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Abstract

We analyze the role of the Allee effect — a positive correlation between popu-
lation density and mean individual fitness — for ecological communities formed
by a large number of species. Our study is performed using the generalized
Lotka-Volterra model with random interactions between species. We obtain
the phase diagram and analyze the nature of the multiple equilibria phase.
Remarkable differences emerge with respect to the logistic growth case, thus
revealing the major role played by the functional response in determining
aggregate behaviors of large ecosystems.
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1 Introduction

In the last decades the field of theoretical ecology has gathered momentum fostered by
an explosion of experimental results and increasingly sophisticated techniques . More
structured models have thus been proposed to integrate this plethora of empirical data [4]
and to capture the main features of complex ecosystems. With respect to most pioneering
studies carried out over the past decades, there is now a growing interest in systems
composed by an enormous number of species that interact in myriad ways in very complex
environments. Remarkably, in presence of a large number of interacting components such
models can be rephrased through the prism of theoretical physics using concepts and
methods rooted in statistical mechanics.

One of the most recently studied framework in theoretical ecology is offered by the
mean-field disordered version of the random Lotka-Volterra model describing the evolu-
tion of many randomly interacting species . Despite its simple structure, such a
model has been recently proven to be able to reproduce critical behaviors and collective
dynamics from many other ecological setups — which include notably cascade predation,
plant pollinator, resource-consumer models — as well as to be of great interest in
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interdisciplinary research domains such as genetics, epidemiology, evolutionary game the-
ory [14,|15] up to the modelization of complex economies [16}/17]. For our purposes, the
Lotka-Volterra equations offer a useful framework to study the so-called Allee effect, which
is defined through a positive correlation between mean individual fitness (or per-capita
growth rate) and population density over some finite interval as shown in Fig. (1| [18-20].
The Allee effect is called strong if there exists an initial population threshold below which
population decreases, i.e. a species needs a sufficiently large initial population to avoid
extinction. A weak Allee effect corresponds to the case in which no threshold exists but
intraspecific cooperativity leads to an initial increase of the growth rate when population
increases, see Fig.

Allee threshold

— Strong Allee
Weak Allee

per—capita growth rate

00 02 04 06 08 10 12 14

population density p

Figure 1: Pictorial representation of a strong Allee effect (in red) associated with a popu-
lation decline at small population density below a finite threshold. The red dot represents
a stable fixed point coinciding with the single species carrying capacity whereas the black
empty dot is an unstable fixed point. In the case of a weak Allee effect (in light orange),
no threshold exists leading to a definitely positive growth rate even at zero density.

The Allee effect, which inherited the name from the famous zoologist Allee, is based
on the observation that in many species undercrowding, and not only competition, con-
tributes to limiting the population growth. The behavioural observations, together with
the original data on water loss and oxygen consumption [21], are used to interpret the
curvilinear growth rate response to density and also to motivate the fact that aggregation
can thrive the dynamics and have positive effects on the survival of a given ecosystem, as
originally observed for land isopods that, if isolated, experience rapid desiccation. Allee
aimed specifically at ascertaining the factors responsible for formation and evolution of an-
imal aggregations, which in turn can contribute to increasing individual surviva]ﬂ Caused
by exploitation difficulties, social dysfunctions, predator saturation, genetic disease, this
effect has been empirically confirmed in several aquatic, reptilian and mammalian popu-
lations [22},23]. Furthermore, its undoubted centrality of is also linked to a better under-
standing of mechanisms governing the development of epidemic diseases [24|E| and cancer
cell evolution [25]. Indeed, although the adaptive phenotypic switching between cell mi-
gration and proliferation plays a crucial role in tumors, it remains unclear how a particular

1Originally Allee thought that animals were unconscious of such benefits, for this reason he always
preferred the expression proto-cooperation instead of cooperation.

2 Analyzing the relationship between the spread of an infection and a strong Allee effect may indeed be
crucial to predict a catastrophic collapse of the endemic equilibria of a population.
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phenotypic plasticity can affect overall tumor growth.

In the case of microbial ecosystems, species not only compete for common resources
but may also display mutualism as a consequence of metabolic cross—feedingﬁ Such mu-
tualistic interactions can give rise to a bistable behavior, i.e. two stable fixed points for
the population growth, which turns out to be strictly connected to the existence of an
initial growth rate threshold as a function of the population size. The Allee effect plays
also an important role in spatially extended ecosystems — as it has been observed recently
in a system of two cross-feeding species whose mutualistic strength is modulated by the
inflow of nutrients [27]. When spatial fluctuations are taken into account, the Allee effect
can counteract the genetic drift of a species and give rise to a pushed wave rather than a
pulled wave, which instead would emerge from a simple logistic growth model.

From a more general perspective, our study addresses the question of the role of the
functional response in the behavior of ecosystems formed by a large number of species. Ba-
sic models in population ecology rely on the logistic growth hypothesis. Deterministically,
in the standard logistic model a small population grows exponentially up to saturation to
a steady state value corresponding to its carrying capacity. But what if the form of the
functional response is different? What are the main changes in the properties of the equi-
libria and of the complex dynamics displayed by the ecosystem for more general functional
responses? Our study provides a first study of this general problem.

By using techniques rooted in statistical physics, and in particular in the theory of
disordered systems, we provide a complete analysis of the generalized Lotka Volterra model
for ecological communities formed by species with an Allee functional response. Our
results, obtained for symmetric interactions and finite demographic noise in the species
pool, open the route to a systematic understanding of the role of the functional response in
determining collective movements, chaotic dynamics as well as generic system’s instability
of large ecosystems.

2 The model

In the following we define the model we focus on in this work, which consists in the
generalized Lotka-Volterra equations for ecological communities. We then show a mapping
to an equilibrium statistical physics problem, which is a key ingredient in our approach.

