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Abstract Strong positive feedback is considered a necessary condition to observe abrupt shifts in ecosys-
tems. A few previous studies have shown that demographic noise—arising from the probabilistic and
discrete nature of birth and death processes in finite systems—makes the transitions gradual. In this
paper, we investigate the impact of demographic noise on finite ecological systems. We use a simple cel-
lular automaton model with births and deaths influenced by positive feedback processes. We present our
methods in a tutorial like format. Using the approach of van Kampen’s system-size expansion, we derive
a stochastic differential equation that describes how local probabilistic rules scale to stochastic population
dynamics in finite systems. We illustrate that as a consequence of enhanced demographic noise, finite-sized
ecological systems can show an ‘effective abrupt transition’ even with weak positive interactions. Numer-
ical simulations of our spatially explicit model confirm this analytical expectation. Thus, we predict that
small-sized populations and ecosystems, in response to environmental drivers, are prone to abrupt collapse

while larger systems—with the same microscopic interactions—show a smooth response.

1 Introduction

Several ecosystems exhibit alternative stable states [1-
4]. For example, in semi-arid ecosystems, a vegetated
state and a bare (or low-vegetation) state can co-exist
at similar values of mean annual precipitation. Simi-
larly, lakes can exist in turbid or clear states for the
same nutrient loading rates. Such systems with bistable
(or multiple stable) states can abruptly shift from one
state to another when they cross a threshold value
of the external driver. These systems also show hys-
teresis, i.e. the reverse transition occurs at a driver
value different from the conditions that caused the ini-
tial transition [1,2]. Therefore, restoration is often dif-
ficult and sometimes even impossible. To explain this
phenomenon, strong positive feedback within ecosys-
tems is often invoked as a mnecessary condition [5—
8]. Here, we illustrate how demographic noise arising
in finite systems can give rise to a bimodal distribu-
tion of ecosystem states—even without strong positive
interactions.

Organisms display positive interactions which enhance
(or reduce) each other’s fecundity (mortality). Many
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analytical and numerical simulation models incorporate
ecosystem specific positive interactions [5,8-15]. For
example, in semi-arid ecosystems, plants increase local
infiltration of surface water and reduce evapotranspira-
tion: the chance of germination and growth of a plant
in the vicinity of another plant is higher than that of
plant in a bare region. Such positive density dependence
on the growth rates—also called Allee effect—is an
important factor in maintaining multiple stable states
and in driving abrupt transitions between these states
[5-8].

Besides positive interactions, stochasticity also plays
an important role in determining ecosystem dynam-
ics and stability. Broadly, stochasticity is of two types:
environmental (extrinsic) stochasticity arising from
random fluctuations in the environmental drivers and
demographic (intrinsic) stochasticity arising from prob-
abilistic and discrete nature of birth and death of indi-
viduals in finite systems. We now understand that envi-
ronmental stochasticity can alter resilience and induce
shifts between bistable systems [3,16-19]. The effect of
demographic stochasticity on the resilience of ecosys-
tems has received less attention [18,20-24]. For exam-
ple, demographic noise may smoothen out abrupt tran-
sitions [21,22]. In contrast, some studies make an oppo-
site prediction too, i.e. demographic noise promotes
alternative stable states [24] and abrupt transitions [20].
Although demographic noise is now relatively well stud-
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ied in a number of ecological contexts [25-30], the pre-
cise role of finite population size on ecosystem dynam-
ics is not much explored. Furthermore, few studies show
how local interactions scale to demographic noise or dis-
entangle the effects of spatial interactions from demo-
graphic stochasticity on the stability and resilience of
ecosystems (but see [20,31-33]).

In this paper, we use a simple model of vegeta-
tion dynamics to explore how finite system size affects
ecosystem dynamics; we refer to the finite size descrip-
tion as mesoscopic dynamics. The manuscript is organ-
ised as follows, with an effort to make it pedagogical
and accessible to anyone familiar with the basics of
stochastic processes. In Sect. 2, we present a minimal,
cellular automaton model which incorporates local pro-
cesses of birth and death and positive feedback inter-
actions among individuals [8,34,35]. We then present
van Kampen’s system-size expansion method in Sect. 3
which yields a mesoscopic model, i.e. a stochastic dif-
ferential equation governing the system dynamics while
accounting for finite-size stochastic effects. Using this
method, we are able to relate microscopic interaction
rules to the structure of demographic noise at meso-
scopic scales. In Sect. 4, we show the results of the
model in the deterministic mean-field (i.e. infinite size)
limit. In Sects. 5 and 6, using analytical calculations
and numerical simulations, we show that strong demo-
graphic stochasticity caused by finite system size can
give rise to a bimodal distribution of densities, even
with relatively weak positive interactions. Finally, we
discuss various implications.

2 A minimal individual-based model for
ecosystem transitions

Our model is based on a statistical-physics inspired
cellular-automaton model of tricritical directed perco-
lation [34] that has been adopted in ecological con-
texts [4,8,35]. A two dimensional space is divided into
L x L = N discrete sites. Each site can take one of
the two states: empty (denoted by 0) or occupied (by
an organism; denoted by 1). We update these states at
discrete time steps using probabilistic rules of birth and
death, described below (see Fig. 1 for a schematic of the
update rules of the model).

2.1 Baseline reproduction

During each discrete time step, a site is selected ran-
domly, henceforth called the focal site. If the focal site
is empty, we make no update and choose another site
randomly. However, if the focal site is occupied by an
organism, one of its four nearest neighbours is selected
at random. This neighbour may be occupied or empty.
If it is empty, we implement the baseline reproduction
rule: the focal plant reproduces with a probability p and
establishes a new plant at the neighbouring empty site
(resulting in a transition represented as 10 — 11). In
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addition, the focal plant may die with a probability d
(represented as 10 — 00).

The baseline birth probability p of the plants (or
more generally an organism) per unit time can be
thought of as a parameter representative of external
factors like precipitation; we also refer to p as the envi-
ronmental driver and a reduction in p as increased
environmental stress. We interpret d as the density-
independent death rate; this is in contrast to the pre-
vious models where the death rate was assumed to be
1—p [4,8,34,35].

2.2 Positive feedback

If the neighbouring site of the focal site is occupied,
we implement the positive feedback rule: we randomly
pick one of the six neighbours of the pair as the third
site. If the third site is empty a plant germinates there
with a probability ¢ (represented as 110 — 111) or
the focal plant dies with a probability d (represented
as 11 — 01); the latter rule is implemented only if
there is no germination at the third site. The positive
feedback (i.e. ¢ > 0) has two effects: (1) it enhances
the birth rate of the plants, (2) it reduces the death
rate of the focal plant when its neighbouring sites are
occupied.

Therefore, a discrete step update may involve (i)
nothing if the focal site is empty, (ii) a basic repro-
duction rule if the chosen pair is 10, leading to
one of the four outcomes shown in the left panel
of Fig. 1 or (iii) a positive feedback rule if the
chosen pair is 11, leading to one of the two out-
comes shown in the right panel of Fig. 1. One time
unit completes after L? discrete updates such that
all the cells are selected, on average, once for an
update.

