UNIVERSITY OF LEEDS

This is a repository copy of Spontaneously broken neutral symmetry in an ecological
system.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/78940/

Article:

Borile, C, Muiioz, MA, Azaele, S et al. (2 more authors) (2012) Spontaneously broken
neutral symmetry in an ecological system. Physical Review Letters, 109 (3). 038102. ISSN
0031-9007

https://doi.org/10.1103/PhysRevLett.109.038102

Reuse

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White
Rose Research Online record for this item. Where records identify the publisher as the copyright holder,
users can verify any specific terms of use on the publisher’s website.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

| university consortium eprints@whiterose.ac.uk
WA Universities of Leeds, Sheffield & York https://eprints.whiterose.ac.uk/


mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

PRL 109, 038102 (2012)

PHYSICAL REVIEW LETTERS

week ending
20 JULY 2012

Spontaneously Broken Neutral Symmetry in an Ecological System

C. Borile,' M. A. Mufioz,” S. Azaele,’ Jayanth R. Banavar,* and A. Maritan'

"Dipartimento di Fisica “G. Galilei” and CNISM, INFN, Universita di Padova, Via Marzolo 8, 35131 Padova, Italy
*Instituto Carlos I de Fisica Teérica y Computacional, Universidad de Granada, 18071 Granada, Spain
3Institute of Integrative and Comparative Biology, University of Leeds, Miall Building, Leeds LS2 9JT, United Kingdom
“Department of Physics, University of Maryland, College Park, Maryland 20742, USA
(Received 15 March 2012; published 20 July 2012)

Spontaneous symmetry breaking plays a fundamental role in many areas of condensed matter and
particle physics. A fundamental problem in ecology is the elucidation of the mechanisms responsible for
biodiversity and stability. Neutral theory, which makes the simplifying assumption that all individuals
(such as trees in a tropical forest)—regardless of the species they belong to—have the same prospect of

reproduction, death, etc., yields gross patterns that are in accord with empirical data. We explore the
possibility of birth and death rates that depend on the population density of species, treating the dynamics
in a species-symmetric manner. We demonstrate that dynamical evolution can lead to a stationary state
characterized simultaneously by both biodiversity and spontaneously broken neutral symmetry.
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Neutral models have been proposed to capture the
statistical structure of tropical forests [1]. Even though
the approach is highly debated [2], the neutral hypothesis
has led to a general and fundamental framework to study
both the statics [3] and the dynamics [4] of ecosystems
using general tools borrowed from stochastic processes and
nonequilibrium statistical mechanics. The fundamental as-
sumption of neutral theory [1] is that within a trophic level
any individual or organism behaves independently of the
species it belongs to. In other words, the dynamics of the
system is unaffected by interchanging or permuting species
labels of individuals. By using this extremely simplifying
hypothesis, many empirically measured statistical patterns
can be well reproduced [3-5]. Going one step further, a
model can be symmetric—but, strictly speaking, non-
neutral—a generalization of neutrality, where the dynam-
ics may depend, for instance, on the local or global density
of individuals in a community, but no change occurs on the
behavior of a population and on its effects on others in
the community upon switching two arbitrary species’
labels [3]. In this Letter, we address the following issues:
(i) Within a generalized neutral framework—allowing
for intraspecific density-dependent demographic rates
[6]—are species able to coexist in a stable way up to the
temporal scale of speciation that eventually averts mono-
dominance and extinction? (ii) Can this generalized neutral
symmetry be spontaneously broken so that non-neutral
behavior of species can emerge from an underlying sym-
metric dynamics?