2.1 Disordered Generalized Lotka-Volterra Equations

We shall investigate the Allee effect by the introduction of a cubic one-species potential
Vi(NV;), which essentially modifies the logistic trend in favour of a multiplicative Allee
effect [28]. We consider the following dynamical equations for the evolution of the relative
species abundance N; at time ¢, where the index 7 runs over the total number of species
it =1,...,.5 in the species pool:

dcjlf :Ni{l)z‘ [—3Ni2 +2N;(K; +m) — sz] — Z Oéiij} +ni(t) + N =
3,(3#1)
(1)
dN;
o =Ni |~V Vi) — D N | ) + i

3,(3#17)

3Tt has recently been shown that mutual cross-feeding plays a two-fold role: preventing competitive
exclusion process but also reducing the energetic cost through the possibility of sharing efforts in amino
acid synthesis [26].
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where p; = r;/K; denotes the ratio between the single-species growth rate and the car-
rying capacity, and we follow Ito’s convention for the stochastic equation. The addi-
tional parameter A denotes the immigration that at a first level analysis we assume
to be species-independent, and 7;(¢) is a white noise with zero mean and covariance
(mi(t)n;(t")) = 2T N;(t)d;;6(t — t'), T being the amplitude of the noise. N;(t) is inter-
preted as a relative species abundance of species ¢ at time ¢, meaning that the population
is actually normalized by the total number of individuals populating the ecosystem in
the absence of any interaction (a;; = 0). Therefore, since the amplitude 7' turns out to
be inversely proportional to the total number of individuals, i.e. T = 1/Nj,q, one can
tune such a control parameter to properly describe the demographic noise in a continu-
ous setting . The larger the number of individuals the smaller the amplitude of
demographic noise.

— Lotka—Volterra
— Strong Allee effet
Weak Allee effect

Figure 2: Plot of the Lotka-Volterra one-species potential V(N) = —p(KN — NTQ) in blue,
and of the modified cubic potential in Eq. in orange and red corresponding to the
growth rates shown in Fig.

We model the forcing term in Eq. through a cubic one-species potential

i

where the threshold value m can be properly tuned to move from a strong (m > 0) to a
weak (—K; < m < 0) Allee effect. In Fig. (2) we compare the effect of a cubic potential
with the standard Lotka-Volterra model corresponding to a quadratic dependence in N;.
According to this choice of the potential, the model admits three fixed points, respectively:
i) at N = 0, corresponding to the extinction, ii) at the threshold m; ii) finally, at the
carrying capacity N = K;. If the parameter m is forced to be positive, the per-capita
growth rate function displays a negative trend for 0 < N; < m and a positive, increasing
behavior up to the other (stable) fixed point in Kj.

More concretely, the potential allows us to capture the salient phenomena associ-
ated with the Allee effect. Populations with abundance greater than the limit population
size will increase up to their carrying capacity, whereas those with a lower abundance will
decline to extinction (see again Fig. . The carrying capacity turns out to be then a sta-
ble fixed point for both strong and weak Allee effects, and the logistic growth. Conversely,
extinction is stable only for the strong Allee case leading to a first difference both with
respect to the weak effect and to a logistic Lotka-Volterra-like behavior. This bistability —
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as already mentioned, closely related to the mutualism of interactions — is essentially deter-

mined by the initial condition. As a consequence, even a small perturbation in the initial
population can be crucial and dramatically affect the behavior of ecosystems characterized
by a strong Allee effect.

Coming back to Eq. , the first term on the r.h.s. is then responsible for a self-
regulating mechanism for the species abundances. The second term in parenthesis embeds
the contribution due to the interactions among species. Following [6,[31], the elements of
the matrix o;; are ii.d random variables distributed according to a Gaussian law with
mean and variance respectively:

mean|a;;] = p/S var[a;;] = 0?/S (3)

with aj; = aj;. The phases displayed by this model in the case of a logistic growth rate
were studied in [6,/7,/11]. Here we instead focus on the Allee growth rate. Although we
consider symmetric interactions, some of our results can be extended with a small degree
of asymmetry, as we shall discuss in the Conclusions.

2.2 Dynamics-statics mapping via the Fokker-Planck formalism

Given the dynamics , we aim to write the corresponding Fokker-Planck equation for a
generic observable .4 and to show that in the case of a symmetric interaction matrix a;
it admits an invariant equilibrium-like probability distribution, as it was shown in [7]. We
briefly recap the main steps here to make the interested reader aware of the procedure to
obtain the corresponding Hamiltonian operator.

By using Ito’s rule, the time derivative of a generic observable A can be written as:

d 0A dN
AN = (3 5 Z i Q)

where (-) stands for the average over the probability distribution P({N;},t), hence over
the thermal noise. We can plug Eq. (1) in the above expression and obtain:

d 0A
A = (¥ 5

~N;Vn, Vi(N; NZazJN+A}>+TZaN2 . (5)

J

For the sake of compactness, we redefine the three terms in parenthesis as F({N;}), so
that the equation for the evolution of the average operator A becomes

AN ) /HdNP{N}t)[' {N}+TZ§N2], (6)

from which the resulting equation for the evolution of (A({N;})) can be easily obtained
just by integrating by parts. In the same spirit, the dynamical equation for the probability
distribution reads

' ~ 2
P =5 |- o [P py) + T PN

%

from which we only need to impose the L.h.s to be zero in order to obtain the equilib-
rium probability. Therefore, we ask the invariant probability distribution to be P =
Z lexp(—BH), H being the associated energy function and 8 = 1/T the inverse temper-
ature. The condition for obtaining the quasi-stationary probability distribution implies
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% 8811\2 = —%g—ﬁz from which, by integrating over IN;, we can recover the expression for the

Hamiltonian valid in the symmetric case:

H=> Vi(N)+ > aygN;Nj+ (T —X)> InN; . (8)

1<j 7

Therefore, the original dynamical process in Eq. defines the time evolution of an ecosys-
tem with many interacting species whose thermodynamics is described by the Hamiltonian
. Note that at variance with the simplest scenario corresponding to the analysis in the
limit 7 — 0 and A — 0T, the introduction of a small but finite immigration results in a
qualitative behavioral change. The immigration parameter ensures indeed that no species
will go completely extinct from the ecosystem replacing the concept of indefinite extinction
with a probabilistic argument, i.e. with the probability that at a given time a species is
present or absent.

On a mathematical level, the parameter A provides a regularization of the probabil-
ity distribution at small N; once the demographic noise is also taken into account. In
order to see how this comes about, let’s set «;; = 0 and specialize our reasoning to the
single-species case. Taking in mind Eq. , the stationary distribution turns out to be
Py (N) o« NMT=lexp [+ (—mN + N%(1+m) — N3)], according to which the effective
potential can be written as Veg(N) = —mN — N2(1 +m) + N> — (A —T)InN. In the
following we shall consider the case of a small but finite immigration rate, so that a sta-
ble steady state exists in presence of demographic noise. As done in [11], we impose a
hard-core repulsive boundary corresponding to an infinite potential at N, = 10~2, which
is numerically equivalent to having an immigration rate A = 1072 but simpler to handle
analytically.

