
HAL Id: hal-04286050
https://hal.sorbonne-universite.fr/hal-04286050v1

Preprint submitted on 16 Feb 2023 (v1), last revised 15 Nov 2023 (v2)

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.

Evolutionary emergence of alternative stable states in
shallow lakes

Alice N Ardichvili, Nicolas Loeuille, Vasilis Dakos

To cite this version:
Alice N Ardichvili, Nicolas Loeuille, Vasilis Dakos. Evolutionary emergence of alternative stable states
in shallow lakes. 2023. �hal-04286050v1�

https://hal.sorbonne-universite.fr/hal-04286050v1
https://hal.archives-ouvertes.fr


 
 

 

Evolutionary emergence of 
alternative stable states in 
shallow lakes 
 
Alice N. Ardichvili1*, Nicolas Loeuille1, Vasilis 
Dakos2 
 
1 Sorbonne Université, Université de Paris-Cité, UPEC, CNRS, INRA, IRD, UMR 7618, Institute of 
Ecology and Environmental Sciences – Paris, France 
2 Université de Montpellier, IRD, EPHE, CNRS, UMR 5554, Institut des Sciences de l’Evolution de 
Montpellier – Montpellier, France 
 
*Corresponding author 

 
This version of the article has been peer-reviewed and recommended by 

Peer Community in Ecology  
https://doi.org/10.24072/pci.ecology.100100 

 
ABSTRACT 
Ecosystems under stress may respond abruptly and irreversibly through tipping points. 
Although much is explored on the mechanisms that affect tipping points and alternative 
stable states, little is known on how ecosystems with alternative stable states could have 
emerged in the first place. Here, we explore whether evolution by natural selection can lead 
to the emergence of ecosystems with tipping points using a toy model inspired by shallow 
lakes. Shallow lakes are the best-known example where a shift from a submersed 
macrophyte dominated state to a floating macrophyte dominated state in response to 
excess nutrient loading corresponds to a tipping point between alternative stable states. 
We model the evolution of the macrophyte's living depth in the lake, we identify the 
conditions under which the ancestor macrophyte population diversifies, and investigate 
whether alternate stable states dominated by different macrophyte phenotypes occur. 
Given the trade-off between access to light and nutrient along the water column, we show 
that asymmetry in competition for light is required for diversification, while alternative 
stable states require an additional mechanism, an unequal efficiency in nutrient removal. 
We find that eco-evolutionary dynamics may produce alternative stable states, but only 
under a restrictive range of conditions. Our analysis suggests that competitive asymmetries 
along opposing resource gradients may allow alternative stable states to emerge by natural 
selection. 
 
Keywords: tipping points; bistability; adaptive dynamics; macrophyte; phytoplankton; diversification; 
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Introduction

Ecosystems are exposed to increasing stress of habitat fragmentation, biotic exploitation, climate change,
and pollution (Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services, 2019). Un-
der such stress, ecosystems could possibly respond in an abrupt, unpredictable, and irreversible way -that is
a tipping point-, which may be a concern for future conservation (Scheffer, Carpenter, et al., 2001). Theoreti-
cally, evolution may affect the stability of ecosystems (Kondoh, 2003; Loeuille, 2010). In particular, evolution
by natural selection could prevent extinction of a species, a process called evolutionary rescue (Gomulkiewicz
and Holt, 1995). Dakos et al., 2019 have postulated that trait variation could alter the bistability of an ecosys-
tem, either by hastening the approach to a tipping point, delaying it, or even removing bistability. However,
could it be that natural selection, instead of acting like a rescuer, allows the emergence of the very dynamics
that threaten ecosystems with tipping points?

In ecosystems with tipping points, strong positive feedbacks are responsible for the establishment of al-
ternative stable states (Nes, Arani, et al., 2016). Alternative stable states correspond to at least two equilibria
that are locally stable in a given range of environmental conditions. The transition from one stable equilib-
rium to another is abrupt: a small environmental perturbation past a threshold can push the ecosystem into
a qualitatively different state (Holling, 1973). The ecosystem also exhibits hysteresis: once the ecosystem has
shifted to an alternative stable state, restoring environmental conditions to the threshold when the collapse
occurred is not sufficient to return the system to its previous equilibrium state (Scheffer, Carpenter, et al.,
2001). Hysteresis makes the management of ecosystems with alternative stable states difficult since a large
restoration is needed to return to the pre-collapsed (and often desirable) state. Examples of ecosystems with
alternative stable states include drylands which can shift from shrub vegetation to desert (Kéfi et al., 2007),
tropical forests that can switch from forest to savanna and back (Scheffer, Vergnon, et al., 2014; Staver et
al., 2011), and coral reefs that can shift from a healthy coral dominance to being overgrown by macro-algae
(Knowlton, 1992). Yet, the most studied examples of tipping points between alternative states are found in
shallow lakes (Gsell et al., 2016).

In shallow lakes, tipping responses can be found between two alternative stable states dominated by ei-
ther submersed or floating macrophytes, that is two different types of vascular aquatic vegetation. The pos-
itive feedback responsible for alternative stable states is created by three mechanisms (Scheffer, Szabo, et
al., 2003): 1) a light-nutrient trade-off that makes submersed macrophytes better competitors for nutrients
and floating macrophytes better competitors for light, 2) an asymmetric competition for light caused by the
shading of floating macrophytes, 3) a difference in the efficiency at removing nutrients from the water col-
umn. These three mechanisms allow better access of submersed macrophytes to nutrients than floating
macrophytes, so that submersed macrophytes remove nutrients from the water and maintain a clear water
state. When nutrient loading exceeds a certain threshold, floating macrophytes are able to grow from sur-
plus nutrients that can no longer be retained by submersed macrophytes. In addition, the ability of floating
macrophytes to shade submersed macrophytes hinders submersed macrophytes growth. As a result, more
nutrients become available to floating macrophytes, floating macrophytes grow more, further shade, and
eventually outcompete the submersed macrophytes, and the water clarity in the lake decreases. Because of
this positive feedback, a large reduction in nutrient loading is required to restore the dominance of submersed
macrophytes and the clear water state in the lake.

Evolution can interact with the stability of ecosystems in at least three ways: by changing their persistence
(number of species lost), resistance (amount of environmental change that a system can take before shifting
to another state), and resilience (return time to equilibrium). Models of evolutionary rescue suggest that a
population’s heritable variability may promote its persistence in a changed environment (Gomulkiewicz and
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Holt, 1995). Theoretical work also showed that a forager’s evolution enables the persistence of species in
complex food webs (Kondoh, 2003). In larger communities, Cortez et al., 2020 found contrasting effects of
eco-evolutionary feedbacks: evolution of exploiter species’ traits tends to prevent loss of species, while evo-
lution of exploited species tends to do the opposite. In that sense, evolution increases persistence at the
ecosystem level. A theoretical study showed that evolution tends to increase the resilience of small commu-
nities by shortening their return time to equilibrium, while evolution tends to decrease the resilience of large
communities (Loeuille, 2010). However, only recently are we beginning to examine whether evolution could
also alter the stability properties of ecosystems with tipping points (Chaparro Pedraza et al., 2021; Dakos et al.,
2019).