In order to illustrate this, we consider a simple stochastic
model, a variant of the (multispecies) voter model [7,8],
defined as follows: at every vertex of a regular lattice of
linear size L in d dimensions reside a fixed number M of
individuals belonging to one of § species. At every time
step, an individual is picked at random and killed, and its
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place is filled by copying one of its neighbors, selected
according to a probabilistic rule to be defined in detail
below. For illustration, let us consider a generic system of
S = 4 species and global dispersal where the neutral sym-
metry is not broken [see Fig. 1(a)]. The fraction of each
species’ population fluctuates around the same average,
1/4, and is statistically indistinguishable from the others.
Also, at stationarity, the four probabilities P;(n) to find the
ith species with population n are identical within statistical
errors. In this case, the dynamics of the ecosystem is not
changed by any permutation of species’ labels; however, if
each species has its own specific parameters for birth,
death, dispersal, etc., the dynamics is no longer symmetric.
This explicitly broken symmetry makes the previous sys-
tem of S = 4 species behave in a completely different way
[see Fig. 1(b)]. For instance, if a given species and the
remaining ones are identified by distinct sets of parameters,
the population fraction of one species fluctuates around a
given average, 2/5 in this case, whereas the other ones
fluctuate around a different average, 1/5. Even the proba-
bilities P;’s have distinct behaviors: three of them are
identical and the fourth is different, as shown in the left
inset of Fig. 1(b). Notice that the probability to find a
species with n individuals, P(n), irrespective of the species
identity, has a two-peak structure in the nonsymmetric
case. Unlike the symmetric case, a nonsymmetric model
is necessarily characterized by a much larger set of pa-
rameters, which make the approach unsuitable for under-
standing emergent phenomena (such as biodiversity).
However, we will show in the present study that it is
possible to define a symmetric theory from which the
behavior of non-neutral species emerge naturally on ap-
propriate temporal scales. This enables us to describe
species-rich ecosystems with a parsimonious set of pa-
rameters that allows species to coexist without the overall
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FIG. 1 (color online). Example of the evolution of a neutral
ecological model with four species with global dispersal (see the
main text) for (a) neutral symmetry. All the species are indis-
tinguishable and fluctuate around the average value 1/4. In the
inset (colors are the same as in the main picture), we show
the probabilities P;(n), and the superposition is perfect within
statistical errors. (b) Nonsymmetric dynamics. Species 1 has a
different set of birth and death rates with respect to the other
three species, and fluctuates around an average density of 2/5,
while the others fluctuate around 1/5. The probability P;(n)
differs from the others, as shown in the left inset; in the inset on
the right, the global probability P(n) is shown. (b) Spontaneously
broken neutral symmetry. Here, the system behaves differently,
depending on the observation window of its evolution: for small
time scales, the system appears nonsymmetric, whereas, for
longer time scales, the symmetry is recovered. Unlike case (b),
all the species show a bimodal distribution. The probability P(n)
in this case superpose virtually exactly on the probabilities P;(n).
The total population is N = 512 individuals for cases (a) and (b),
and N = 2048 individuals for (c).

symmetry characterizing the model. The idea that dynamical
symmetry among species can be broken is not new in popu-
lation biology. For instance, speciation can be interpreted
as a form of bifurcation [9]. However, here we introduce a
new concept in community ecology borrowed from the
statistical mechanics of phase transitions [10], i.e., sponta-
neously broken neutral symmetry. As shown in Fig. 1(c),
when the symmetry of the model is broken spontaneously,
species behave as in the nonsymmetric case on time intervals
shorter than the characteristic temporal scale, which will be
calculated later on. On larger time scales, instead, species’
identities can be swapped, and eventually neutral dynamics
is recovered. These large temporal scales are also compa-
rable to those at which speciation can occur thereby sustain-
ing biodiversity.