3 Thermodynamic analysis with demographic noise: intro-
duction to the replica method

As we have shown, the steady state properties of the ecosystem we are considering cor-
respond to the thermodynamics equilibrium properties of a disordered system with the
Hamiltonian (8). We can then take advantage of the replica method [32,33] developed
in statistical physics of disordered system to carry out our study. The introduction of
replicas allows us to derive the replicated free energy by the identity

In Z"
_BF = lim —~2 .
n—0 N

(9)

Operatively, one should compute the quantity on the r.h.s for integer values of the replica
number n, then consider the analytical continuation to real values and eventually take
the limit n — 0. The starting point is the the computation of the replicated partition
function:

Zr = | T dN¢ daijexp |-y (s — p/S)" BH({N"Y}) (10)
L —~  202/S ’
i,(i4) (i5)
where the average over the disorder corresponds to computing the integral over the ay;s.
By following usual steps in the physics of disordered systems, see e.g. |7,/11] for very
similar computations, one finds that the free energy can be written as an integral over
order parameters:

_ 1 SA(Qap:QaasHa)
F= 5 In / (111)) dQupdQuudH, e b . (11)
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where the overlap matrix @, (with diagonal value @,,) and the external field H, are
defined as:

S
1
w=—=Y NEN? . 12
Qab S; itV ( )
1 S
H,=— N2, 13
SZ;z (13)

with (a,b) = 1,...,n. Note that, at the variance with the partition function, the free
energy becomes a self-averaging quantity in the thermodynamic limit, as S — oo, loosing
any dependence on the specific realization of the disorder. Self-averaging holds for the
majority of the properties of the system.

3.1 Mean-Field Replica Symmetric equations

The simplest scenario in the panorama of all possible replica techniques corresponds to
the replica symmetric (RS) computation, which holds as long as the free-energy landscape
is characterized by one single equilibrium. The overlap matrix is thus parametrized by
two values: the self-overlap between replicas inside the same state, ¢4, and the inter-
state overlap, qp. As for the external field, it is assumed to be uniform Va. This Ansatz
translates into the property that any permutation of the replica indices does not affect the
overall matrix structure with:

Qav=q0 if a#b
Qaa=qa if a=0b (14)
H,=h Va

To find the expressions for the order parameters we need to solve the integrals for the
first and higher-order moments of the species abundance. In the thermodynamic limit,
we can use the Laplace method and evaluate the integral in Eq. by saddle-point
approximation. We end up with the following self-consistent equations for (g4, go, h):

In AN e—PHrs(90.qa,h,2) N2
_ X L
e = /DZ f;,o dN e—BHrs(90,94,h,2) = (N?), (15)

fﬁo dNe—BHrs(20,94,:0:2) N 2
_ . B i
v /DZ fffo dN e—BHrs(q0,9a,h,%) = (N)?, (16)

fOO 6—5HRS(QO7Qd,h72)N

— Ne B
h - sz]sfo dNe_BHRS(q(hqd,h,Z) - < > . (17)

where the Hamiltonian, used to perform the most internal average, reads:

_ BpPa?

5 (@ — a)N* + (pph — zpo/a)N| . (18)

Hrs(qo, 94, h, z) = V(N) + [

An auxiliary Gaussian variable z with zero mean and unit variance has been introduced
to decouple replicas and integrate the quenched disorder out (more details about replica
computations can be found in Appendix . Its introduction results in an additional
linear term that essentially contributes to tilting the potential. This result has a nice
interpretation: the interaction between species leads to the emergence of an effective
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potential for a single species, and hence an effective functional response, which is species
dependent.

By tuning the parameter m appearing in V(N) we can switch from a strong Allee
effect, formally modeled by a double-well potential, to a weak Allee effect, which would
appear more akin to a Lotka-Volterra potential, as shown in Fig. . What Eq.
shows is that due to the presence of the Gaussian variable the effective potential for a
single given species can vary and hence change nature. For instance, z can counterbalance
the negative value of m and transform a weak Allee effect into a strong one, resulting in a
double-well potential rather than a single well for a finite fraction of species. Or viceversa
making disappear the two stable fixed points for the species population in favor of a single
one, see Fig.

As we have already discussed in Sec. , in order to analyze the limit of small but
finite immigration rate, we introduce a cut-off in the species abundances N, = 1072, This
allows for an efficient numerical evaluation of the integrals. These mean-field equations
are solved by the numerical procedure explained below.

Algorithmic protocol

o Initialize q4, qo, h at t=0;

e Solve iteratively the equations for the three order parameters q4, qo, h while increas-
ing B = 1/T with fixed cut-off N. = 1072, damping o = 0.1 and precision ¢ = 107°.

t—1 t—1 —
[ dNe PHRs (4 )
C

For instance, h! «— a [ Dz +(1—a)n~t.

t—1 t—1 —
I dNe BHRs(ap g htT1z)
c

e The algorithm stops when all the parameters converge, i.e. when the absolute error
between the (¢t — 1)-value and t-value < e.

3.2 Generalization to the Full Replica-Symmetry Breaking (FRSB) case

The replica theory establishes that the RS scheme is correct when one single equilibrium
is present. However, due to the disordered interactions the ecosystem may display several
equilibria. In this case, one has to use a more involved replica scheme to analyze the
properties of the system [32]: the n replicas are now divided in n/m; groups of m; replicas
where each group of m; replicas is in turn divided in m;/mso groups of mg replicas and so
on. It is then convenient to introduce a piecewise function ¢;, with : = 1,2..., k denoting
the number of steps of broken symmetries, and to eventually take the limit & — oo. This
iterative construction repeated infinitely many times gives rise to the so-called replica
symmetry breaking (RSB) formalism in which ¢; is replaced with a continuous function

q(a:) =q; if m; < < Mjyq (19)

provided the constraint

A one-to-one correspondence between the original piecewise function characterized by
a given number of discontinuities k and the parameters ¢ and m can be immediately
established.
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Within this Ansatz, the effective Hamiltonian (for more details, see again Appendix

A]) and the free energy become now functionals of ¢(z), to be eventually optimized w.r.t.

all possible functions ¢ having support in the unit interval, i.e. gj([g = 0.

3.3 Species dependent fluctuating growth rate and differences between
logistic and Allee cases

As we have explained above, the interaction with other species in the community leads to
an effective potential, hence to an effective growth rate, which is species dependent:

2,2
Hgrs(Ni, i) = *pTﬁ(Qd — q0)N? + (pph — 2ipo/q0)Ni + Vi(N;) .

The fluctuation due to the interactions between species is encoded in the Gaussian random
variable z;. Its role is to change the amplitude of the linear term in the effective potential.
The minima of the effective potential correspond to the value of the abundance at which
the effective per capita growth rate vanishes, i.e. to fixed points of population dynamics.
The random contribution due to z; can then considerably affect the behavior, in a very
different way for the logistic growth and the Allee functional response. Note that even in
the more complicated Full RSB case one obtains an effective potential of the same form
as the one above [32]. The difference is that the random variable z; is not Gaussian. The
main conclusions that we will discuss below hold also in the Full RSB case.