It is reasonable to hypothesise that evolution could affect the presence of dynamic attractors responsible
for alternative stable states, for instance affecting the asymmetry of competition processes or the strength of
positive interactions that are at the very basis of some positive feedback loops. Chaparro-Pedraza and Roos,
2020 showed that a minor ecological change can trigger a future tipping point. In that study, a momentary
decrease in mortality triggered the evolution of body size, which resulted in a population shift in the long run
(Chaparro-Pedraza and Roos, 2020). This study focuses on the impact of evolution in ecosystems with tipping
points, but the role of evolution in the emergence of positive feedbacks that are responsible for the existence
of tipping points is, to our knowledge, unaddressed.

So how could ecosystems with tipping points have emerged in the first place? Here, we hypothesize that
the evolution of a population’s trait could explain the emergence of strong positive feedbacks that eventually
lead to tipping points. The literature that looks at ecosystems with tipping points from an ecological per-
spective, without evolution, examines the conditions that are necessary for alternative stables states to occur
in different systems (De Roos and Persson, 2002; Kéfi et al., 2007; Mumby et al., 2007; Scheffer, Szabo, et
al., 2003). However, we do not know if and under which conditions alternative stable states will emerge in
an ecosystem after its long term evolution. Put differently, the question is: when does evolution lead to the
emergence of the strong positive feedbacks needed for the observed tipping points in ecosystems around us?

In this paper, we tackle this question in the particular case of alternative states between submersed and
floating macrophytes in a shallow lake. We model the adaptive dynamics of a macrophyte population whose
growth depth in a shallow lake can evolve. A macrophyte’s growth depth in the lake can be under the genetic
control of the length of its stem or the buoyancy of its leaves. We first study the conditions under which a
macrophyte population can diversify. Diversification is required for alternative states to emerge because at
least two phenotypes are needed to dominate alternatively. We expect that the way nutrients and light are dis-
tributed in the water column and the type of competition between diversified phenotypes should be a strong
determinant of evolutionary outcomes. Second, we study how the evolved community responds to increased
nutrient loading. If coexisting phenotypic populations are indeed differentiated in terms of competitive ability
for light and nutrients, this competitive ability should determine the response of the lake ecosystem to per-
turbations, eventually exhibiting tipping points. We hypothesize that in sufficiently differentiated phenotypic
populations, asymmetries in competitive abilities for light and nutrients should create strong positive feed-
backs that could lead to the establishment of alternative stable states.

We explore these questions using three different evolutionary scenarios combining three mechanisms
present in a shallow lake (Fig. 1). In the first scenario, depth determines the quantity of light and nutrients that
a macrophyte population has access to. In the second scenario, we add asymmetric competition created by
shading: shallower macrophyte populations shade deeper populations. Finally, in the third scenario, we add
model a higher nutrient exploitation efficiency for macrophyte populations that grow closer to the sediment.
In what follows, we first define the ecological dynamics of a single macrophyte population, we describe the
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ecological mechanisms that can affect evolutionary trajectories in the macrophyte populations, and we then
present results structured along the three described evolutionary scenarios.
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Figure 1. Three evolutionary scenarios based on different combinations of ecological mechanisms in a shal-
low lake model. A: in scenario 1, the depth at which a macrophyte population settles is simply associated
with a trade-off between access to light and nutrients. B: in scenario 2, in addition to the trade-off, we in-
troduce asymmetric competition for light, i.e. a phenotype that grows higher in the water column shades all
phenotypes below it. C: in Scenario 3, on top of the two previous mechanisms, we consider different nutri-
ent exploitation efficiencies whereby phenotypes that grow deeper in the water column are more efficient
at removing nutrients. (z denotes water column depth, arrows the light competition between macrophyte
phenotypes, impact is the effect of macrophytes on nutrient content in the water column)

Material and methods

We model the eco-evolutionary dynamics of a photosynthetic organism whose depth in the water column
of a lake, z, evolves. As exemplified by Scheffer, Szabo, et al., 2003, alternative stable states can exist between
floating vs submersed macrophytes (Scheffer, Szabo, et al., 2003), between green algae and cyanobacteria
dominance (Bengfort and Malchow, 2016), as well as between submersed macrophytes and phytoplankton
(Scheffer, 1998). The depth at which a rooted macrophyte lives in the lake can be thought of as the height
that its canopy reaches, which is controlled by the length of its stem. Depending on their size, buoyancy and
propensity to form colonies, different phytoplankton species can also settle at different depths (Alexander
and Imberger, 2008). Thus, in these systems, depth is an important trait that determines the competitive
ability and potential asymmetries between phenotypes.

Depth in the lake, z, varies from the surface (z = 0) to the bottom (z = zb). In the rest of the paper, small
values of z are closer to the surface and are referred to as “shallower” or “above”. Larger values of z are deeper
and referred to as “below”.

Ecological dynamical model of a macrophyte population

We modeled the growth rate of a single macrophyte population following Scheffer, Szabo, et al., 2003:

f(M) =
dM

dt
= M

(
r

n

n+ h

1

1 + a M +W
− l

)
(1)

with
n =

N

1 + q M
(2)

Change in a macrophyte population biomass,M , over time depends on maximum intrinsic growth rate r,
which is limited by nutrient and light availability, and onmortality rate l. Light limitation and nutrient limitation
are two mutliplied Monod terms. Light limitation depends onW , the background turbidity of the water, and
the shading induced by conspecifics, aM . Nutrient limitation depends on the amount of available nutrients in
the water column, n, with half-saturation constant h, which represents the macrophyte’s competitive ability
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to acquire nutrients. A low h implies that macrophytes are able to grow at low nutrient levels, while a high h

means that nutrients quickly become limiting; a larger amount of nutrient is required to sustain macrophyte
growth. We do notmodel the nutrient dynamics, but the amount of nutrients available in the water n depends
on the quantity of nutrients N that would be present in the absence of macrophytes, and on the density of
macrophytes that uptake nutrients from the water at rate q. A list of parameters is presented in Table 1.

We detail below the three ecological mechanisms used to explore the three evolutionary scenarios pre-
sented in Fig. 1. These scenarios imply that parametersN ,W , a, and q depend on the evolving trait, depth in
the lake, z.