This model relates to the contact process, a well
known spatial stochastic process studied in the con-
text of infectious disease spread and population dynam-
ics [36,37]. Unlike the contact process, we assume that
reproduction by the focal plant and its death are not
mutually exclusive. We model birth and death as inde-
pendent processes and both can happen in the same dis-
crete time step, corresponding to the update 10 — 01
which occurs with a probability pd. Likewise, there is
a finite chance of neither of these events occurring,
corresponding to the update 10 — 10 with a prob-
ability (1 — p)(1 — d). Therefore, the update rules of
our model do not converge to the discrete formula-
tion of the contact process by setting ¢ = 0 and
d=1-np.

However, we stress that 10 — 10 and 10 — 01 tran-
sitions have no effect on the macroscopic density of
plants on the landscape. See Sect. 3 and Appendix A.
Hence, in the mean-field limit, our model with ¢ = 0
and d = 1 —p is equivalent to the contact process. Like-
wise, these transitions do not affect the doublet den-
sities either; therefore, the pair-approximation for the
contact process and our model with g =0andd=1—p
are identical (see Appendix B).



Eur. Phys. J. Spec. Top. (2021) 230:3389-3401

3391

p
01—-00=10—-00=d
10 - 10=01 - 01

* Chosen pair : 10 & Chosen pair : 11 7@
% : e — ¢ === ;%f‘
Initial lattice
/ \ / £
- 12
e e
* g o & | o @ % b d
* N a * | = @ | | *
d ~ = I < ! |
* < * ® | |
3 e L1 e 3
E3E3 *r ® Lo &% | [» 2 3
10 — 00 10 =11 g0 110 - 11 1 —- 10
ol a
il
T T [ [ & o 2
% . s ] 3 ; Neighbours
! 1 of a pair Transition Probabilities
: . .g £ : . babiliti
< 5 = = 1
2 HER) 2 | GO 1 —01=11 - 10 = (1-g)d
(22 | | ** ® & | eO0O® 10— 11 =011 =111 =¢
10 — 10 10 — 01 : OO0
i
=
Neighbours of - e 1
an individual Transition Probabilities o |
©
@ 01—11=10—11 m:
I

10— 01=01—

= (1-p)(1-0)
10 = pd

Fig. 1 Schematic of the model update rules. Left panel
shows the baseline reproduction process as implemented
when the neighbouring site of a focal plant is empty. Right
panel shows the positive feedback process which is imple-

3 Mesoscopic dynamics: coarse-grained
population level model with demographic
noise

Mean-field approximation of stochastic cellular-
automaton models is constructed in the macroscopic
limit (N — o0); thus, apart from spatial interactions,
it fails to account for the stochasticity arising from finite
system sizes. We use van Kampen’s system-size expan-
sion method to address this limitation [25,38,39]. We
note that our model exhibits an absorbing state at zero
density, i.e. when all cells are unoccupied. See [40,41] for
improvements over van Kampen’s system size expan-
sion in describing the dynamics of a system close to an
absorbing boundary.

We further remark that the dynamics of the cellular-
automaton can be described by a state variable n which
is the the absolute number of occupied sites on the lat-
tice, and hence n € [0, N]. Here N is the size of the sys-
tem, i.e. the number of sites on the lattice. We define
density as p = n/N and hence can take discrete val-
ues in the range 0 and 1, separated by 1/N. Below,
we consider an approximation to obtain the mesoscopic
dynamics of the density under the assumption that it
can be approximated as a continuous variable p.

mented when the neighbouring site of a focal plant is occu-
pied. (This schematic adapted with modification from Fig.
1 in the Supporting Information for [8])

3.1 Deriving the mesoscopic model with system-size
expansion

We wish to describe the dynamics of a scalar variable p,
representing the proportion of occupied cells or density
of the landscape. Assuming that in a finite system of
size N the stochastic update rules are ‘birth’ or ‘death’
like events, which may change p to p + % or p — %,
the master equation to describe the temporal evolution
of the probability distribution of p at time ¢ [42,43],
denoted by P(p,t) is

9P(p.1)

o = 2Tl P, t) = T (o) Pp. )]

p'#p
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where T'(p|p’) is the transition rate from the state p’ to
state p, which in turn depends on the stochastic update
rules of the model.

To simplify the above master equation, we follow
[28,39] and define the step operators et and e~ that
have the following effect on a continuously differentiable
single variable function h(p)

e h(p) =h <p+ i,) ¢ h(p)=h (p - ;) :

For brevity, we denote the transition rates that corre-
spond to birth and death as T and T, respectively,

TH(p) =T <p+ i,lp)

T (p) =T (p— ;,m) -

Using these operators and the abbreviated notation
for transition rates, we rewrite the master equation (1)
as

OP(p,t) _ (7 =1)T"(p)P(p,t)

ot
e = )T ()P (2)

Assuming large N, the step operators are approxi-
mated with a second-order Taylor series:

10 1 02
+ ~
eThip) ~ |1+ + vz 7 h(p). (3)

N Op

Substituting Eq. (3) in Eq. (2), distributing terms
and rearranging, we have

oP(p,t) 10

o~ T Nop (T (p) =T~ (p) P(p,t)]

1 02

N LT +T7(0) P(p.1)].

To ease the notation, we make the following substi-
tutions

9(p) = /TH(p)+T(p). (4)

Next, we rescale time as ¢ = Nt’ and drop the prime
to obtain

flp) =T (p) =T (p)

2
L) — 2 1P 0]+ 5y g 900 P(0.).

This is the Fokker—Plank equation (FPE). For a given
stochastic process, FPE describes the time evolution
of the state variable’s probability distribution P(p,t).
The function f(p) and g(p)? are called the drift and
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diffusion coeflicient, respectively. If we wish to analyse
individual trajectories, we must construct a stochastic
differential equation (SDE) for the state variable. For a
given stochastic process, the SDE and FPE are closely
related [42,43]. The Ito sense SDE corresponding to the
the FPE (5) is given by [42,43]

do _

L= 10+ —=g(opn), (©)

VN

where 7(t) is a Gaussian white noise with (n(¢)) = 0
and (n(t)n(t')) = 6(t — ¢'). Equation (6) together with
Eq. (4) constitute the mesoscopic description of the
microscopic stochastic model. The stochastic term in
this description has two features: First, the noise is mul-
tiplicative, i.e. the strength of noise depends on the cur-
rent value of the state variable p. Second, the strength
depends inversely on the system size N.

3.2 Mesoscopic dynamics (SDE) of our model

For a well-mixed system, specifying the transition rates
is a straightforward application of the law of mass
action: the rate of reaction is proportional to the con-
centration of the reacting species. Applying the approx-
imation of well-mixed system to our model, we obtain
the following transition rates:

T(p) =T <p+ %Ip) =p(L=pp+p°(1=p)g, (7)
T (p) =T (p - %\p) =p(1—p)d+p*(1—q)d. (8)

In Eq. (7) we have used the fact that the density
can change from p to p + % in two ways: 01 — 11
with a probability p or 011 — 111 with a probability
g. Similarly, in Eq. (8) the density can change from p
to p — % in two ways: 10 — 00 with a probability d or
11 — 01 with a probability (1 — ¢)d. See Appendix 1
for further detailed steps on well-mixed or mean-field
approximation.

We emphasise that reactions 01 — 01 and 01 — 10
have no effect on p, hence they do not appear in the
master equation.