We now turn to the mathematical details of our model.
Let n¢ = 0 be the population at site x of the ath species,
where a = 1, ..., S, S being the total number of species.
Thus 35_, n% = M holds for all x, and the total number
of individuals in the whole community is N = ML?. In
the following, we shall also use the alternative variable
p% = n%/M, the fraction or density of individuals of the
ath species at site x. Suppose that at time ¢ and site x an
individual belonging to a certain species y is picked at
random for removal. Then, call B the label of the species of
the individual from one of the neighboring sites of x, say y,
selected to replace the individual. Note that the dynamics
keep the total population per site constant at every time
step. Thus, a generic n evolves according to

nd —nl® =nd + 5, (8P — 57). (1)
The effective transition rate for this process is proportional
to the population of the yth species at site x, n7, and to the
population of the Bth species in the chosen neighboring
site, nf . Mathematically, this means that the probability of
colonization is P(n} — ny) = Kzf n;{nf . If the propor-
tionality constant, K:{B , 1s chosen independently of the
population of species at x and y and independently of the
kind of species involved, we get a voterlike model [7,8]
with neutral dynamics (the standard voter model has
M = 1; ie., only one individual is allowed to live on
each site). In this case, regardless of the initial conditions,
an infinite-size system would inexorably evolve toward a
monodominant state, i.e., an absorbing state, where only
one of the § species survives. This is a trivial example of
spontaneously broken neutral symmetry. In a more realistic
perspective, however, different competing effects influence
species interactions favoring or hampering colonization
[11], such as, for instance, the Janzen-Connell effect in
tropical forests [12], stating that the reproduction rate of
a given species decreases with its local population size, or
the Allee effect, a positive density dependence in a small
density range [13,14]. Altogether, these effects may result
in an effective, in general nonlinear and nonmonotonic
[11,13,14] dependence on the population sizes, so that
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we encode in the proportionality constant nyyﬁ , NOW
dependent, in principle, on the population sizes at both
positions x and y. However, if the dynamics has to be
neutral or symmetric, then K%’,B (i) cannot depend explic-
itly on the species’ labels vy and B and (ii) can at best
depend only on the densities of species 8 and y. Indeed,
because the population of every site is fixed, we obtain the
constraint 3", .,p% = 1 — (p? + p?), which is valid for
every x and plays an important role in the calculations.
In order to keep the discussion simple, we consider the
case KZ,;B = ny(pf ), where pf represents the density of
species 3 at y replacing one individual of species 7y at x.
To get an insight into the evolution of the ecosystem
described above, following the standard approach for sta-
tistical mechanics systems, we assume infinite dispersal
or, equivalently, a well mixed system. This assumption—
referred to as the mean field limit in the physics
literature—is useful to simplify the treatment, while still
capturing the qualitative behavior of the model in any finite
dimension. In this case, the description is simple since
pl = p? forall y =1,...,S, the average birth rate of a
generic species v is proportional to p”()K(p” (1)), and the
time derivative of 2}3:1 p*(r) has to vanish. Thus, the
evolution equation for the average density p”(f) can be
derived by a standard Kramers-Moyal expansion [15] of
the master equation of our system up to the second order:

pr = Np”[(l — p")K(p") — Zp”K(p“)]
nFV

ola—mmren+ 3ok ]} e @

nFEV

where & = £(¢) is a Gaussian white noise 8-correlated in
time. Focusing on the deterministic evolution, we set
from here on &(¢) = 0. This is equivalent to neglecting
fluctuations—of O(1/N) smaller than the deterministic
term—in the analytical treatment. The simulations are
performed by means of Gillespie’s algorithm [16] consid-
ering directly the full master equation of the system.

The neutrality or symmetry of the dynamics is reflected
in the stationary states obtained when 4 p”(r) = 0. Note
that the drift term on the right-hand side of Eq. (2) cannot
be derived from a potential function, and therefore the
stationary states cannot be thought of as minima of an
analytical function. However, regardless of the form of
K, there are always S + 1 steady states: one neutral-
symmetric case, p” = 1/S, v=1,2,..., S, and S mono-
dominant situations, where only one of the p’s is 1 and the
remaining ones are 0. By using local stability analysis, one
can prove that the monodominant states are stable only
when K (1) > K(0), whereas the condition K’ (%) < 0 guar-
antees the stability of the symmetric coexistence. If the
function K(z) is linear, Eq. (2) has no other stationary
stable solutions. However, in a more general nonlinear
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FIG. 2 (color online). (a) (Red solid line) K(z) = 1, corre-
sponding to the standard voter model with many species.
(b) (Green dashed line) K(z) = a(b — z): This definition of the
function K(z) makes the symmetric state stable against pertur-
bations, and the monodominant states unstable, provided a > 0.
(c) (Blue dotted line) K(z) allowing S stable stationary states
where the neutral symmetry is spontaneously broken by one of
the S species.