Table 1. Variables and parameters, their meaning, unit, and default values
Meaning Unit Default value

t time day -
M macrophyte biomass g L−1 -
z macrophyte depth in the lake, the evolving m -

strategy
r maximum macrophyte growth rate day−1 0.5
l macrophyte mortality rate day−1 0.05
h macrophyte dependency on water nutrient mg L−1 0.1
N0 total amount of nutrient released from the mg m−2 5

sediment
u strength of nutrient diffusion m -
W0 baseline light attenuation dimensionless 1
w strength of light attenuation m−1 -
a0 intra-specific light competition coefficient (g/L)−1 0.01
b strength of asymmetry in light competition m−1 1
q0 surface macrophyte impact on water nutrient (g/L)−1 0.05 when p=0

content 0.005 otherwise
p difference in nutrient exploitation efficiency m−1 0.5

Evolutionary analysis using adaptive dynamics

We analyse the evolution of a macrophyte population using adaptive dynamics (AD) (Dieckmann and Law,
1996; Geritz et al., 1998; Metz et al., 1992). In the adaptive dynamics framework, each population is charac-
terized by a quantitative phenotypic trait (in our case z, depth in the lake). The main assumption of AD is the
separation of evolutionary and ecological timescales: the dominant population with trait z (called the resident
population) is assumed to be at its ecological equilibrium and sets the conditions felt by invading phenotypes
(called mutant populations, characterized by trait zm). The dynamics of the interacting resident and mutant
populations are:

dM

dt
= r M

n(z, zm)

n(z, zm) + h

1

1 + a(z, z)M + a(z, zm)Mm +W (z)
− l M (3)

dMm

dt
= r Mm

n(zm, z)

n(zm, z) + h

1

1 + a(zm, z)M + a(zm, zm)Mm +W (zm)
− l Mm (4)

where

n(z, zm) =
N(z)

1 + q(z)M(z) + q(zm)Mm(zm)
(5)

The expressions ofW (z),N(z), a(z, zm), and q(z) depend on the scenario in which the population evolves.
n(zm, z) is symmetrical to n(z, zm).
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The introduced mutant is assumed to be rare (Mm ≈ 0) while the resident has time to reach its equilib-
rium (M∗). Whether a mutant is able to invade the resident population depends on the sign of the invasion
fitness, defined as the per capita growth rate of a rare mutant in the stationary conditions set by the resident
population of trait value z. By definition, identical phenotypes can neither invade nor be invaded by the res-
ident population and have a null invasion fitness: s(z, z) = 0. Mutants with a negative invasion fitness die
out. Mutants with a positive invasion fitness successfully invade the resident population. The invasion fitness
s(zm, z) of the mutant is:

s(zm, z) = r
n(zm, z)

n(zm, z) + h

1

1 + a(zm, z)M∗ +W (zm)
− l (6)

with

n(zm, z) =
N(zm)

1 + q(z)M∗(z)
(7)

From the invasion fitness equation, we derive the fitness gradient and find long term evolutionary out-
comes, or Evolutionary Singularities (ES). ES are classified by deriving the convergence and invasibility criteria
from fitness second derivatives (Geritz et al., 1998).

The three ecological mechanisms explored in the three evolutionary scenarios

We now describe the three ecological mechanisms used to explore the three evolutionary scenarios pre-
sented in Fig. 1.

Vertical trade-off for light and nutrients (evolutionary scenario 1, 2 and 3)

In every scenario, we model light attenuation under water following the Beer-Lambert law as in (Huisman
and Weissing, 1995), and assume that nutrients are stored in the sediment and brought in the water column
by eddy diffusion as in Klausmeier and Litchman, 2001. These assumptions translate into the expression of
W andN as functions of z (Fig. 2A and B) :

N(z) =
N0

u
√
2π

e−(zb−z)2/2u2

(8)

N0 is the total amount of nutrient in the water and u controls the strength of nutrient diffusion (Fig. 2A).
A high u implies that nutrients are more homogeneously distributed, while a low u corresponds to strong
stratification of nutrient in the water column. The total quantity of nutrients N is constant, regardless of
diffusion (u) variation.

W (z) = W0(e
w z − 1) (9)

W0 is the baseline turbidity and w controls the strength of light attenuation (Fig. 2B). A low w implies that
luminosity barely changes with depth z, while a highwmeans that the bottom of the lake is much darker than
the surface.

Asymmetric competition by shading (evolutionary scenario 2,3)

In addition to the vertical trade-off for light and nutrients, we consider a second mechanism, that of asym-
metric competition for light (ie. shading, Fig. 2C). We model shading by assuming that the shading coefficient
a varies with the relative depth between two populations :

a(zm, z) =
2a0e

b(zm−z)

1 + eb(zm−z)
(10)

This variation captures the strength with which a population settling deeper is shaded by the shallower
populations. In that sense, competition for light is asymmetric as only the above population has an effect on
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the population below it in the water column. The intensity of such asymmetric competition for light depends
on the depth difference between the two competing populations and the sensitivity parameter b (Fig. 2C). We
study this mechanism in the second and third evolutionary scenarios.

Unequal nutrient efficiency (evolutionary scenario 3)

The third mechanism introduces the fact that macrophytes living at different depths have different com-
petitive abilities for nutrient. (Fig. 2D and 11). Deeper macrophytes remove nutrients more effectively than
shallower macrophytes from the water column, because they prevent the re-suspension of sediment by inter-
cepting nutrients diffusing from the bottom with their shoots. We include mechanism in scenario 3 by letting
the parameter q increase with macrophyte depth z:

q(z) = q0e
pz (11)

This expression implies that deep macrophytes have a stronger impact on water nutrient content than
shallower macrophytes. Setting p = 0 is equivalent to turning off this difference in exploitation efficiencies,
which is the case in scenario 1 and 2 (Fig. 2 D).
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Figure 2. Functions used to model each mechanism. A: Trade-off between nutrients and light: nutrients are
diffused from the bottom of the lake with strength u, but the total quantity of nutrients in the water is constant
(N0 = 5mg/m2) B: Trade-off between nutrients and light: turbidity increases with depth at a different pace
depending on w, the strength of attenuation (W0 = 1) C: Asymmetric competition by shading: parameter b
controls how steep the asymmetric competition between two populations is (a0 = 0.01(g/L)−1) D: Unequal
exploitation efficiency: Macrophyte’s ability to retain nutrients increases with depth (q0 = 0.005(g/L)−1
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Identifying conditions for diversification

One type of ES in our model is a convergent and non-invasible strategy, called a Continuously Stable Strat-
egy (CSS). It means that the macrophyte population converges to a selected depth. The other ES we obtain is
a Branching Point (BP): that is an ES that is convergent but invasible. It means that themacrophyte population
evolves to a certain depth at which disruptive selection acts and polymorphism emerges. Evolution to a BP
leads to diversification and thus satisfies the first condition for the emergence of a system with alternative
stable states: the existence of at least two phenotypes.