Substituting Eqgs. (7) and (8) in Eq. (6), we obtain
the mesoscopic SDE for our model, interpreted in an
Ito sense,

d
£=(p—d)p—(p—q—qd)02—qp3

+% Vp+d)p—(p—q+aqd)p>—qp3nt), (9)

where 7(t) is a Gaussian white noise with zero mean
and a unit variance.

The mesoscopic SDE (9) has two terms: The first
term is the deterministic part and is same as the mean-
field approximation (see Appendix 1). The second term
is the stochastic part, where the strength of noise
depends on the state of the system (p) and is inversely
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related to the system size N. Therefore, via Eq. (9) we
are able to capture the defining feature of demographic
noise—discrete and probabilistic nature of birth and
death in finite systems.

3.3 Solving the Fokker—Planck equation

In the above derivation, we have assumed that the drift
and diffusion coefficients are not time dependent. In
such a case, we can in principle obtain the steady-state

probability distribution function Pys(p)—if it exists—by

setting % = 0in Eq. (5) and invoking appropriate

boundary conditions. If we have natural boundaries at
the edges of the interval of our interest (i.e the vari-
able is restricted to this interval), we can then solve
the resulting ordinary differential equation under the
no current condition at the boundary. This yields

P = A (- 2000)). (10)

o2

where U(p) is referred to as effective potential and is
given by [43,44]

[P = a%g(0)g ()
U(p) = / I gy )

where pg is an arbitrary point in the domain on which
we wish to study the stochastic process. A is a normal-
ization constant.

Bifurcation diagrams that show the steady states
of the system are typically described for mean-field
deterministic systems (but see [16]). When we have
a stochastic process, we can only speak in terms of
most probable/least probable states of the steady-state,
assuming a steady-state exists for the system. Following
[44], we find the most probable/least probable states via
extrema of Py(p). If an extremum is a mode of P, it cor-
responds to a most likely state which can be considered
equivalent to a stable state subject to perturbations. On
the other hand, if an extremum is a minimum of P;, it
may be interpreted as an unstable state from which the
system is kicked out, so to speak, by stochasticity.

However, the model we have presented here and the
associated mesoscopic SDE describe a stochastic pro-
cess that has an absorbing boundary at p = 0, i.e once
the system reaches this boundary, it cannot reflect back
into the region from which it arrived. The other bound-
ary is at p = 1, which is a reflecting boundary. Tech-
nically, for such systems, a steady-state normalisable
probability density function does not exist. However,
we can still use this function to gain insight into the
dynamics of the system sufficiently far from the singu-
larity at p = 0; we will denote the non-trivial solution
of the FPE for our model as F(p) in all subsequent
invocations.

In this spirit, we plot the extrema of Fy as a function
of p, for different values of N (Fig. 3). The modes are
shown (each with a different color) as solid lines while
the minimum is shown as a red dashed line.
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4 Mean-field approximation shows that
positive feedback promotes alternative
stable states in infinitely large systems

Considering the macroscopic limit, i.e. N — oo, the
stochastic differential equation converges to an ordinary
(deterministic) differential equation given by

dp

5 = —dp- (p—q—qd)p” —qp®.  (12)

The equilibria and associated stability of the mean-
field model is found by setting dp/dt = 0 and perform-
ing linear stability analysis [45] on the resulting steady
states (see Appendix A). One of the equilibria is a bare
state px = 0. The bare state is stable when p < d and
unstable for p > d. In other words, when the baseline
birth rate p exceeds a critical threshold of p. = d, the
system in bare state undergoes a transition to a vege-
tated state (p* > 0).

The nature of the transition as a function of p, how-
ever, depends on the value of the positive feedback
parameter g. The transition from a bare state to a vege-
tated state, as a function of p, is a continuous transition
for0<g¢g< #‘lw i.e. low values of ¢. In other words, for
ecosystems with weak positive interactions, the transi-
tion from a vegetated to a bare state with deteriorating
environmental conditions is gradual (Fig. 2A).

For systems with strong positive feedback, specif-
ically ¢ > ¢ 1_%, the transition between bare
state and the vegetated state is a discontinuous func-
tion of p (Fig. 2B). Here, for a range of driver values

o 2
Dey; < P < Pey, Where p., = d—w and p., = d,

we find three equilibria; a stable bare state (solid black
line in Fig. 2B), an unstable intermediate vegetated
state (dotted red line in Fig. 2B) and a stable large
vegetated state (solid blue line in Fig. 2B). The value
of parameter p at which the stable and unstable veg-
etated states meet and cease to exist, denoted p.q, is
referred to as a saddle-node bifurcation.

If a system is in the vegetated state and the driver
value reduces below the critical threshold of p.1 (< d),
the system collapses from a vegetated state to the bare
state. Likewise, when the driver increases above the
threshold p.o = d, a system in bare state undergoes an
abrupt transition to a vegetated state. These transitions
are also referred to as abrupt regime shifts, catastrophic
shifts, tipping points or critical transitions [2,46]. We
also note that the system exhibits hysteresis; i.e. the two
abrupt transitions occur at different threshold values of
p. Furthermore, depending on the initial condition, the
system may reach either the bare state or the vegetated
state.

The threshold value of positive feedback at which
the type of transition changes from smooth to abrupt
(¢ = ﬁ'ld) is called the tri-critical point. The region of
bistability, i.e. the range p., to p.,, increases with the
strength of positive feedback q.
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Fig. 2 Mean-field model shows continuous transition (A)
or abrupt transition (B), depending on the value of the pos-
itive feedback parameter q. Black, blue and red curves show
the three equilibrium densities. Solid lines are the stable
states and dotted lines are the unstable states. For low val-
ues of positive feedback (¢ < ¢¢), the system shifts from
a vegetated state to a bare state (p = 0) continuously at
pe = d. For strong positive feedback (¢ > ¢¢), two stable
states exist for a range of parameter value: pea — Pet- When
(Pc; —q—qd)

17 , hence

p is reduced below a threshold (p., = d—

Figure 2C summarises the mean-field predictions of
our model, as a function of environmental driver (base-
line birthrate p) and positive feedback parameter (q).
It shows that vegetated systems with strong positive
feedback can survive in harsher environmental condi-
tions (i.e. for lower values of p than the critical thresh-
old of continuous transitions; note that p.; < d). How-
ever, systems with strong positive feedback are also
prone to collapse as a function of changing environ-
mental conditions. In other words, large positive feed-
back among individuals promotes bistability in ecosys-
tems. These mean-field approximation results and inter-
pretations of our model are consistent with the litera-
ture on spatial ecosystem models with positive feedback
[7,9,47,48], which often incorporate models of ecosys-
tems with many more parameters (but see [4,8]).

5 Demographic noise can lead to a bimodal
distribution of densities even with weak
positive feedback

To investigate the effects of demographic noise in finite
systems, we solve for Fy(p) (see Sect. 3.3) for the case of
our model where ¢ = 0. We use Fy(p) instead of Pi(p)
to emphasize that Fy(p) is a non-normalizable function.
In the FPE,

% _ ‘a% [((p— d)p — pp®) F(p)]
+%§—p2 [((p+d)p—pp°) F(p)] (13)
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lower than d), the system shifts from a vegetated state to
bare state abruptly. The reverse transition occurs at the
Pe; = d (C) shows the stability diagram of the mean-field
model for all values of p and g. Solid line shows the critical
thresholds (pe1) below which only bare state is stable. Black
dot represents the tri-critical point at which the nature of
transition changes from continuous to abrupt. The region
between the solid line and the dotted line has two states.
Here, d is kept fixed as 0.3

the strength of demographic noise is proportional to
ﬁ' In the mean-field limit of the ¢ = 0 case, the

escape time [43] from both the active phase (stable,
when p > d) and the absorbing phase (stable, when
p < d) is infinite, i.e. they are asymptotically stable in
the respective ranges.