3.3.1 Lotka-Volterra logistic growth case

2
In the Lotka-Volterra case the potential is V;(V;) = —p; (KZ'Ni — %), where p; = r;/K;
denotes the ratio between the single species growth rate and the carrying capacity. In this
framework, the Hamiltonian in the RS approximation reads:

20.2

Hies (Vi) = | =5 8(aa = ) + | N2+ ot = 20/ - pEON: (21)

where we have assumed no species dependence on the parameters r; and K;. Let us
now study the minima of Hgrg(Nj, z;), which correspond to the fixed point of population
dynamics in the case of zero demographic noise. Redefining Aq = pB(g4—qo), we eventually

obtain 5 N "
Hgs N K+ zo\/q0 — p
ON 0 (2) ax{O, 1—0%2Aq } ’ (22)

where z is, as usual, a Gaussian variable with zero mean and unitary variance. Note
that the effective potential Hrg(N;, 2;) as a function of N; > 0 is either a monotonically
increasing function from zero at N; = 0 or it displays a single minimum: z; tilts the
potential and leads to fluctuations between these two cases. Hence, the resulting equation
for the stable fixed point is that on the r.h.s. above.

Note that if a minimum N > 0 exists, the fixed point Nj = 0 has always to be
discarded because unstable (remember that we always work with a small but finite immi-
gration rate). In our thermodynamic formalism this can be seen by comparing the energy
of N{ and Nj:

I{RS(]\Hk = 0) =0 )
(z 4+ A)? (23)

Hprsg(Ny > 0) = )

10
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— Cubic potential
— Cubic potential + linear field

Lotka—Volterra

00 05 10 15 20 25 30

Figure 3: In the absence of interaction (a;; = 0), we compare the basic Lotka-Volterra
potential with a cubic potential (in red). The effect of an external field associated to z;
contribute to tilting the potential and modifying the energy barrier between minima with
kind of a spinodal transition (in brown).

where A = I;\_/f]i: The second solution leads to a lower energy and hence has to be
preferred. Therefore, in writing the resulting partition function for the Lotka-Volterra
model with logistic growth, one typically enforces the solution by an Heaviside function

O(N™).

3.3.2 Allee effective potential and competition between two stable fixed points

The RS effective potential in the Allee case is not just a quadratic function with a fluctuat-
ing linear term as for the logistic growth. It is instead a cubic potential with a fluctuating
linear term, which gives rises to a richer phenomenology.

20_2

Hys(N;, 1) =Vi(N;) — 22— B(gq — q0)N? + (ppih — 2ipo/ao) Ny =
3 2 P202
=pNi + Ni' | ==—5—B(aa — q0) =7 = mp| + Nilpuh — zipo~/go + mr) ,

(24)

Given that the quadratic term is negative, depending on the sign of the linear term —
which fluctuates because of z; — one can switch between three situations (see Fig. |3): (i)
one stable fixed point at N; = 0, (ii) two stable fixed points, one for N; = 0 and one
for positive abundance, (iii) only one single stable fixed point with positive abundance.
The main difference with the Lotka-Volterra case is that, as shown in red in Fig. , for
suitable values of z;, the model supports three fixed points corresponding to N* = 0 and

(po?Aq/2 + mp) + \/(pO'2Aq/2 + +mp)” — 3p (puh +mr — 2po\/q0)
3p

Nip = (25)

If we ask the coefficient of the quadratic term to be much bigger in absolute value
than the linear term, we can expand the square root and rewrite the two non-vanishing

11
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solutions as

2 2
NY, :% <U QAq +T+m> + (U 2Aq +T+m> 1+;(w\/2qi ph mrgm (26)
P P (UTAQ +2+ m)

where we have neglected the absolute value in the second addend provided that m, r, p
are taken with positive sign. In particular, forcing the parameter m to be positive we are
automatically selecting a positive threshold in the population density, hence leading to a
strong Allee effect.

The first solution corresponds to an unstable fixed point for the growth rate (a local
maximum for the effective potential) and would read then:

1 (zo/qo — ph —mr/p)
2 #—i—r/p—km

Ni(z) ~ (27)

and, since where are interested only in positive abundances, we impose that (zo/qo — pth—
mr/p) < 0. To have a well-defined solution, the external field and a threshold parameter
m are supposed to be sufficiently large to compensate the effect of the Gaussian variable
z. The second non-vanishing fixed point, which corresponds to a stable fixed point for the
growth rate (a local minimum for the effective potential), would instead read:

. zo h+ 2 (%A
Nj(e) m — Vi) +3("2q+7"+m):
2("2q+§+m> 2("2q+§+m> P
g (28)
= oy (4 4)
2(Zf4+ 5 +m)
By substituting the solution N5 (z) in the Hamiltonian, we would obtain
2
Bpo? | ./q0
sl = [sr-+ omp+ P2 00— )| | TP )| 4
112 ( sL+r/p+ m)
-3 (29)
0+/40 m
—Bp A Vi (z+A)| —pp <uh—za\/c70+)
2 ( sL+r/p+ m) | P

The major difference with the logistic growth case is that, when the solutions Nj(z) and
N* = 0 exist, one has to compare their energies to select the one that dominates for
vanishing demographic noise. The latter has zero energy. As a consequence, to favour
the second solution one should have the former with a lower energy, which leads to a
second-order inequality in z + A :

r 0?Ag\  o/@olz +A) [oy/@(z+ A)]
;_‘_m—i— 2 2<@+£+ >_ 02 /Aq r 2
2 p m 4 <T + E + m)

<,uh—za\/qio+rzl> >0

(30)
At variance with the simple Lotka-Volterra case with logistic growth, the introduction of a
cubic potential makes the competition between the two fixed points not trivial. Note that
if the coefficient of the linear term, function of the Gaussian variable z and the generalized
external field, is sufficiently large, the second finite solution appears to be sub-leading
compared to the one corresponding to extinction.
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4 Phase diagrams with weak and strong Allee effect

In the following, we obtain the phase diagrams of the model with a cubic potential as in
Eq. , random symmetric interactions between species and small but finite demographic
noise. In Fig. we specifically highlight two distinct phases in the presence of demo-

A4 S V4

Single equilibrium phase

Single equilibrium phase

Wik o
R o
Multiple equilibria phase NM‘
. . . . N
08 09 1 11 12

g

Figure 4: Phase diagram showing the amplitude of the demographic noise 7" as a function
of the heterogeneity parameter o for the strong Allee (1 = 5 and m = 1) on the left and
for the weak Allee effect (1 =5 and m = —0.5) on the right.

graphic noise and small but non-zero immigration. The two phase diagrams, respectively
for the strong and the weak Allee effect, have been obtained at fixed average interaction
1 since we observed no sensitive dependence on iﬁ For sufficiently high demographic
noise (corresponding to the high-temperature phase) only a single equilibrium phase is
detectable: the noise is so strong that interactions among species do not play any signifi-
cant role. Conversely, at low demographic noise or highly heterogeneous interactions, such
single equilibrium phase becomes unstable leading to a multiple equilibria regimeﬂ In the
following we will show how this second phase can be mathematically described within a
Full RSB Ansatz in the replica formalism. This aspect has important consequences on
the organization of equilibria, which have the same organization as stable thermodynamic
states in mean-field spin glasses [32].