The sign plot of the invasion fitness eq. 6 according to the mutant trait zm and the resident trait z is a
Pairwise Invasibility Plot (PIP), and is used to visualise long term ES. Although it is not possible to obtain an
analytical expression of the ES z∗, we numerically computed the value of z∗ for different combinations of
nutrient diffusion u and light attenuation w using the invasion fitness equation. We also present how the ES
varies with environmental conditions in E3-diagrams (Ferriere and Legendre, 2013), which are plots showing
the ES as a function of parametersu,w, b and p. The range of parameters usedwas sufficiently large to capture
extreme strategies (macrophyte population evolving to the bottom or to the surface of the lake).

When diversification is possible (BP), no mathematical analysis can be used to predict if further diversifica-
tion can happen nor how many phenotypes can eventually coexist. Therefore, we present simulations of the
eco-evolutionary dynamics for combinations of parameters that yielded a branching point. The parameters
for which we ran simulations were sampled at regular intervals of u and w to cover the diversification region.
Simulations are time discrete. They start with a single ancestor phenotype (z = 1) at its equilibrium density.
At every time step, potential parent populations mutate with a rate of 10−4 times their density. If the parent
population does mutate, the mutant trait is drawn from a normal distribution centered around the parent
trait with a standard deviation of 0.05 meters. The mutant is then introduced with an initial density of 10−2

g/L. The mutant population grows depending on its population dynamics described in eq 3,4, experiencing
light and nutrient competition from all other populations. Populations falling below the density of 10−2 g/L
are considered extinct. At the next time step, populations above that threshold are potential candidates for
generating mutants, and evolution proceeds with the sequential replacement of populations.

Identifying the emergence of alternative stable states after evolution

To assess whether evolution leads to the emergence of alternative stable states, we model the impact of
an ecological perturbation: nutrient enrichment. We assume that the population trait z does not evolve in re-
sponse to the perturbation, but only its equilibrium density is affected. Specifically, after the eco-evolutionary
simulations reach a quasi-equilibrium (when trait z values did not change by more than 0.1 meters during
2 ∗ 107 timesteps), we retrieve the value of the depth z1 and z2 of the two phenotypes. We then analyse
their corresponding ecological dynamics using the same model as described before, with the growth of the
phenotypes i depending on the phenotype j:

dMi(zi)

dt
= Mi

(
r

n(zi, zj)

n(zi, zj) + h

1

1 + a(zi, zj)Mj + a(zi, zi)Mi +W (zi)
− l

)
(12)

with

n(zi, zj) =
N(zi)

1 + q(zj)Mj(zj) + q(zi)Mi(zi)
(13)

with i = 1, j = 2 for the growth of phenotype 1 and i = 2, j = 1 for the growth of phenotype 2. Then,
we perform a bifurcation analysis where we determine the ecological equilibria and their stability from the
eigenvalues of the Jacobian matrix for a gradient of the total amount of nutrients in the lakeN0 from 0 to 10
mg/m2.

Ecological equilibria and evolutionary singularities were computed using Wolfram Mathematica 12.2, and
eco-evolutionary simulations were run in R using the lsoda integration method.
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Results

Ecological dynamics driven by nutrients and light in the absence of evolution

We first report the conditions under which the existence of a macrophyte population is feasible (a positive
and stable equilibrium) for a fixed depth (no evolution). As expected, feasibility is possible as long as nutrients
and light are sufficient at the specific lake depth considered (cf. Appendix A, eq. A5). More specifically, the
strength of light attenuation w controls how deep macrophytes survive, since turbidityW (z) increases with
depth z. Forweak light attenuation, life for themacrophytes is possible even at the bottomof the lake, whereas
for strong light attenuation, life for the macrophyte is possible only close to the surface. The other controlling
factor, nutrient concentration N(z), decreases as depth z approaches 0, implying that the strength of nutri-
ent diffusion u controls how close to the surface macrophytes survive before starving for nutrients. When
nutrient diffusion is strong enough, macrophytes survive at the surface, whereas for low nutrient diffusion,
macrophytes survive only at the bottom. Very low nutrient diffusion and strong light attenuation preclude life
at any depth and lead to macrophyte extinction.

Evolutionary scenario 1:
Light and nutrients determine the evolution of a macrophyte’s depth in the lake

In the first scenario, where light is attenuated with depth and nutrients are diffused from the bottom of the
lake (Fig.1A), depth position simply determines the quantity of light and nutrients a macrophyte population
had access to. As a result, the macrophyte population systematically evolved towards a selected depth (CSS)
(Fig. 3A, 4A).

For example, in our 10 meter deep model lake, with strong light attenuation (w = 0.3) and intermediate
nutrient diffusion (u = 3), no population survives shallower than 2 meters (because of nutrient limitation),
and no population survives deeper than 7 meters (because of light limitation, Fig. 3A1). The macrophyte
population evolves towards a depth of approximately 5 meters (Fig. 3A). This trait value z∗ is the evolutionary
singularity (ES), in other words the point where the selection gradient is null (s(zm, z) = 0), where the two
lines in the PIP cross, where a star is placed (Fig. 3A1). At the ES, no mutant population can invade below or
above the resident population. Put differently, in a resident population established between 2 and 5 meters,
any mutant population slightly deeper can invade and replace the resident population, whereas in a resident
population established between 5 and 7 meters, any mutant population slightly above can invade. Thus, the
evolutionary strategy was convergent and stable: it is a selected depth (CSS) towards which the macrophyte
population evolves. Here, evolution facilitates the persistence of a population: a population starting at the
limit of its feasibility range in the lake evolves further away from the limit. A simulation of the eco-evolutionary
dynamics confirmed that the population converged to the ES (Fig. 3A2).

The depth at which the population converges corresponds to the best trade-off between access to light
and to nutrients. While the PIP and the associated simulation corresponded to a specific case of nutrient dif-
fusion and light attenuation, Fig. 4A1 shows in a E3-diagram the effect of nutrient diffusion u on the ES. As
nutrient diffusion u increases, the evolved depth in the lake z∗ decreases. Indeed, as nutrients are more ho-
mogeneously distributed, macrophytes evolve closer to the surface where theymake themost of the available
light.