However, when N is finite, we find the following: (i)
the threshold value of p at which the vegetated state
(the non-zero mode of Fy(p)) ceases to exist is larger
than the mean-field threshold (i.e p.(N) > d), and
(ii) the absorbing phase is asymptotically stable for the
entire range of p.

This has the following implications: (1) a finite sys-
tem has a non-zero probability of collapse from a vege-
tated state to the bare state, and (2) for a given value
of p and d that sustain a non-zero mode for Fy, the
probability of collapse from the vegetated to the bare
state is higher for a smaller system.

Therefore, due to finite-size effects that manifest
via enhanced demographic noise, we predict small sys-
tems exhibit a bimodal distribution of densities and an
abrupt collapse of the system from the non-zero density
to a bare state.

We caution that we have not demonstrated that this
abrupt collapse is equivalent to a first order phase tran-
sition. However, we demonstrate that the bimodal dis-
tribution of density leads to an ‘effectively discontinu-
ous transition’.

6 Numerical simulations show similar
effects of demographic noise

To verify if we observe these effects in spatially
explicit systems that are finite, we conducted numer-
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Fig. 3 The vegetated state and the bare state can coexist
via a bimodal distribution of densities in finite systems. For
finite N, the trivial steady-state solution of the FPE is a
delta-function at p = 0 for all values of p (solid black line
in A and B). When we consider the non-trivial solution Fj
(see text) of the FPE, a non-zero mode—denoting a veg-
etated state (solid blue lines in A and B)-—appears when

(A)

the baseline birth probability p is greater than a thresh-
old value. This mode co-exists with the divergence at p = 0;
they are separated by a minimum denoted with a red-dashed
line. In the N — oo limit (C), steady-state density shows a
continuous transition, which is consistent with the transcrit-
ical bifurcation that can be obtained from a linear stability
analysis of the mean-field model. Here, d = 0.3 and ¢ =0

(B)

“l S S
> 100 = E
\ NS > >
o 0 S =}
(V) o o
ey 0.55 o L
(}/ 0.50 Y p) = -
< 0.50 ~ g.40 'y p(oba
e DT
2"
©)
0.50 0.50
— =16 L=32
__0.251 ' 0.25
*
Q |
< i I y
I I v d
= I I o
2 ] 1 L1
3 040 0.45 0.50 0.55 0.60  0.40 0.45 0.50 0.55 0.60
)
=  (E) (F)
+ 050 0.75
©
©
9] 0.50
o+
(2]
0.25
0.45 0.50 0.55 0.60 0.4 0.6 0.8 1.0

baseline birth probability (p)

Fig. 4 Numerical simulations of the spatially-explicit
individual-based model confirm bimodality for finite-size
systems. A L=16 (or N = 16 x 16). Region between p = 0.45
to p = 0.5 shows bi-modality. Furthermore, a range of den-
sities with zero-probability of occurrence is evident between

the non-zero mode and the mode at zero. B L=128 (or
N = 128 x 128). There is no sign of bi-modality and the
transition from p* = 0 to p* > 0 is much smoother. C, D,
E and F show phase diagram constructed from numerical
simulations for different system sizes in two dimensions
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ical simulations of our cellular automaton model using
the stochastic update rules described in Sect. 2. We
display the results in Fig. 4 for many system sizes
N = LxL. For all parameter values (except for p > 0.65
in L = 512, where we simulated 10,000 time steps), we
run the simulation for 1 million time steps. We chose
four system sizes: 16x16, 32x32, 128 x 128 and 512x512
for the purpose of illustration in Fig. 4. For the system
size 16 x 16 (i.e. L = 16), for each value of p we con-
struct a normalized frequency distribution of density
based on 10,000 independent realizations (Fig. 4A). For
L = 128 (hence, N = 128 x 128), due to computational
constraints, we calculate frequency distribution based
on 100 realisations only (Fig. 4B). We then plot the
average density for L = 16 (Fig. 4C), 32 (Fig. 4D), 128
(Fig. 4E), 512 (Fig. 4F) based respectively on 10,000,
2000, 100 and 100 realisations as follows: for each p, the
upper arm was constructed by culling the realizations
that fell into the absorbing phase (p = 0) and calculat-
ing the mean of the densities of the remaining realisa-
tions. The lower arm (p = 0) was plotted if at least one
realization with p = 0 was reported. This method gives
a well defined bimodal region for each L.

Our numerical simulations confirm the qualitative
predictions of the analytical results based on system-
size approximation: (1) small systems exhibit bimodal
frequency distribution of density (Fig. 4A, C, D), (2)
the vegetated state abruptly ceases to exist when p is
less than a threshold value (Fig. 4C-E); this thresh-
old value is larger for smaller system sizes, (3) the
region of bimodality reduces with increasing system size
(Fig. 4C-D).

We observe a sizeable range of p in which the absorb-
ing phase is never reached, even in systems as small
as L = 16. Although this may be attributed to finite
runtime of our simulations, it is nevertheless a plausi-
ble feature of real ecological systems when the time to
reach a steady state is large. For large systems, the tran-
sition from vegetated to bare state is much less abrupt,
and for L = 512, becomes continuous for all practical
purposes (Fig. 4B, F).

7 Discussion

In this study, we used a spatially explicit individual-
based model to investigate the role of demographic
stochasticity in ecological transitions. Using analytical
methods and numerical simulations, we showed that
finite-size effects on demographic noise can result in a
bimodal distribution of densities, thus potentially caus-
ing stochasticity-driven abrupt transitions, even with
weak positive feedback mechanisms.

Our conclusions are broadly consistent with the
results in the ecology literature, which has extensively
looked at the role of stochasticity in population extinc-
tions. Specifically, these studies conclude that demo-
graphic stochasticity can induce Allee-like effects, in
which populations smaller than a threshold size are
likely to go to extinction [20,32,33]. However, these
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studies write a continuum description for the system.
In contrast, using the system-size expansion, we show
how the local microscopic update rules scale to meso-
scopic dynamics of the population. This allowed us to
explicitly capture the effect of finite system size in the
stochastic term. Our derivations show that the stochas-
tic term is multiplicative, depending on both the state
variable density (p) and the system size (N); this is

of the form ﬁ\/p—i— O(p?). However, most previous

studies include density effects via a /p term alone
[21,49-52] and do not consider the effect of system size.

The variance of the white noise process driving the
mesoscopic dynamics is proportional to 1/N, the small-
est possible increment/decrease in density in a finite
system of size N. Decreasing N increases the rela-
tive role of stochasticity in determining trajectories
by reducing the range and increasing step-size of the
stochastic process associated with n (the absolute num-
ber of individuals). Finiteness brings the vegetated
state closer to the absorbing boundary at p = 0. Trajec-
tories that are closer to the absorbing boundary lead to
a higher probability of a collapse to a bare state. Thus,
apart from finite system-size, considering the effect of
boundary conditions on the dynamics of the system is
important.