In the following we will first analyze the transition from the one equilbrium phase
to the multiple equilibria phase. Once the phase diagram is well established down to
vanishing demographic noise, we will then proceed with the analysis of the nature of
low-demographic noise (low-temperature) phase. We will come back to this point later,

precisely in Sec. (4.2.1]).

4.1 Transition from the one equilibrium phase to the multiple equilibria
phase: massless modes and diverging susceptibilities

The emergent multiple equilibria phase in the low-demographic noise regime can be un-
derstood using concepts rooted in statistical physics of disordered systems. As we shall
show, the multiple equilibria phase in Fig. is critical and hence associated with strong
correlations among the degrees of freedom, hence leading to diverging response functions.
Our first aim is to obtain the condition for the transition between the two phases. We

4 A similar outcome was pointed out also for the Lotka-Volterra model with finite demographic noise [11].
5The orange and red lines in the two diagrams correspond to a vanishing replicon mode of the Hessian
matrix of the free energy, as better explained in the next Section.
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will also obtain a general condition for stability. This will allow us to show later that the
multiple equilibria phase is marginally stable and hence critical.

To analyze correlations and fluctuations, let us consider the three following correlation
functions, which will be useful also in the following:

C1 = (NilN;)? — (N3)? - (N;)?,

Cy = (NilNj)(Ni)(N;) — (Ni)* - (N;)?, (31)

C3 = (Ni)>(N;)? — (N3)? - (N;)?
from which we have subtracted the product of the single averages to focus only on the
connected part of the correlation function. From these definitions one can introduce two
special combinations of such correlations, the spin-glass susceptibility and the non-linear
susceptibility, i.e. x5¢ = C; — 2Cy + C3 and xN¥ = C; — 4Cy + 3C5. However, for our
purposes, we will focus only on the first instance of susceptibility.

In the same spirit, one can also generalize the definition to embed the time-dependence
in the correlator, C(t,t'), and look at fourth-order correlation function corresponding
in jargon to y4(t,t'). It can be shown that in the single-equilibrium phase, where the
dynamics tends to be stationary after a short transient, this quantity is nothing but the
the spin-glass susceptibility in the long-time limit:

XSG = ———5 > (NN} — (N}(V))? | (32)

S(N?)e “ij

which is appropriately normalized to the connected part of the self-correlation and the
number of species S [7]. Recalling the definition of the standard susceptibility Xij =
(N;Nj) — (N;)(N;), one can immediately figure out the connection in between, i.e. xsg =
X?j' Remarkably, such a definition of susceptibility is strictly linked to the correlations of
the overlap matrix as it can be immediately proven by introducing a replicated effective
field theory. The fluctuations contributing to the spin-glass correlation functions are due
to a special mode of the stability matrix, the so-called replicon mode, whereas those
contributing to the nonlinear correlation function are related to the so-called longitudinal-
anomalous modes. To investigate stability properties of the different phases, we thus
introduce the Hessian matrix of the free energy, which allows us to analyze the harmonic
fluctuations in terms of §@),;. Thanks to symmetry group properties in the replica space,
the diagonalization of the stability matrix can be expressed only in terms of three different
sectors. Following [34], we define three eigenvalues: the longitudinal, A, the anomalous,
Aa, and the replicon, Ag. Since we are specifically interested in possible Replica Symmetry
Breaking (RSB) effects, we focus on the replicon mode. The detection of a vanishing
replicon mode from the sufficiently high demographic noise (single equilibrium) phase is
related to the appearance of marginal states, which turn out to be extremely relevant also
because of their intimate connection with out-of-equilibrium aging dynamics [35-H37].

In the simplest scenario corresponding to the presence of a single equilibrium, the
replicon mode can be eventually written as

Ar = (Bpo)® |1 = (Bpo)2((N2) — (N)2)?| | (33)

where the averaged difference describes the fluctuations between the first and second
moments of the species abundances within one state, namely between the diagonal value
qq and the off-diagonal contribution ¢g of the overlap matrix. We refer the interested reader
to Appendix [B] for a detailed computation. By computing A for the single equilibrium
phase and by detecting the points in which it vanishes we have obtained the transition
lines shown in Fig.. In the following sections we shall investigate the nature of the
multiple equilibria phase.

14



SciPost Physics

4.2 FRSB nature of the multiple equilibria phase.

In the following, we will first establish that the transition to the multiple equilibria phase
is continuous and then prove that the transition is towards a FRSB phase.

4.2.1 Continuous transition and computation of the breaking point

We will analyze the replica symmetry breaking solution corresponding to the multiple
equilibria phase. We will present a method to derive the equation for the breaking point
x*, i.e. the point where ¢(z) deviates from the constant profile with ¢(z*) # 0. This
can be done by performing a perturbative expansion close to the critical line (in orange
and red respectively in Fig. [4]), a.k.a the de Almeida Thouless (dAT) line in spin glass
literature, which allows us to determine the nature of the emerging transition depending
on whether z* satisfies a specific criterion or not. Precisely, if z* € [0, 1], the instability
of the RS solution gives rise to a continuous transition towards a RSB phase, which can
either be FRSB or k-RSB with finite k. Conversely, if z* ¢ [0, 1], the expansion around the
dAT line turns out to be unphysical: this means that the transition must be anticipated
by a discontinuous RSB transition. Finding out which kind of instability takes place at
the transition is very important to determine the nature of the multiple equilibria phase.

To determine if z* € [0, 1] one typically consider the free energy functional f[q(z);qq4]
where g4 is the diagonal value and ¢(z) is function of the continuous variable z € [0, 1].
The interested reader will find more details in Appendix |C|and an extensive proof in [38]
(see also references within).