Finally, we explore the combined effect of nutrient diffusion and light attenuation (Fig. 4A2). This graph is
a two dimensional version of the E3-diagram in Fig. 4A1, where the ES depth z∗ is represented by a shade of
blue. For every value of u and w (Fig. 4A2), the ES is always a selected strategy (CSS). The corners of the figure
correspond to the extreme combinations of nutrient and light availability: in the top left corner, low nutrient
diffusion and strong light attenuation rendered life impossible. In the bottom left corner, high light availability
led the population to evolve to the bottom of the lake (deep blue). In the top right corner, nutrients were
strongly diffused so the population could evolve to the surface (light grey). For any intermediate combination,
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B. Evolutionary scenario 2: trade-off + asymmetric competition 

C. Evolutionary scenario 3: trade-off + asymmetric competition + unequal exploitation efficiency
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Figure 3. (Left panels): Pairwise Invasibility Plots (PIPs) showing the invasion fitness’ sign depending on resi-
dent and mutant traits. Red arrows show the direction of evolution due to selected mutations. Star denotes
the Continously Stable Strategy (CSS) Vertical red lines serve as guides to see the positive invasion fitness of
mutants around Branching Points (BPs). Grey area denotes the trait values where the population growth is
not feasible. (Right panels): Simulation of the eco-evolutionary dynamics corresponding to the red arrows
and ES found in the PIPs. A: evolutionary scenario 1 (u = 3, w = 0.3): the population converges to a selected
depth. B: evolutionary scenario 2 (u = 5.1, w = 0.1): the singularity corresponds to a BP where disruptive
selection acts, the population diverges into 2 phenotypes. C: evolutionary scenario 3 (u = 4.5, w = 0.15): as
in scenario 2, diversification occurs.
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Figure 4. (Left panels) E3-diagram showing the ES according to the strength of nutrient diffusion u. The pop-
ulation converges to a selected strategy and settles there (CSS, solid black line A1), or converges towards the
line then diversifies (BP, dashed red, B1, C1). Arrows show the direction of evolution for phenotypes above
or below the ES. (Right panels) Joint effect of nutrient diffusion and light attenuation on the ES. In the blue
region of the plot, the population converges towards a selected depth. Diversification (BP) is possible in the
red region. Symbols are placed where we ran simulations. Purple dots correspond to simulations of Fig. 3. A:
evolutionary scenario 1: The population always converges to a selected depth (CSS). B: evolutionary scenario 2:
In most cases, the population converges to a selected depth, but some combinations of nutrient diffusion and
light attenuation enable the emergence of polymorphism (B2). C: evolutionary scenario 3: Ecological pertur-
bations after diversification can lead to tipping points (E in C2.)(ES: Evolutionary Singularity, CSS:Continously
Stable Strategy, BP: Branching Point)
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macrophytes evolve to intermediate depths which correspond to the best trade-off between access to light
and nutrients. Fig. 4A2 clearly demonstrates that when considering only a light-nutrient trade-off, evolution
is not able to lead to an ecosystem with alternative states as the ecosystem is always dominated by a single
best-adapted macrophyte population.

Evolutionary scenario 2:
Asymmetric competition by shading enables macrophyte diversification

In the second scenario, in addition to the light-nutrient trade-off, we also consider the effect of asymmetry
in competition for light. Adding thismechanism enables themacrophyte population to diversify, meaning that
more than one phenotype can be supported in the lake.

In Fig. 3B1, the PIP shows how such a diversification arises. The population converges again towards the
singularity (positive invasion fitness above the diagonal when the mutant was below the z∗, positive invasion
fitness below the diagonal when a mutant was shallower than z∗). However, once at z∗, any mutant invad-
ing from a shallower or deeper depth has a positive fitness (the vertical line passing through z∗ is in black
regions in the vicinity of z∗). This means that at this point, selection is disruptive. The ES is convergent but in-
vasible and allows the population to diversify (Branching Point, BP). The eco-evolutionary simulation confirm
that branching is successful and that two populations with distinct phenotypes evolve from a monomorphic
population (Fig. 3B2).

The E3-diagram Fig. 4B1 however reveals that conditions of diversification occur only for a certain range
of nutrient diffusion values (4.5 < u < 5.5). Outside of this interval, evolution favors a single phenotype
following the pattern found under evolutionary scenario 1: as nutrient diffusion increased, the evolutionary
singularity rose closer to the surface.

Fig. 4B2 further shows that diversification is only possible in a subset of light attenuation and nutrient
diffusion conditions. Within the branching region, macrophytes diversify into two phenotypes in the most
restrictive light and nutrient conditions (crosses situated at the upper left boundary of the branching region),
while as conditions became less restrictive the population diversify in more than two phenotypes (towards
lower light attenuation and higher nutrient diffusion). For sufficient nutrient diffusion (u > 6.2), the popula-
tion systematically evolves towards the surface, whatever the strength of light attenuation. The effect of the
parameter b controlling the strength of asymmetry in light competition is presented in detail in Appendix B.
The region of diversification changes shape and becomes larger with a higher b, and leads to increased diver-
sity at the end of the simulation, clearly emphasizing that asymmetric competition largely drove disruptive
selection.

We study whether the diversified ecosystem with multiple phenotypes could show alternative states when
responding to a perturbation (Appendix C). In the 25 simulated cases (marked in the diversification subset of
Fig. 4B2), whether the system diversified into 2,3 or 4 phenotypes, an increase in nutrient concentration in
the lake (N0) cause only gradual smooth transitions from dominance of a single phenotype to coexistence of
multiple phenotypes; it does not exhibit abrupt transitions between alternative stable states (Appendix C Fig.
D2).

In conclusion, scenario 2 enables the diversification of the macrophytes, which satisfies the existence of
multiple phenotypes that is a necessary condition for the emergence of alternative stable states. However,
the combination of the twomechanisms alone is not sufficient for evolution to lead to alternative stable states.

Evolutionary scenario 3:
Unequal exploitation efficiencies kick off a positive feedback

In the third scenario, we consider a third additional mechanism, that of a better efficiency in nutrient ex-
ploitation when a macrophyte grows close to the bottom of the lake. In such conditions, evolution can lead to
a system that diversifies and exhibits alternative stable states.
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Figure 5. Ecological dynamics with and without alternative states following evolution. A,B,C: Eco-evolutionary
simulations of the third evolutionary scenario for different light attenuation conditions. Each line represents
the evolution of a phenotype with a specific growth depth z. In most cases evolution leads to two dominant
phenotypes (A,B), whereas in some cases to cyclical diversification events where after branching one pheno-
type goes extinct abrupty and diversification repeats itself (C). Crosses mark trait values of w and u used for
the bifurcation analysis of panels D-G. D,E,F,G: Bifurcation analysis of an ecological perturbation of the two
evolved macrophytes populations (black and grey lines) from panels A-C. Thin vertical lines recallN0 at which
evolution took place. Solid lines are stable equilibria, dashed lines are unstable equilibria of population den-
sity as function of increasing nutrient concentration in the lakeN0. In some cases, the two populations evolve
to a depth where they do not respond with tipping points to nutrient enrichment, but with smooth transitions
(transcritical bifurcations) fromdominance of the deepermacrophyte (gray line) to coexistence and outcompe-
tition by the shallower macrophyte at high nutrient levels (A,D). In other cases, populations evolve at a depth
where nutrient enrichment leads to coexistence followed by the deeper macrophyte collapsing through a
tipping point (fold bifurcation) when outcompeted by the shallower phenotype. (B,E). In the case of cyclical
diversification the response to nutrient enrichment depends on the timing of disturbance: smooth early in
the evolutionary cycle (F), or abrupt (through a tipping point) closer to the end of the cycle (G).
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As in scenario 2, the PIP, eco-evolutionary simulations andE3-diagram in Fig. 3C1,2 and Fig. 4C1 shows that
diversification is possible for a certain range of nutrient diffusion u. Similar to Fig. 4B2, Fig. 4C2 shows that
diversification occurs in a restricted set of nutrient diffusion and light limitation. However, this set is smaller
in scenario 3 compared to scenario 2 and spans different limits. In some cases, after diversification, one of
the phenotypes go extinct, and the remaining monomorphic population returns to the convergent singularity
where disruptive selection started again, leading to a cyclical diversification behavior (Fig. 5C). In addition, in
scenario 3 diversification leads to a maximum of only 2 phenotypes, whereas in scenario 2 we find up to 4
different phenotypes (Appendix C Fig. C1).