Environmental noise is another form of stochasticity
important for determining ecosystem dynamics. Sev-
eral studies have shown that large environmental noise
can induce abrupt transitions in ecosystems before it
reaches the critical threshold [3,16,53,54]. However, in
some cases [50], environmental fluctuations can change
the stability landscape and induce resilience. The com-
bined effect of demographic noise and environmen-
tal noise needs to be carefully investigated to obtain
insights for the management of ecosystems [55].

Abrupt transitions in our model must not be confused
with a first-order phase transition occurring at a criti-
cal point. In the physics literature, phase transitions are
defined at the thermodynamic limit while our focus here
is on finite systems. We think that explicitly accounting
for finite system sizes is important for gaining insights
into ecological applications, for no ecological system is
infinitely large. Furthermore, habitat fragmentation is
likely to lead to many patches of small sizes where finite-
size induced demographic noise can not be ignored. By
virtue of having their dynamics restricted closer to an
absorbing state (bare state in our model), these sys-
tems are prone to an abrupt collapse. In the absence
of early mitigation, restoration would in principle have
to ensure a non-negligible re-establishment seeding and
a significant improvement of environmental conditions,
to ensure that the system is pushed back into a growth
dominated regime.

A plethora of recent studies have investigated the
possibility of forecasting abrupt transitions, using the
idea of early warning signals [17,23,46,56—63]. Can sim-
ilar early warning signals be constructed for systems
with demographic noise? Investigating this and other
related questions is a possible future direction.
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Appendix A: Mean-field approximation

To write the mean-field equation for the dynamics of the
model, we assume infinite size and no spatial structure in the
ecosystem, meaning each site in the system is equally likely
to be occupied. The probability of any site being occupied
is same as the global occupancy. Therefore, the transition
rates in this model are as follows. Transition rate for a site
to change from 1 to 0 :

w(l—0)=d(l—p)+(1-q)dp
(Here d is the death rate, not the symbol for a differential).
Similarly, transition rate from 0 to 1:
w(0— 1) =pp+qp”.

Probability of finding a site in occupied(1) state : P(1) = p
and probability of finding a site in state in empty(0) site:
P(0) =(1-p)
The master equation can then be written as:
dP(1)
dt

Substituting the above transition rates,

d

d{; =f(p)=(—dp—(p—q—aqd)p’ —ap’.
For simplicity, the above equation can be written in terms

of a, b and c as:

=w(0—1)P(0) —w(1l — 0)P(1).

(14)

(15)

where a = p—d, b=p— q— qd and ¢ = ¢q. At equilibrium,

% = 0. This gives the following equilibria:

b b2 a b b2 a
* _ «__ 0 JO0 a xk__°0 _ o a4
pr=0,0" = 2c+ 402+Candp 2c 4c2+c

We call these solutions as po , pa and pp respectively. For
the above equilibria to be stable, f'(p*) < 0.
From (15), we get:

f(p) = ap — bp® — cp’,

f'(p) = ap—bp* —cp

f/(P)|po =a
b2 a b2
4 —_— - [ — p— PR
f (p)lpA - 2a 2¢ + c + 402
b2 a b2
4 P N — p— PR
f (p)lpB - 2a 2¢ c + 462 (16)
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In this analyses, we consider ¢ > 0 because ¢ = ¢ in our
model which is a probability. From the above three equilib-
rium densities, only real and positive solutions are realistic.
Therefore, we will reject the negative solutions. For the non-

. 2
zero solutions to be real, a > 727

Case1: b >0

. . . 2
In this parameter region, given a > —&

1> PB is always neg-
ative. Therefore, the mean-field equation has only two solu-
tions po, which is stable for a < 0 and pa, which is stable for
a>0.Ata=0, pa =0 and it increases monotonically after
that. The mean-field system undergoes a continuous tran-
sition (also called second-order transition or trans-critical

bifurcation) at a critical point a = 0 for all values of b > 0.

Case 2: b< 0

In this parameter regime, po is stable for a < 0 and unstable
for a > 0. pp is real and positive only when fTb: <a < 0and

it is unstable in this regime. p4 is stable for a > 1—1":2. Ata =

’4’12, pa = %. The mean-field system shows a saddle-node
bifurcation at the point (a, p*) = (1”62 , %) The transition

from an active phase (vegetated state) to absorbing phase
(bare state) is discontinuous.

In the mean-field approximation, our model undergoes
a continuous transition when b > 0 and a discontinuous
transition when b < 0. The system has a tri-critical point
at a = 0,b = 0 where the nature of transition changes from
continuous to discontinuous. Now, translating it back to our
system (Eq. 14) with parameters p,q and d,the tri-critical
point occurs at p; = d and ¢ = #‘ld. For ¢ < ¢, continu-
ous phase transition occurs at p. = d. However, the critical
point (pc, ) decreases as a function of ¢ when ¢ > g;. There-
fore, in discontinuous regime, the vegetated state can sus-
tain harsher conditions represented by low values of p when
strength of positive feedback among plants is high. However,
when the external conditions pass a threshold, the system
collapses abruptly to the bare state.

Appendix B: Pair approximation

In the mean-field approximation, we assumed that each site
on the lattice has equal probability of being occupied by
a plant and that there are no spatial fluctuations in the
system. We now incorporate the local spatial effects in the
master equation. We assume that the probability of occu-
pancy of a site depends on the state of its nearest neigh-
bours. Therefore, we introduce conditional probability g;;
defined as probability that a site is in state i given its nearest
neighbour is in state j. In this approximation we have sin-
glet density p1 (same as mean-field approximation) and an
additional doublet density (p;;) defined as the probability of
a site being in state ¢ and its neighbour being in state j. The
pair ij has the following properties in this approximation.

pij = pji Pij = Pi Qjli 4jli = 1 — Q- (17)
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Note that ¢ and j can be 0 or 1. For singlet density (p1),
the master equation can be written as:

% =w(0—1)po —w(l — 0)p1. (18)

The transition rates w(0 — 1) and w(1 — 0) are defined
as follows:

w0 —=1)=paqo+4qqo a1
and w(l—=0)=dg—(1—q)daqp. (19)

Here p is the baseline birth probability, ¢ is the positive feed-
back parameter and d is the death probability. Substituting
Eq. (19) in Eq. (18) and using the fact that p;; = pj; and
pij = pi q;1i (Eq. 17) we obtain the following form for the
master equation

d
% ={paopn+q a1 g1 —dgp—(1—q)daqn}p.
(20)

Similarly, for the doublet density (p11), the master equa-
tion can be written as

dp11
dt

= w(10 — 11)p10 + w(01 — 11)po1

—w(11 — 01)p11 —w(11 — 10)p11
= 2{w(10 — 11)p1o} — 2{w(11 — 10)p11}. (21)

The transition rate w(10 — 11) is defined as
1 z—1
w10 = 11) = = p+~—— p qipo
z z
1 z—1
+; qqi1+ — 4 Qo @ (22)

