14681

How to cite this article: van der Heide T, Angelini C, de Fouw 
J, Eklöf JS. Facultative mutualisms: A double-edged sword for 
foundation species in the face of anthropogenic global 
change. Ecol Evol. 2020;00:1–16. https://doi.org/10.1002/
ece3.7044

https://doi.org/10.1007/s00338-016-1439-7
https://doi.org/10.1007/s00338-016-1439-7
https://doi.org/10.1126/science.1219973
https://doi.org/10.1007/s10021-007-9099-7
https://doi.org/10.1007/s10021-007-9099-7
https://doi.org/10.1098/rspb.2015.2326
https://doi.org/10.1098/rspb.2015.2326
https://doi.org/10.1038/ncomms14681
https://doi.org/10.1038/ncomms14681
https://doi.org/10.1002/ece3.7044
https://doi.org/10.1002/ece3.7044