In four out of the twelve cases (marked by black stars in Fig. 4C2), we found abrupt transitions between
alternative states in response to nutrient enrichment (Fig. 5E). For example, at intermediate nutrient diffusion
(u = 4.5) and low light attenuation (w = 0.15), the populations settled at z1 ≈ 3 and z2 ≈ 5meters (Fig. 5B). For
these two phenotypes we find bistability in the range between 4.7 and 5mg/m2 of total nutrient concentration
N0 (Fig. 5E). In the case of cyclic branching (Fig. 5C), we find that the emergence of alternative states depends
on the trait values during the evolutionary cycle. During the late stage of the cycle and before the population
becomes monomorphic again, alternative states are possible (Fig. 5G), while at the early part of the cycle, no
alternative states exist (Fig. 5F). This means that during the evolution of macrophytes the lake can, or not,
experience tipping point responses. For the rest of u and w combinations, we did not find alternative states
but smooth transitions (Fig. 5A,D), just like in scenario 2 (Appendix C Fig. C2).

In sum, the third scenario shows a full range of possible eco-evolutionary dynamics, from cases in which
a monomorphic population settles at a given depth (CSS), to cases in which disruptive selection can lead to
stable or cyclic diversification. In the latter two cases, for a specific range of conditions and depending on the
selected depth z of the two diversified phenotypes, alternative stable states can emerge.

Discussion

Tipping point responses between alternative states have been increasingly considered a major risk to
ecosystems under global change (Barnosky et al., 2012), but the question of when evolution could lead to
their emergence has been largely neglected. In this article, we explored whether the evolution of a macro-
phyte population in a shallow lake can lead to an ecosystem with tipping points. We used adaptive dynam-
ics to study the evolution of a macrophyte’s vertical position in a lake to find the conditions that permit the
emergence of alternative states (Scheffer, Szabo, et al., 2003). We show that, in addition to the light-nutrient
trade-off gradient present in a shallow lake, two other mechanisms are necessary. First, asymmetric compe-
tition for light (or nutrient, Appendix D) is necessary to induce diversification. Second, unequal exploitation
efficiency ensures -but only under some conditions- that evolution can lead to an ecosystem with alternative
stable states (Table. 2). In general, our findings corroborate the ecological mechanisms proposed to induce
alternative states between floating and submersed macrophytes (Scheffer, Szabo, et al., 2003). Nonetheless,
it is unclear whether evolution could have led to alternative states given these mechanisms in the first place.
In that sense, our results shed light on how each of these mechanism affects the eco-evolutionary dynamics
of macrophytes on their ability to invoke ecosystem tipping point responses.

Diversification: the necessary condition for the emergence of alternative states

Alternative stable states in a shallow lake are characterized by the dominance of two competing macro-
phytes that occupy different depths in the water column (ie. submersed and floating macrophytes). Thus,
our first objective was to study under which conditions evolution could allow macrophytes to diversify into at
least two distinct phenotypes. We hypothesized that the trade-off between access to light and nutrients (ie.
parameters w and u respectively) would determine whether the macrophyte population could diversify. In
the case of a weak trade-off (no light attenuation and low nutrient diffusion, or strong light attenuation and
strong nutrient diffusion), we expected the population to converge to extreme strategies, that is the surface or

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 3, 2022. ; https://doi.org/10.1101/2022.02.23.481597doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.23.481597
http://creativecommons.org/licenses/by-nc-nd/4.0/


Table 2. Summary of the mechanisms of each scenario and their result
Scenario Mechanism Outcome

Trade-off Asymmetric Unequal Diversification Alternative
between competition exploitation Stable States
nutrient and for light efficiency
light

1 yes no no no no
2 yes yes no yes no
3 yes no yes no no
3 yes yes yes yes yes

the bottom of the lake. By changing the trade-off with the parameters controlling nutrient diffusion and light
attenuation (u and w), we expected that diversification would be possible, as earlier theoretical work showed
that in the AD framework, trade-offs between traits can determine the possibility of diversification (Kisdi, 2015;
Mazancourt and Dieckmann, 2004). In the case of phytoplankton evolving in a poorly-mixed water column,
Klausmeier and Litchman, 2001 and Wickman et al., 2017 found contrasting results (evolution to an optimal
depth in the former and diversification in the latter) using different growth functions. In the case of shallow
lakes, we expected two types that would grow either at the shallow or deep parts of the lake to resemble
the observed floating and submersed macrophytes. However, we found that by only modifying the nutrient
diffusion and light attenuation parameters, regardless of the resulting trade-off (u and w), the macrophyte
population never diversifies (Evolutionary scenario 1). Instead, the macrophyte evolves to a single optimal
depth, as found in Klausmeier and Litchman, 2001.

The mere existence of a trade-off is thus insufficient to lead to diversification. Instead, we found that asym-
metric competition for light through shading of a shallow phenotype to phenotypes growing deeper in the
water column enabled diversification (evolutionary scenario 2). This result does not hold only for light as we
found similar results also for asymmetric competition for nutrients. This finding resonates with Kisdi, 1999
who showed that the evolutionary dynamics of a continuous trait in a simple asymmetric Lotka-Voltera com-
petition model led to diversification. They further showed that increased asymmetry led to more branching
events. In our model we found increased diversity when the strength of asymmetric competition for light (b)
is high (Appendix B B1). In terrestrial communities, a forest model in which competition for light was asym-
metric also led to diversified communities (Falster et al., 2017). Nonetheless, asymmetric competition does
not always lead to diversification. We found combinations of nutrient diffusion u and light attenuation w that
lead to a single selected depth defined by the light-nutrient trade-off (mechanism 1). Such convergence to a
single depth occurs for strong nutrient diffusion or strong light attenuation (at the right of the diversification
region in Fig. 4B2,C2), which corresponds to cases where the incentive to go to the surface overpowers the
effects of asymmetric competition. In other cases, convergence to a single depth occurs when environmen-
tal conditions are quite limiting, close to the "Unfeasible" area which corresponds to conditions that prevent
life at any depth. In these limiting conditions, the biomass of the macrophyte population is not sufficient for
the asymmetric competition between the resident and the mutant populations to induce disruptive selection
(Doebeli and Dieckmann, 2000; Kisdi, 1999).