Here z is the number of nearest neighbours. The first term
represents the rate of the event in which the 1 in the pair
10 reproduces at 0 with probability p. The second term rep-
resents the rate of the event in which a neighbour of 0 in
the pair 10 other than the 1 in the pair is also 1 (we call
such neighbours as non-pair neighbours; this occurs with
probability ¢i)0) and it reproduces at 0 with probability
p. The next two terms represent the growth rate due to
positive feedback. The third term represents the event in
which a non-pair neighbour of the 1 in 10 is also occupied
(this occurs with probability ¢i}1) and a birth occurs with
enhanced probability g at 0 of the pair. The last term rep-
resents the event in which a non-pair neighbour of the 0
in 10 is occupied (this occurs with probability g;j) and its
next neighbour is also occupied (this occurs with probability
¢1)1) and a birth occurs at the 0 of the pair with enhanced
probability gq.
Similarly, we define the transition rate w(11 — 10) as

lﬂ—wd

z

+

w(11 — 10) =

z—1

-1
(1-q)d g+ ——dan. (23)

The first term represents the rate of the event in which a
1 in the pair 11 dies with a diminished probability (1 — ¢)d
due to the facilitative interaction with the other 1 of the
pair. The second term represents the rate of the event in
which a non-pair neighbour of 1 in the pair 11 (which we
call focal to distinguish it from the other 1 of the pair) is
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occupied (this occurs with probability gi1) and the focal 1
dies with a diminished probability (1 — ¢)d due to the facil-
itative interaction with this non-pair neighbour. The third
term represents the rate of the event in which a non-pair
neighbour of the focal 1, is 0 (this occurs with probability
qoj1) and the focal 1 dies with probability d.

Substituting Egs. (22) and (23) in Eq. (21), the master
equation for the doublet density takes the following form

dp11
dt

1 z—1
:2{{*174‘717 q1)0
z z
_’_1 " z—1 )
zq q1)1 — q q1j0 q1|15P10
1 z—1
*2{{;(1*@ d+ 7(1*(]) d qip

-1
) o

We are interested in two dimensional landscapes modelled
by a square lattice. We use a von-Newmann neighbourhood
(z = 4) in all our analyses. Note that using the properties
in Eq. (17), we may write p1o = (qoj1/q1)1)p11. Further, we
may write ¢1)3 = 1 — goj1. Substituting these in Eqs. (20)
and (24) we obtain

ey
dt R
dpi1
=M
T 11011

M and M, are defined as follows

M =pqgop +9q (1 —qop1) qop
—d qo1 — (1-q)d (1- QOll) (25)

1 Qo1
My =2(2pdon 2 _don
" ( i (1 —qo) 4P e (1 —qop)

L3
4q qo|1 4q q1|0 901

(-9 da-gaa-a

3
+ZQO\1 d ) (26)

p1 = 0 and p11 = 0 give the trivial equilibria. In addition,
M; = 0 and M1 = 0 provide other equilibria of the system.
To ease the notation, we substitute go;; = a in Eq. (25), set
M; = 0 and simplify to obtain a quadratic equation in a

qaz—[p+q(1—d)]a+d(1—q):o. (27)

Assuming g # 0, the two solutions ay and a_ are:

p+a(t—d)+/lp+a(l — D) — g1 - )d

a4 = 2 ) (28)
__ptai-d- ¢[p+2qq<1 —OF -dd-ad o

Now, we substitute go;; = a and ¢;)p = b in Eq. (26), set
M;i; = 0 and simplify to obtain a solution for b assuming
3alp +q(1 —a)] £0

_(-a){(1—q)d[1+3(1—a) +aBd—q)} —pa

b 3alp + q(1 - =)

(30)
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Fig. 5 Bifurcation diagram obtained by pair approxima-
tion analysis. A and B show the continuous and discontin-
uous transitions at ¢ < q; and g > ¢; respectively. C is the
full phase diagram as a function of ¢ and p.The black dot

Density (p1) can be calculated from go;; and g1} as fol-
lowing

Pr0 _ pPor _ Po 410

pL = —7 = —
qo|1 qo|1 qo|1
P1 qoj1 = (1—p1) q1jo
b
L= dijo _ . (31)
Qo1 +qo a+b

Therefore, the steady-state density can be calculated from
Eq. (31) where a and b can be obtained from Egs. (28), (29)
and (30).

Case 1: No positive feedback (¢ = 0)

The master equation for the singlet and doublet density
reduces to the contact process when ¢ = 0 [64]. We know
that the contact process model undergoes a continuous
phase transition [65], where density of active cells (vege-
tation density in our case) decreases to zero continuously.
Therefore, at the critical point (p.), the density (p1) goes to
zero. Substituting ¢ = 0 and p = pc in Eq. (27)

—-pca+d=0 = a= i
Pe
Because p1 = 0 at p = pc, Eq. (31) implies b = 0. Sub-
stituting ¢ = 0, p = pc, a = d/p. and b = 0 in Eq. (30),
assuming d # 0 and simplifying we get

4
Pc = gd
Thus, given that the contact process exhibits a continuous
phase transition, the pair approximation predicts a critical
point p. = %. This result is consistent with the results of
[64].

(32)

Case 2: With positive feedback (¢ > 0)

Now, we investigate the role of positive feedback on phase
transition in our model. For ¢ > 0, a will have two solutions
given by Egs. (28) and (29). Therefore, substituting these
in Eq. (30) to obtain b and then substituting a and b in
Eq. (31), vegetation density will have two non-zero values
for some values of p and d. From mean-field approximation,

baseline birth probability (p)

represents the tri-critical point ¢ = ¢: at which the nature
of transition changes from continuous to discontinuous. The
region between solid and dotted black lines is the bistable
region

we know that one of these solutions is stable and the other
is unstable. The region in parameter space where these two
solutions (one stable and one unstable) coexist and are pos-
itive will show the discontinuous transition. Indeed for a
fixed d = 0.3, the system shows continuous transition for
low values of ¢ and discontinuous transition for high values
of q.

We define the critical point p = p. as the point where
vegetation density drops to zero. At the critical point for
discontinuous transition, two non-zero solutions of p; (one
stable and one unstable) meet. This occurs where determi-
nant in Eq. (28) or Eq. (29) vanishes.

[pe + (1 — d)]* — 4¢(1 — ¢)d = 0.

Since p¢, q and d are non-negative, we have

4g(1 — q)d — (1 — d)q.

At the tri-critical point (¢ = ¢¢), the transition changes
from continuous to discontinuous (see 5). Therefore, at this
point, the critical density (defined as the density at which
transition occurs) is zero. Substituting these values in Eq.
(30) for d = 0.3, we get, (pt,q:) = (0.27,0.36).

In the continuous transition regime (¢ < ¢:), unlike the
mean-field approximation, critical point decreases as a func-
tion of ¢. This shows that in our model, positive feedback
in the systems with local spatial interactions helps the sys-
tem sustain its vegetated state in harsh conditions which
are represented as low values of p. Note that we did not
perform stability analysis for this model. However, it is rea-
sonable to assume that the stability of the equilibria will
remain the same as the mean-field model. The bifurcation
diagram obtained by the pair approximation is shown in
Fig. 5. It is qualitatively same as the output of mean-field
model. However, it is clear that the vegetated state is sus-
tained for harsher conditions because there is a reduction
in the area of the bare state region. The region of bista-
bility is also reduced in this approximation. Therefore, it
can be concluded that local spatial interactions increase the
resilience of the system as compared to well-mixed system.
This effect of local spatial interactions is the opposite of
the effect of the demographic noise as shown in Fig. 3. The
real system with both the local interactions and finite-size
can show the dynamics resulting from the interplay between
these two effects.