case, new stable solutions can show up. It is this nonline-
arity that allows a spontaneous breaking of the neutral
symmetry. The simplest situation of coexistence within a
broken-symmetry scenario is obtained when a given spe-
cies has density ¢ > 1/S and all the other species have
the same density { = (1 — ¢)/(S — 1) < 1/S, which can
occur in S different ways. These densities correspond to
the stationary solutions of Eq. (2) if K(¢) = K({) and are
also stable when K'(¢) <0 and K'(¢) < —K'({)/(S — 1).
We now discuss three paradigmatic cases.

(A) K = constant.—This corresponds to the classic
voter model [7,8] [see Fig. 2(a)]. The deterministic evolu-
tion, given by Eq. (2), is trivial because any initial value of
the population of each species remains invariant across
evolution. However, the stochastic dynamics lead to a
monodominant state with only one surviving species, a
trivial case of spontaneously broken neutral symmetry.
For a finite system size, the time 7(N) to reach one of the
S absorbing states, starting from a random initial condition,
scales as 7(N) ~ N¢, where { =2, as shown in Fig. 3
(purple line) where log7(N) versus logN is plotted.

(B) K(z) = a(b — z) with a, b > 0.—This is a more
interesting case [see Fig. 2(b)], in which the colonization
ability of a given species at some position decreases as its
population—at the same position—increases (negative
density dependence), and becomes zero when it reaches
the maximum value b. Therefore, abundant species are
relatively not as effective in colonizing different regions
compared to those with small populations. The symmetric
state is the stable stationary state of the deterministic
evolution, whereas the S monodominant states are un-
stable. When the full stochastic dynamics is considered,
the symmetric stationary state is typically reached after an
initial transient (depending on initial conditions). Once
the stationary state is reached, it lasts for a typical time
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FIG. 3 (color online). Mean time to extinction 7(N) for the
three different definitions of K(z) in Fig. 2, calculated in the
mean field approximation and plotted in a double logarithmic
scale varying N from N = 100 to N = 1000. For K = const (red
solid line), 7(N) ~ N* with a = 2 (red dotted line) as expected
for a voterlike model, while the two cases of K = b — az (green
dashed line), where we chose a = 0.04 and b = 1.04, and K(z)
allowing for a spontaneous breaking of the neutral symmetry
(blue dotted line) show an exponential behavior 7(N) ~ eV,
In the inset, we show the same plot in a logarithmic-linear scale,
to emphasize the exponential growth.

7(N) ~ exp{kN}, as shown in Fig. 3 (green line), and then
the system evolves toward one of the S monodominant
states through a gradual extinction of species (observe that
this exponential behavior is at variance with what happens
in the K = constant case, where 7(N) ~ N¢). The constant
k >0 depends on the specific choice of K(z). The expo-
nential behavior can be easily understood by focusing
on the limiting case of § = 2 species, where a description
in terms of a potential exists. Introducing a density
dependence in the voter model dynamical rule generates
an effective potential in the equations of motion for p”,
v = 1, 2, that in the case of linear K(z) discussed above has
a minimum for p = 1/2 [17-20]. Thus, applying the well-
known Arrhenius law and noting that the stochastic term is
of order 1/N smaller than the deterministic part [see
Eq. (2)], we recover the exponential behavior for 7(N).
For time scales much smaller than 7(N) or for all times in
the infinite size limit, N — o0, an active stationary state
exists where all species symmetrically coexist. Therefore,
negative density dependence strongly enhances species
coexistence.