While our results show that diversificationmay lead, in some instances, to cases of alternative stable states,
we do not mean that sympatric speciation is needed in any way for these to occur. In particular, note that
branching events here could represent other phenomena ranging from the emergence of (within species)
polymorphism to the sorting of phenotypes through assembly processes based on pre-existing variability
(both intra-specific variability and inter-specific variability). For deeper discussions on how eco-evolutionary
dynamics relate to ecological community assembly, see Brännström et al., 2012, Edwards et al., 2018, Leibold
et al., in press.
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Evolution allows for alternative states only for a limited range of conditions

Our main objective was to see under which conditions macrophytes would evolve to having alternative
stable states. In the presence of the two mechanisms of a light nutrient trade-off together with asymmetric
competition due to shading, evolution leads to diversified phenotypes but not to alternative states (Appendix
C Fig. C2). Only in the presence of the third mechanism, that of superior nutrient exploitation efficiency of the
deepest phenotype, alternative states emerge and that only for a certain range of nutrient and light availability
(evolutionary scenario 3). This results is in line with previous ecological work on alternative stable states. In a
water column with a light and nutrient trade-off, and where the nutrient dynamics are explicitly modeled, two
phytoplankton populations can exhibit alternative stable states (Huisman and Weissing, 1995). This concurs
with Scheffer, Szabo, et al., 2003 where the presence of 3 competitive asymmetries is necessary to incur alter-
native states: 1) submersed macrophytes have access to more nutrients than floating macrophytes, whereas
floating macrophytes have more access to light than submersed macrophytes, 2) floating macrophytes limit
the growth of submersed macrophytes by shading them out (light competition a(zm, z), eq. 10) and 3) sub-
mersed macrophytes limit the growth of floating macrophytes by better removing nutrients from the water
column (retention efficiency q(z), eq. 11). Note however that these three asymmetries, though necessary,
are not sufficient since only some parameter conditions enable the emergence of alternative stable states
(Fig. 4C2).

Although alternative stable states may emerge in our eco-evolutionary model, we do not find that the
macrophytes diversify to the two distinct phenotypes, ie. “floating” (z = 0) and “submersed” (z = zb) typically
observed in ponds as modeled by Scheffer, Szabo, et al., 2003. Diversification between light specialists and
nutrient specialists has been predicted by theoretical work on the evolution of phytoplankton (Troost et al.,
2005), and studies have shown that alternative stable states are possible in models of competition for light
and nutrients in aquatic ecosystems (Huisman and Weissing, 1995; Yoshiyama and Nakajima, 2006), under
the condition that competitors are well-differentiated in their ability to uptake light and nutrients. In our case,
evolved phenotypes are not very different, but only separated by approximately 2 meters in our modeled 10
meter shallow lake (Fig. 3 B2,C2). This relatively small difference between the diversified phenotypes is ex-
plained by the trade-off for light and nutrients that allows diversification only within a range of (intermediate)
depths. Out of this range, diversification is not possible because shallow phenotypes would lack nutrients,
whereas deep phenotypes would lack light. Consequently, we find a specific range of conditions where light
and nutrient availability allow the existence of diversified phenotypes (red area in Fig. 4B2,C2) and an even
more limited range where the phenotypes constitute alternative states (stars in Fig. 4C2). However, the cyclic
branching events offer evidence for the idea that sufficient differentiation is required between the two phe-
notypes. Indeed, alternative stable states can only occur late in the diversification cycle when the populations
are different enough, but not early.

Small phenotypic differences can lead to strong positive feedbacks

To some extent it might seem odd that alternative states arise for rather small phenotypic difference be-
tween the two phenotypes. Being relatively similar to each other implies that the ability of both phenotypes
to acquire nutrients and light is not very different. It is, however, the asymmetric competition due to shading
and unequal exploitation efficiencies that are the strongest at only small differences in depth (Fig. 2C,D) that
determine the strength of the positive feedback between the two macrophytes and eventually the existence
of alternative states. In fact, it appears that the strength of the positive feedback depends not only on the
difference in depth (which sets the effect of competition) but also on the relative position of the two macro-
phytes in the lake (that sets the effect of the light-nutrient opposing gradient). For two phenotypes growing in
similar but shallow depths, outcompetition occurs gradually (Fig 4A,D), whereas when the two macrophytes
become less similar and grow in deeper depths the resulting asymmetries are strong enough to create posi-
tive feedbacks for outcompetition to occur through a tipping point. This is important to note, as our finding
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contrasts results of other eco-evolutionary models (eg. Kéfi et al., 2007), where typically evolutionary changes
of the trait that directly controls the strength of the positive feedback determine the extent of alternative
states. In our case, it is the interaction between direct competition and the environmental conditions under
which competition acts that determines whether alternative states will emerge.

Limitations

Our model is a simplistic representation of macrophyte evolution. Macrophytes have quite complex life
cycles (Bakker et al., 2013), reproducing by rhizomes and acquiring nutrients not just by their roots but also
by their stems and leaves. Yet, the intermediate depth phenotypes we recovered could resemble pondweeds
(Potamogeton spp.) and stoneworts (Charophytes spp.), which are both submersedmacrophytes and have been
shown to asymmetrically compete for light and carbon (Van Den Berg et al., 1999). Here, by using the evolv-
ing trait, z, as the depth at which a macrophyte lives, we simplistically assume that this depth determines
the average availability of nutrients and light as well as the average shading and nutrient access of a macro-
phyte. Clearly, a more realistic formulation would integrate along the whole depth that a macrophyte lives,
as floating macrophytes have roots that can grow deep in the water column, and submersed macrophytes
absorb nutrients not just from their roots. Alternatively, our evolving depth could also represent diversified
phytoplankton layers. Phytoplankton can determine their position on the water column through flagellates
or buoyancy and compete strongly for light and nutrients (CS Reynolds, 1984). Our results could therefore
complement previous theoretical studies on the evolution of a single or multiple depth phytoplankton layers
(Huisman andWeissing, 1995; Klausmeier and Litchman, 2001; Mellard et al., 2011) by showing that two layers
of phytoplankton may also represent alternative states. Note that we only considered a lake with a depth of
10m, and changing that depth to 2 or 3 meters might alter the outcome of evolution and for example allow
the emergence of floating and submersed macrophytes.