The standard strategy is to consider the functional derivative of the free energy and
to use the following relations:

d flg(x);qa) 1
%W = f(2) [a(x); qa)d(x) (34)
2 Fl(e)iad = FO 0 @) i) for > 2 (35)

Accordingly, the second derivative of the free energy can be written as

_ %% /dh P(h,2)f (,h)2 = Q(Qgc)/th(h,x)f”(x,h)Q . (36)

FPlg(x); gald(x)
P(h, x), formally introduced as a Lagrange multiplier, has a deeper physical meaning in the
spin-glass literature encoding the distribution of local magnetic fields within metabasins
at level x according to a hierarchical organization of states. Then, one should consider the
variations of the above expressions in the space of all independent functions.

Therefore, if there exists an interval € [0,1] above which ¢(x) # 0, one can further
simplify the expression

Flaw)ad = 5 [ dnP(h) e (37)

which is equivalent to determining the vanishing value of the replicon mode of the stability
matrix, i.e. the marginal stability condition for the RS solution. The breaking point can
thus be obtained in a straightforward way by the differentiation of the above equation
with respect to z (see again [38]):

. _ _dhP(h,x)f"(x,h)
" 2 [dhP( hx) f"(z, h)?

(38)
Depending on the obtained value of x* along the critical line, two options are possible:
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e if * € [0,1], a continuous transition to a RSB phase takes place. This can occur
either towards a full RSB or a k-RSB transition with finite k;

o if z* ¢ [0, 1], the perturbative expansion is associated with an unphysical solution.
The only reasonable scenario corresponds to the fact that the transition must be
anticipated by another kind of instability, typically discontinuous in the order pa-
rameter.

Starting from Eq. and rephrasing the free energy in terms of the Vs variables for the
species abundances, the final condition for the breaking point corresponds to computing
the ratio between the third and the second cumulants:

. (7 - sy + o) ”

2 (V%) (W72)°

where, as before, the brackets (-) stand for the average over the species abundance distri-
bution while the upper bar -~ represents the average over the quenched disorder. In Fig.
we reproduce its trend as a function of noise amplitude for the (weak) Allee effect.
Similar results are obtained for the strong Allee effect. The conclusion of our analysis is
that the multiple equilibria phase is characterized by the first option above, i.e. z* € [0, 1]
and hence a continuous transition to a RSB phase. We will show below that it is a FRSB
phase.

In the Appendix we also present an alternative way to derive the breaking point, in
line with the computation performed in [39).

4.2.2 Full RSB phase

To exclude one of the two scenarios that are linked to the case z* € [0, 1], we need to go
more in detail and obtain the resulting expression also for the slope. We assume that ¢(x)
is analytical in the vicinity of the phase transition and consider the following equation

% / dhP(h,z)f"(z,h)* = §(z) [dhP(h,z) f" (z,h)* — 22dhP(h,x)f"(x,h)*]  (40)

We differentiate this Eq. with respect to « to obtain:

d

“w 2" (x 2 T 2) (¢ 3| —
2 [/th(h, V" (@, B)? — 2 /th(h, V£ (2, ) "

q(x)/dh P(h,z)Qu(x, h) — 2/dh P(h,z)f"(z,h)?
where Q4(z, h) denotes
Qu(z, h) = f"(x,h)? — 122" f" (, ) f" (z, h)? + 622 f" (z, )" . (42)
From Eq. , we eventually derive:

() = 2 [ dhP(h,z)f"(x,h)3
B = " ahP(h, 2)Q4(, )

which, once re-expressed in terms of the relative species abundances, coincides with the
ratio between the second order moment and the quartic cumulant, i.e.:

2 (P - )

- 2o (I - TWP2) Q99 - SN+ 50F°) + 6(0)2 (T2 = T92) |

(43)

§=
2 |(N9),

cum
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Figure 5: Breaking point z* (left) and inverse slope 1/¢(x*) (right) versus temperature 7'
represented for the weak Allee effect, in red in Fig. The plots are obtained at y = 5
and m = —0.5. The breaking point is definitely smaller than one, and the slope evaluated
at z* remains positive as a signature of a continuous transition to a FullRSB phase.

where we have denoted as (N4).,, the expression for the quartic cumulant. If the value
of the slope at the breaking point x* is positive, we can state that the resulting transition
is continuous towards a FRSB phase. In the opposite case, it would be described by a
non-marginal 1RSB solution. We have verified numerically that it is the former case that
is realized both for weak and strong Allee effect. Thus, the multiple equilibria phase that
emerges at low demographic noise is a FRSB one.

In conclusion, contrary to the Lotka-Volterra case with logistic growth, for which we
demonstrated the existence of a 1RSB transition to be eventually replaced by an amor-
phous Gardner phase in the zero-demographic noise limit [11], here we find no evidence of
such a phase. We do not observe any jump in x* and the corresponding slope at the break-
ing point keeps a positive-definite sign as a signature of the fact that the first non-trivial
solution implies an infinite number of symmetry breaking. As the demographic noise is
sufficiently low, the RS solution is automatically broken into a FRSB marginal phase. This
shows a major difference between the logistic growth and the Allee cases, which therefore
display very different multiple equilibria phases. Let us discuss below what are the main
features that distinguish them.

4.3 Properties of the multiple equilibria phase

In the case of mean-field glassy systems one can give a precise meaning to the free-energy
landscape. The number of minima, and more generally of critical points of given index,
has been computed and analyzed thoroughly [40-42|, and even more rigorously in the last
years [43]. Such works established the existence of two main universality classes, which
are associated with different thermodynamic and dynamical properties:

e Spin-glass models characterized by sub-exponential number of free-energy minima
in the system size. The free-energy barriers are expected to be sub-extensive and
the minima organized in a hierarchical fractal structure [32].

e Structural glass models wherein the number of free-energy minima is exponential
in the system size. At variance with the previous universality class, free-energy
barriers are extensive and typically a low-noise dynamics starting from random initial
conditions remains stuck in high free-energy minima (called threshold states).

In [11] we have proven that it is precisely the second class that characterizes the
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multiple equilibria phase of the Lotka-Volterra model with logistic growth. Here, we show
that for functional responses displaying an Allee effect the ecosystem belong to the first
class of models. In this case, the resulting picture is thus reminiscent of mean-field spin
glasses for which, according to the Parisi solution , an infinite number of pure
ultrametric states emerges.