We have calculated the relative species abundance (RSA)
in the steady state, i.e., the probability P(n) to find a species
with population n. The population n”(¢) of the vth species is
followed for a sufficiently long time, and the frequency,
P?(n)An, in each interval (n, n + An) is recorded and the
RSA is obtained as P(n) = Y¥5_, P”(n)/S. In the neutral or
symmetric case, P” is independent of » and the corre-
sponding RSA is equivalent to those in Fig. 1(a). Note
that at variance with the K = constant case—where the
RSA is not well defined as a consequence of the lack of
metastable active states [21]—in the case K(z) = a(b — z)

[see Fig. 1(a)], we obtain a mode, as typically found
in the RSA of several tropical forests [1,3,4] and other
ecosystems [22].

(C) K(z) has the S shape shown in Fig. 2(c) [11,14] in
order to satisfy the stability conditions for the broken
symmetry scenario given above [this particular shape is
for convenience, but it is also valid for K(z) of the generic
cubic form K(z) = az® + bz*> + cz +d with suitably
chosen coefficients; note that a cubic nonlinearity in den-
sity dependence is usually called a Nagumo term and is
employed to describe populations experiencing the Allee
effect [13]]. Here, broken-symmetry coexistence is the
stable stationary state of the deterministic evolution.
Turning on the stochastic dynamics—after an initial tran-
sient—the system reaches one of the S stationary states of
the deterministic dynamics with broken symmetry. Again,
on a typical time scale 7(N) ~ exp{«’N}, there is gradual
extinction of species, till one gets a monodominant
situation. Once more, the constant ' > 0 depends on the
specific choice of K(z). When the system is in a broken-
symmetry case, the species whose density fluctuates
around the average ¢ > 1/ interchanges with one of the
S — 1 species fluctuating around the average { = (1 — ¢)/
(S — 1) < 1/S on time scales Tgyien(N) ~ exp{k,N}. Thus,
in a finite system N < o0 and on a time scale > 7 .cn(N)
the ecosystem looks neutral or symmetric; i.e., the species
behave like they were interchangeable. However, for time
scales << Tyicn(V) or for all times within an infinite
system N = oo, the neutral symmetry is spontaneously
broken and the ecosystem looks as if the species were
not all interchangeable. We have calculated the probability,
P”(n), that the vth species has population 7 on a time scale
smaller than 7., (V) so as to exhibit the characteristics of
a broken-symmetry state. The results are indistinguishable
from those of the case where there is no neutral symmetry
[Fig. 1(b)], in which we run the model with two different
functions K(z) depending on species label: for » = 1 we
set K(z) = K,(z) = a, — byz with a; =3 and b, = 2,
while for v =2,3,4 we set K(z) = K,(z) = ay — byz
with a, = 2.5 and b, = 1.5. The RSA for the spontaneous
symmetry breaking case calculated for time scales
>> Towiten (V) is displayed in the inset of Fig. 1(c), where
two peaks appear, showing that one of the species behaves
differently from the others. In a more general pattern of
spontaneous symmetry breaking, one can have up to S
distinct P”’s producing an S-peak RSA. Multiple peaks
would be resolved in the RSA depending on the width and
separation of the peaks: this scenario is consistent with
some recent studies on several different ecological com-
munities [23], pointing out the possibility of a multimodal
distribution of P(n) in real systems.

In conclusion, we have shown that a simple nonequilib-
rium microscopic model for a general S-species ecological
community driven by a density-dependent but other-
wise completely neutral or symmetric dynamics—i.e., the

038102-4



PRL 109, 038102 (2012)

PHYSICAL REVIEW LETTERS

week ending
20 JULY 2012

dynamic rules governing the stochastic microscopic pro-
cess are insensitive to the species’ labels—can show a rich
and stable heterogeneous biodiversity even at very long
times. The striking fact is that species can behave distinctly
by spontaneously breaking the neutral symmetry.
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