Conclusion

More broadly, our work can help better understand how evolution works in the context of opposing re-
source gradients and multiple feedbacks. The opposing gradients of nutrient availability and light limitation
that create a trade-off between two resources is not unique to lakes. Nutrient and light trade-offs can be
found in seagrass beds (Williams, 1987), or in grasslands selecting for deep roots or higher stems in terrestrial
plants (Olff et al., 1990). In wetlands, opposing stress gradients of anoxic to oxygenated soils coexist with a
contrasting low to high salinity gradient (Sanderson et al., 2008), and in hilly drylands water availability follows
an opposite gradient to erosion stress (Bautista et al., 2007). Studying coexistence in opposing gradients of
resources has been done extensively in aquatic systems (Huisman andWeissing, 1995) as well as in terrestrial
systems (Falster et al., 2017; HL Reynolds and Pacala, 1993). While evolution is expected to predominantly
lead to a single best-adapted phenotype or coexistence, our work shows that considering competitive asym-
metries that can be caused by the opposing gradient itself has the potential to allow alternative stable states
to emerge by natural selection. Whether such competitive asymmetries are present and could explain the
occurrence of alternative stable states in ecosystems around us is a worthy question to ask.
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Annexes or Supplementary Information

Appendix A: Equilibrium stability and feasibility

Solving f(M) = 0 yields three possible equilibria:

M∗ = 0; (A1)

M∗ =
1

2alqh
(−A+

√
4alqh(N(r − l(1 +W ))− hl(1 +W )) + (−A)2); (A2)

M∗ =
1

2alqh
(−A−

√
4alqh(N(r − l(1 +W ))− hl(1 +W )) + (−A)2) (A3)

where
A = al(N + h) + lqh(1 +W ) (A4)

Studying a macrophyte population requires that it exists, ie. that its density is positive. We determined the
conditions of feasibility: the combinations of parameters that allow the equilibrium density of macrophytes
M∗ to be positive. We also determined the stability conditions, ie. whether the equilibrium is eventually
reached. Local stability requires that f ′(M∗) < 0.

M∗ in eq. A3 is negative since all parameter values are positive, hence it corresponds to an unfeasible
equilibrium.

Eq. A2 can be positive if (N(r − l(1 +W ))− hl(1 +W )) is positive.
This requires

r > l(1 +W ) &N >
hl(1 +W )

r − l(1 +W )
(A5)

Equation A5 shows that at a given depth z, increases in nutrient concentrationN or in macrophyte growth
rate r relaxes the stability conditions. For small nutrient concentrations or negative or low growth rates, the
only stable equilibrium is the extinction of the population. Increases in nutrient limitation h, mortality l or
background turbidityW could hinder the feasibility and stability of the positive equilibrium.

Since in all three scenarios depth is associated to a trade-off between access to light and nutrient, N and
W vary with depth, z.

Since turbidityW (z) increases with depth z, some strength of light attenuation w will prevent the growth
of macrophytes below a certain depth. In other words, the strength of light attenuation w controls how deep
macrophytes can survive. For weak light attenuation, life for the macrophytes is feasible at the bottom of the
lake. For very strong light attenuation, life for the macrophyte is feasible only close to the surface.

Nutrient concentrationN(z) decreases as depth z approaches 0, implying that for some conditions of low
nutrient diffusion, macrophytes will not be able to invade above a certain depth. The strength of nutrient
diffusion u controls how close to the surface amacrophyte can survive before starving for nutrient. If nutrient
diffusion is strong enough, the macrophytes can survive at the surface. On the other hand, for a very low
diffusion, life is feasible only at the bottom.

Simultaneously low nutrient diffusion and strong light attenuation will preclude life at any depth.
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Appendix B: Effect of the strength of asymmetry in competition for
light

In scenario 2 and 3, the introduction of the asymmetric competition for light introduces an additional pa-
rameter whose effect can be explored: parameter b, which corresponds to the intensity of competition for
light. Increased asymmetry in competition for light lead to more diversification events (Fig. B1)

Figure B1. Effect of increased asymmetry in competition for light in Scenario 2. Increased asymmetry can
cause more branching events A: PIP for strong nutrient diffusion (u = 4), low light attenuation (w = 0.05), and
strong asymmetry in competition for light (b = 5) showing a BP. B: Simulation associated to the conditions
in A. More branching events occurred, and coexisting phenotypes live closer together than in Fig.3.B2 C: E3-
diagram for a fixed light attenuation (w = 0.2) and fixed nutrient diffusion (u = 4). Black solid line: the
singularity is a CSS. Red dashed line: the singularity is a BP. As the effect of competition for light increases,
the singularity rises closer to the surface. Before it reaches the surface, diversification is possible D: Effect
of nutrient diffusion and light attenuation on the singular strategy. Legend is the same as in Fig.4.A2/B2/C2.
Relative to the case with weaker asymmetry (Fig.4.B2), the conditions that enable diversification are bigger.
However, the population will converge towards the surface more quickly (for u > 4.2, whatever the light
attenuation)
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Appendix C:
Ecological responses of a diversified community in scenario 2

Fig. 4B2. shows that the system can sometimes diversify into more than 2 phenotypes (Fig. C1).

Figure C1. Diversification to more than 2 phenotypes is possible.

Even in diverse communities, theoretical work showed that alternative stable states can exist due to the
emergence of clusters of allied species (Nes and Scheffer, 2004). Indeed, in randomly drawn communities
in which the interspecific competition coefficients were allowed to vary, some clusters of species in which
the intra-cluster competition is lower than the inter-cluster competition formed. The emergence of such “al-
lied” species propagates positive feedback loops and the possibility of alternate stable states. Yet, nutrient
enrichment in scenario 2 does not lead to alternate stable states: the transition from the dominance of one
phenotype to the other is smooth (Fig. C2).

Figure C2. Effect of nutrient enrichment on the abundance of the different present phenotypes in a system
that has diversified to two phenotypes (A) and 3 phenotypes (B). Competition networks, cumulated abun-
dances and shallow lake illustrations are shown. No alternate stable states exist. The response to nutrient
enrichment is driven by indirect effects (dotted arrows in the competition networks).
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Appendix D: A model with asymmetric competition for nutrient also
leads to polymorphism

In a model with asymmetric retention of nutrient, diversification is also possible (Fig. D1)

Figure D1. Effect of increased asymmetry in nutrient retention. Increased asymmetry can causemore branch-
ing events A: PIP for strong nutrient diffusion (u = 5), intermediate light attenuation (w = 0.2), and no asym-
metry in competition for light (b = 0) but asymmetry in competition for nutrient (p = 1) showing a BP. B:
E3-diagram for a fixed light attenuation (w = 0.2) and fixed nutrient diffusion (u = 5). Black solid line: the
singularity is a CSS. Red dashed line: the singularity is a BP. As the effect of competition for nutrient increases,
the singularity sinks closer to the bottom. Before it reaches the surface, diversification is possible.
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