Pec =

@ Springer



3400

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

R.M. May, Thresholds and breakpoints in ecosystems
with a multiplicity of stable states. Nature 269(5628),
471-477 (1977)

M. Scheffer, S. Carpenter, J.A. Foley, C. Folke, B.
Walker, Catastrophic shifts in ecosystems. Nature
413(6856), 591-596 (2001)

N. Chen, C. Jayaprakash, Yu. Kailiang, V. Guttal, Ris-
ing variability, not slowing down, as a leading indicator
of a stochastically driven abrupt transition in a dryland
ecosystem. Am. Nat. 191(1), E1-E14 (2018)

S. Majumder, K. Tamma, S. Ramaswamy, V. Gut-
tal, Inferring critical thresholds of ecosystem transitions
from spatial data. Ecology 100(7), 02722 (2019)

C.M. Taylor, A. Hastings, Allee effects in biological inva-
sions. Ecol. Lett. 8(8), 895-908 (2005)

C. Xu, E.H.V. Nes, M. Holmgren, S. Kéfi, M. Scheffer,
Local facilitation may cause tipping points on a land-
scape level preceded by early-warning indicators. Am.
Nat. 186(4), E81-E90 (2015)

S. Kéfi, M. Holmgren, M. Scheffer, When can positive
interactions cause alternative stable states in ecosys-
tems? Funct. Ecol. 30(1), 88-97 (2016)

S. Sankaran, S. Majumder, A. Viswanathan, V. Gut-
tal, Clustering and correlations: inferring resilience from
spatial patterns in ecosystems. Methods Ecol. Evol.
10(12), 2079-2089 (2019)

F. Guichard, P.M. Halpin, G.W. Allison, J. Lubchenco,
B.A. Menge, Mussel disturbance dynamics: signatures of
oceanographic forcing from local interactions. Am. Nat.
161(6), 889-904 (2003)

V. Dakos, S. Kéfi, M. Rietkerk, E.H. VanNes, M. Schef-
fer, Slowing down in spatially patterned ecosystems at
the brink of collapse. Am. Nat. 177(6), E153-E166
(2011)

S. Kéfi, M. Rietkerk, C.L. Alados, Y. Pueyo, V.P.
Papanastasis, A. ElAich, P.C. De, Ruiter, Spatial vege-
tation patterns and imminent desertification in mediter-
ranean arid ecosystems. Nature 449(7159), 213-217
(2007)

J. von, Hardenberg, A.Y. Kletter, H. Yizhaq, J. Nathan,
E. Meron, Periodic versus scale-free patterns in dryland
vegetation. Proc. R. Soc. B Biol. Sci 277(1688), 1771
1776 (2010)

A. Manor, N.M. Shnerb, Facilitation, competition, and
vegetation patchiness: from scale free distribution to
patterns. J. Theor. Biol. 253(4), 838-842 (2008)

T.M. Scanlon, K.K. Caylor, S.A. Levin, I. Rodriguez-
Iturbe, Positive feedbacks promote power-law cluster-
ing of Kalahari vegetation. Nature 449(7159), 209-212
(2007)

P. Couteron, O. Lejeune, Periodic spotted patterns
in semi-arid vegetation explained by a propagation-
inhibition model. J. Ecol. 89(4), 616628 (2001)

V. Guttal, C. Jayaprakash, Impact of noise on bistable
ecological systems. Ecol. Model. 201(3), 420-428 (2007)
Y. Sharma, K.C. Abbott, P.S. Dutta, A.K. Gupta,
Stochasticity and bistability in insect outbreak dynam-
ics. Theor. Ecol. 8(2), 163-174 (2015)

Yu. Meng, Y.-C. Lai, C. Grebogi, Tipping point and
noise-induced transients in ecological networks. J. R.
Soc. Interface 17(171), 20200645 (2020)

@ Springer

19

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Eur. Phys. J. Spec. Top. (2021) 230:3389-3401

V. Lucarini, T. Bédai, Transitions across melancholia
states in a climate model: Reconciling the deterministic
and stochastic points of view. Phys. Rev. Lett. 122(15),
158701 (2019)

B. Dennis, Allee effects in stochastic populations. Oikos
96(3), 389-401 (2002)

H. Weissmann, N.M. Shnerb, Stochastic desertification.
EPL (Europhys. Lett.) 106(2), 28004 (2014)

P.V. Martin, J.A. Bonachela, S.A. Levin, M.A. Mufioz,
Eluding catastrophic shifts. Proc. Natl. Acad. Sci.
112(15), E1828-E1836 (2015)

S. Sarkar, A. Narang, S.K. Sinha, P.S. Dutta, Effects of
stochasticity and social norms on complex dynamics of
fisheries. arXiv preprint arXiv:2009.13778 (2020)

N. DeMalach, N. Shnerb, T. Fukami, Alternative
states in plant communities driven by a life-history
tradeoff and demographic stochasticity. arXiv preprint
arXiv:1812.03971 (2018)

M. Mobilia, I.T. Georgiev, U.C. Tauber, Phase tran-
sitions and spatio-temporal fluctuations in stochastic
lattice Lotka—Volterra models. J. Stat. Phys. 128(1-2),
447-483 (2007)

A.J. Black, A.J. McKane, Stochastic formulation of eco-
logical models and their applications. Trends Ecol. Evol.
27(6), 337-345 (2012)

T. Rogers, A.J. McKane, A.G. Rossberg, Demographic
noise can lead to the spontaneous formation of species.
EPL (Europhys. Lett.) 97(4), 40008 (2012)

J. Jhawar, R.G. Morris, V. Guttal, Deriving Mesoscopic
Models of Collective Behavior for Finite Populations, vol
40. (Elsevier, 2019), pp. 551-594

J. Jhawar, R.G. Morris, U.R. Amith-Kumar, M. Danny
Raj, T. Rogers, H. Rajendran, V. Guttal, Noise-induced
schooling of fish. Nat. Phys. 16(4), 488-493 (2020)

U. Dobramysl, M. Mobilia, M. Pleimling, U.C. Tauber,
Stochastic population dynamics in spatially extended
predator-prey systems. J. Phys. A Math. Theor. 51(6),
063001 (2018)

J. Realpe-Gomez, M. Baudena, T. Galla, A.J. McKane,
M. Rietkerk, Demographic noise and resilience in a semi-
arid ecosystem model. Ecol. Complex. 15, 97-108 (2013)
R. Lande, Demographic stochasticity and allee effect on
a scale with isotropic noise. Oikos 353-358 (1998)

O. Ovaskainen, B. Meerson, Stochastic models of pop-
ulation extinction. Trends Ecol. Evol. 25(11), 643-652
(2010)

S. Liibeck, Tricritical directed percolation. J. Stat. Phys.
123(1), 193-221 (2006)

S. Sankaran, S. Majumder, S. Kéfi, V. Guttal, Impli-
cations of being discrete and spatial for detecting early
warning signals of regime shifts. Ecol. Indic. 94, 503-511
(2018)