5 Marginal stability and pseudo-gap distribution of the lo-
cal curvatures

In the following we wish to link the marginal stability of the FRSB phase (a general result
in the context of replica theory ) to a pseudo-gap distribution of the local curvatures
of the effective potentials for the species. This is the generalization to our case of the
pseudo-gap for instantaneous local field distribution of mean-field spin glasses [32]. We
have found two different kinds of marginal stability conditions in the limit of vanishing
demographic noise. It is known from the replica theory that the FRSB phase is marginal,
which means that the Hessian of the replicated free-energy displays a zero eigenvalue (the
replicon). Thus we naturally expect, and find, a marginality condition akin to the one
of mean-field Ising spin-glasses, e.g. the Sherrington-Kirkpatrick model. However, in the
models of ecosystems we are considering, another marginality condition appears and lead
to an interesting constraint on the fluctuations of the local curvature

1
(Vo (N7 )2

Figure 6: Pictorial representation of two interacting double-well potentials joined by a
fictitious spring. Because of the interaction, the minima of the resulting 2-dimensional
potential, as projected on the plane (N1, N3), are located in completely different positions
than the 3-dimensional starting potentials.

5.1 First kind of marginal stability condition: degenerate local equilibria

This marginal stability is due to the effect of the fluctuating field that ends up tilting the
two local minima, in N* = 0 and N5 (z) > 0. In other words, there may be a fraction of
double-well potentials with energy differences of order 1/5 between the two minima and
unit variance. The missing term would be therefore associated with the offset field such
that the two minima sit down exactly at the same height. To derive this contribution, we
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can resort to Eq. in Sec.

2A A A ’
(5o 2) e IR, (o ) 20
2(Zp4+ 5 +m) 1(Zpt 42+ m) ’

(45)
If the above inequality is satisfied the second minimum NJ is preferred according to the
entropy maximization principle, whereas by imposing the above expression to be zero we
are requiring that both minima make the same contribution. Since the second minimum
is precisely

* 04/40
Ny(z) = z+A) 46
(2) 2<022Aqv+;+m)< oy (16)

we can rewrite the equality condition as

a?pAq

(7t ot T3T) N3 ()~ p (NG (22 ~ (ot — 2po G+ ) =0 (47)
This contribution comes into play upon considering sufficiently relevant differences between
coupled double-well potentials and is indeed crucial to recover a pseudo-gap distribution
in the limit of zero demographic noise. We won’t give more details since this kind of
marginality is well studied and understood in the context of mean-field spin-glasses .
Note that in the logistic Lotka-Volterra model this marginality does not appear at all,
thus revealing an important difference with the models we are considering here.

5.2 Second kind of marginal stability condition: pseudo-gap of the local
curvatures

In the following we will focus on the second kind of instability, which turns out to be more
interesting for biological and ecological reasons as related to local species fluctuations at
zero noise. To this purpose, we neglect the first kind of marginality, i.e. the possibility of
degeneracy between local equilibria for N*, and take the zero-demographic noise limit in
the expression for the replicon, and find: ﬁ

0202

)\repl =1- 2
(—Agp?o? + V' (N}))

(48)

where V(N}) is the curvature of the potential associated with the functional response of
species i evaluated at the abundance of that species, which is in turn related to the global
minimum of the effective potential for that species. The overline denotes the average over
the species. This relation is valid for any equilibrium both in the single and multiple
equilibria phase.

By introducing the notation Veg(V;) for the effective potential for species i, we find
that the curvature of the effective potential evaluated at the global minimum is precisely
—Agp?0? + V/"(N}). Therefore, the stability condition for a given phase (i.e. a positive
replicon eigenvalue) reads:

1"

o [ AV P
1= (o [ 20 (49)

€

where we have introduced the distribution of the VJz(N*) in a given equilibrium. This
inequality implies that a necessary condition for stability is to have a pseudo-gap in

SA detailed analysis in the limit of zero demographic noise can be found in Appendix@
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P(V.z(N*)) otherwise the integral would diverge and the condition would not be sat-
isfied. More specifically, by assuming that the probability behaves as P(Ve//) ~ |V ﬁ\a at
small argument, stability implies that a > 1. Marginally stable behavior corresponds to
the choice a = 1 with logarithmic corrections to the power law, which makes the integral
convergent. The value v = 1 implies that the smallest attainable curvature V.. is such

that

V//
N [ PV Vit ~ O1) = Vi ~ (50)
This derivation of the pseudo-gap relies on the expression of the replicon in terms of
the distribution of local curvatures. As done for spin-glasses, one can establish the same
result using general arguments without referring to the replica method. We will now
show how this can be done in two different complementary ways. In Ising models one is
typically interested in identifying the probability distribution of the effective fields in the
zero-temperature phase. The seminal work by Anderson, Palmer and coworkers [46,47] is
indeed based on energy considerations after a spin flip on all the n sites that are subject to
the lowest fields and allows one to claim that P(h) ~ h* as h — 0, with exponent a > 1.
This argument has been supported by numerical simulations corroborating the hypothesis
of a linear dependence in h at low fields. In the following, we will proceed in a similar way
studying local excitations.

5.3 First argument: dynamical cavity

There are different possible ways to determine the exponent «. In the following we shall
propose two possible directions: the former is inspired by a dynamical cavity approach,
while the second one is based on a Gaussian approximation for dealing with coupled
double-well potentials. Let us start with the equation for the time evolution of the species
abundances:

Ni(t) = N; |-V (Ni) =) "o Nj + & (51)
J#
By plugging a new species k in the ecosystem, this equation becomes:
ON;
Ni = Nz\k - —laika (52)
3

where the second contribution represents the product between the diagonal susceptibility
Xii and the so-called cavity field. There are then two possibilities: i) either Ny = 05 ii) or
Ni, # 0. In this second case:

—V (Ng) ZamN + & =
i>1

(53)
Z agiNivk + Ny Z akz@zk + €k
which, once differentiated w.r.t &, leads to:
ONg 6Nk
-V Ni) i Qik X - 54
"(Nk) 06, 0& zi:akakx (54)

If we consider its average contribution, we also get:

<88]€V:> B <_V“<Nk> 5 akiaikxz) (55)
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basically meaning that the introduction of a new variable Ny corresponds to a perturbation
on species N; at a given time ¢. We nevertheless ask N;(t) to remain of O(1). Since the
quenched variables fluctuate keeping their variance O‘?k ~ % and the variable N, must

be always O(1), the cavity field must satisfy the following condition: o, Nj ~ \/% By

means of a scaling argument we can conclude that

1 1
m\/—ﬁ ~0(1), (56)

which implies a power-law behavior for the effective potential with

W)~ (57)

As a consequence, the relationship in is satisfied for o > 1.

V.