J. Kamphorst Leal, da Silva, R. Dickman, Pair contact
process in two dimensions. Phys. Rev. E 60(5), 5126
(1999)

M. Morris, Spread of infectious disease. Epidemic Mod-
els Struct. Relat. Data 5(302), 187-201 (1995)

A.J. McKane, T.J. Newman, Predator-prey cycles from
resonant amplification of demographic stochasticity.
Phys. Rev. Lett. 94(21), 218102 (2005)

T. Biancalani, L. Dyson, A.J. McKane, Noise-induced
bistable states and their mean switching time in foraging
colonies. Phys. Rev. Lett. 112(3), 038101 (2014)


http://arxiv.org/abs/2009.13778
http://arxiv.org/abs/1812.03971

Eur. Phys. J. Spec. Top. (2021) 230:3389-3401

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

F. Di Patti, S. Azaele, J.R. Banavar, A. Maritan, Sys-
tem size expansion for systems with an absorbing state.
Phys. Rev. E 83(1), 010102 (2011)

C. Cianci, D. Fanelli, A.J. McKane, WKB versus gener-
alized van Kampen system-size expansion: The stochas-
tic logistic equation. arXiv preprint arXiv:1508.00490
N. Godfried, V. Kampen, Stochastic Processes in
Physics and Chemistry, vol. 1 (Elsevier, 1992), pp. 244—
263

C.W. Gardiner et al., Handbook of Stochastic Methods,
vol. 3. (Springer, Berlin, 1985), pp. 117-176, 141

W. Horsthemke, Non-Equilibrium Dynamics in Chem-
ical Systems. Noise Induced Transitions. (Springer,
1984), pp. 150-160

S. Strogatz, Nonlinear Dynamics and Chaos: With
Applications to Physics, Biology, Chemistry, and Engi-
neering. (CRC Press, 2018), pp. 24-25

M. Scheffer, J. Bascompte, W.A. Brock, V. Brovkin,
S.R. Carpenter, V. Dakos, H. Held, E.H. Van Nes, M.
Rietkerk, G. Sugihara, Early-warning signals for critical
transitions. Nature 461(7260), 53-59 (2009)

S. Kéfi, M. Rietkerk, M. van Baalen, M. Loreau, Local
facilitation, bistability and transitions in arid ecosys-
tems. Theor. Popul. Biol. 71(3), 367-379 (2007)

S. Kéfi, V. Guttal, W.A. Brock, S.R. Carpenter, A.M.
Ellison, V.N. Livina, D.A. Seekell, M. Scheffer, E.H. van
Nes, V. Dakos et al., Early warning signals of ecologi-
cal transitions: methods for spatial patterns. PLoS One
9(3), €92097 (2014)

T. Butler, N. Goldenfeld, Robust ecological pattern for-
mation induced by demographic noise. Phys. Rev. E
80(3), 030952 (2009)

P. D’Odorico, F. Laio, L. Ridolfi, Noise-induced stabil-
ity in dryland plant ecosystems. Proc. Natl. Acad. Sci.
U.S.A. 102(31), 10819-10822 (2005)

R. Mankin, A. Ainsaar, A. Haljas, E. Reiter,
Trichotomous-noise-induced catastrophic shifts in sym-
biotic ecosystems. Phys. Rev. E 65(5), 051108 (2002)
R. Mankin, A. Sauga, A. Ainsaar, A. Haljas, K. Paunel,
Colored-noise-induced discontinuous transitions in sym-
biotic ecosystems. Phys. Rev. E 69(6), 061106 (2004)
K. Siteur, M.B. Eppinga, A. Doelman, E. Siero, M.
Rietkerk, Ecosystems off track: rate-induced critical
transitions in ecological models. Oikos 125(12), 1689—
1699 (2016)

54

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

3401

. P. Ashwin, S. Wieczorek, R. Vitolo, P. Cox, Tipping
points in open systems: bifurcation, noise-induced and
rate-dependent examples in the climate system. Philos.
Trans. R. Soc. A 370(1962), 1166-1184 (2012)

V. Federico, J.A. Bonachela, L. Cristébal, M.A. Munoz,
Temporal Griffiths phases. Phys. Rev. Lett. 106(23),
235702 (2011)

V. Guttal, C. Jayaprakash, Changing skewness: an early
warning signal of regime shifts in ecosystems. Ecol. Lett.
11(5), 450460 (2008)

V. Guttal, C. Jayaprakash, Spatial variance and spatial
skewness: leading indicators of regime shifts in spatial
ecological systems. Theor. Ecol. 2(1), 3-12 (2009)

S.R. Carpenter, W.A. Brock, Rising variance: a leading
indicator of ecological transition. Ecol. Lett. 9(3), 311-
318 (2006)

L. Dai, D. Vorselen, K.S. Korolev, J. Gore, Generic indi-
cators for loss of resilience before a tipping point leading
to population collapse. Science 336(6085), 1175-1177
(2012)

S. Eby, A. Agrawal, S. Majumder, A.P. Dobson, V.
Guttal, Alternative stable states and spatial indicators
of critical slowing down along a spatial gradient in a
savanna ecosystem. Glob. Ecol. Biogeogr. 26, 638-649
(2017)

N. Barbier, P. Couteron, J. Lejoly, V. Deblauwe, O. Leje-
une, Self-organized vegetation patterning as a finger-
print of climate and human impact on semi-arid ecosys-
tems. J. Ecol. 94(3), 537-547 (2006)

V. Guttal, S. Raghavendra, N. Goel, Q. Hoarau, Lack of
critical slowing down suggests that financial meltdowns
are not critical transitions, yet rising variability could
signal systemic risk. PLoS One 11(1), 0144198 (2016)
S.J. Burthe, P.A. Henrys, E.B. Mackay, B.M. Spears, R.
Campbell, L. Carvalho, B. Dudley, I.D.M. Gunn, D.G.
Johns, S.C. Maberly et al., Do early warning indicators
consistently predict nonlinear change in long-term eco-
logical data? J. Appl. Ecol. 53(3), 666-676 (2016)

H. Matsuda, N. Ogita, A. Sasaki, K. Sato, Statisti-
cal mechanics of population the lattice Lotka—Volterra
model. Prog. Theor. Phys. 88(6), 1035-1049 (1992)

J. Marro, R. Dickman, Nonequilibrium Phase Transi-
tions in Lattice Models. (Cambridge University Press,
Cambridge, 2005), pp. 161-188

@ Springer


http://arxiv.org/abs/1508.00490

	Finite-size effects, demographic noise, and ecosystem dynamics
	1 Introduction
	2 A minimal individual-based model for ecosystem transitions
	2.1 Baseline reproduction
	2.2 Positive feedback

	3 Mesoscopic dynamics: coarse-grained population level model with demographic noise
	3.1 Deriving the mesoscopic model with system-size expansion
	3.2 Mesoscopic dynamics (SDE) of our model
	3.3 Solving the Fokker–Planck equation

	4 Mean-field approximation shows that positive feedback promotes alternative stable states in infinitely large systems
	5 Demographic noise can lead to a bimodal distribution of densities even with weak positive feedback
	6 Numerical simulations show similar effects of demographic noise
	7 Discussion
	Author contribution statement
	Appendix A: Mean-field approximation
	Case 1: b>0
	Case 2: b<0

	Appendix B: Pair approximation
	Case 1: No positive feedback (q=0)
	Case 2: With positive feedback (q>0)

	References
	References