€

5.4 Second argument: Gaussian model of coupled potentials

We now follow closely an argument that has been proposed for spin glasses [32]. We assume
that all single-species excitations are stable — which means that all local curvatures are
strictly positive — and ask what is the lowest typical values of the local curvatures that
the ecosystem can display in order to maintain stability when multi-species excitations
are taken into account.

We focus on two coupled potentials and study the resulting stability condition given
by their interaction, as shown in Fig. (@ We assume that since the interaction is very
small the change in the values of the equilibrium abundances N; and N7 can be neglected.
Since we want to study the stability, we consider the energy governing the two interacting
species valid for small fluctuations:

17

1 * 1 * 1"
Eij = §Ni2 e (IN;) + 2N *Vor(N;) + i Ni N; (58)

which leads to a Hessian

A == off t " J * 59
< o Veg(N7) (59)

e

In the same spirit of magnetic systems, if a;; < 0 energy tends to decrease only if the
two variables are aligned with N; ~ N;. Conversely, if o;; > 0 energy decreases with
N; ~ —Nj exactly as it happens for antiferromagnetic systems. Stability requires positive

eigenvalues and hence
"

Ver(N; )V

€

"

a(N;) —a; > 0. (60)

A distribution P(V;/;f) with a pseudogap with exponent « implies that the minimal V;;f

that one can find in the system are of the order N ~Ta. Given that a;j~1/ VN, for a < 1
the couple 7, j associated with the two smallest values of V(;f,f would become necessarily
unstable due to interactions, hence implying that the ecosystem as a whole cannot be
stable if & < 1. Therefore, stability requires a > 1, with the value o = 1 corresponding to
marginal stability. As for spin-glasses, one finds a similar result also considering excitations
of more than two particles.

Note that for the argument above we used the assumption that the changes in the value
of the equilibrium abundances N and N 7 due to the interaction can be neglected. This
is indeed correct as far as a > 1, as it can easily checked. A more detailed argument can

be found in Appendix [F]
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6 Summary of the results: Allee versus Logistic Growth
case

In the following, we will briefly recap the main differences we have found in this work
between the behavior of the Lotka-Volterra model with logistic growth and with the Allee
effect.

e Different Phase Diagram In terms of the emerging phase diagram in the two-
dimensional plane (T, 0), the Lotka-Volterra model turns out to be characterized
by three different phases: i) a single equilibrium phase (formally described by a
RS solution); ii) a multiple equilibrium regime (well-defined within a 1RSB Ansatz)
with an exponential number of equilibria in the system size; iii) a marginally stable
Gardner phase. All these regimes have been studied in detail in [11]. The resulting
scenario is completely different in the Allee model, as shown in Fig. . In this case,
only two phases take place both for the weak and the strong Allee effect: i) a single
equilibrium phase; ii) a multiple equilibria regime, which is well-defined within a
Full-RSB (FRSB) Ansatz, with no signature of a Gardner phase. Furthermore the
transition between the single and multiple equibria phase is continuous.

e Different Nature of the Multiple Equilibria Phase In the Allee case, the
multiple stable equilibria are the ones characteristic of the FRSB phase: they are not
exponential in number, they are separated by sub-extensive barriers and organized
in a hierarchical way, as equilibrium states of mean-field spin glasses [32]. This is
very different from the logistic growth case in which the number of equilibria is
exponential and the barriers are extensive |11].

e Pseudogap distribution of the local curvatures Another extremely relevant
feature relies on the marginal stability condition as shown in Eq. . The Lotka-
Volterra model with logistic growth is rather unique in the sense that its response
function does not depend on N*, hence the local curvatures do not fluctuate. As soon
as one consider a functional response which is not a linear function, local curvatures
fluctuate. In the multiple equilibria phase their distribution is characterized by a
pseudo-gap which is a smoking-gun signature of marginal phases.

7 Conclusion

In this work, we have studied a disordered mean-field model that specifically allows us to
reproduce the main properties of the so-called Allee effect in theoretical ecology and to
unveil the complex structure of the equilibria in the energy landscape. The Allee effect,
which results in a positive correlation between population density and mean individual
fitness, can occur essentially in two different ways — hence defined as strong Allee effect
and weak Allee effect — depending on whether there exists an initial population threshold
below which the population goes extinct. In its strong variant it turns out to be character-
ized by the appearance of a new stable fixed point at positive abundance competing with
the one in N* = 0 corresponding to extinction in the absence of immigration and coloniza-
tion. This underlying bistability has interesting connections with bistable networks and
hysteresis effects in disordered systems. Our outcomes can therefore lead to wide-ranging
applications in population dynamics, genetics, epidemiology up to cancer evolution thanks
also to recent advances in modern engineering and synthetic biology. Maximum entropy
principle 48] can be for instance employed for inferring model parameters — as the Allee
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threshold, which allows one to select one minimum or the other depending on the ini-
tial conditions — from large-scale biological data-set and for reconstructing the optimal
probability distribution compatible with external constraints, 7.e. limitation of resources,
multi-level bottom-up structures.

Formally, our work relies on introduction of a cubic potential in the species abundances,
which turns out to be particularly convenient not only to extend well-known predictions
based on the Malthusian principle and logistic function for the mean population growth,
but also to go beyond very recent results obtained for the Lotka-Volterra logistic growth
model in the well-mixed assumption. Notably, we have established the full phase diagram
in the presence of random symmetric interactions between species and finite demographic
noise. By varying the amplitude of the demographic noise together with the heterogeneity
parameter of the interaction matrix, we have highlighted two phases with a different
underlying symmetry. Then, by taking advantage of a perturbative calculation, we have
investigated and distinguished a single equilibrium phase, where the phase space is purely
ergodic, from a multiple equilibria regime, where the symmetry is broken infinitely many
times, thus associated with a rough landscape structure. A main result is that the phase
diagram as well as the nature of the multiple equilibria phase differ substantially from the
ones obtained in the case of logistic growth, thus unveiling the relevance of the species
functional response in determining the aggregate properties of the entire ecosystem.

Experimental studies on microbial populations , can bring more power to theo-
retical predictions as well as provide a means to explore new ideas in evolutionary biology.
One might consider a chemostat reactor in which changing the availability and concentra-
tion of nutrients (more nutrients would correspond to more heterogeneous interactions in
our jargon) is responsible to trigger long-lasting modifications in the community composi-
tion. Upon increasing the number of available nutrients, one can extrapolate information
on the mean abundance - averaged over all the samples - as a function of time as well
as the correlation between abundances at two different times. From the analysis of dy-
namical correlation functions the emergence of a bunch of plateaus might be highlighted,
corresponding to dynamical arrest at different timescales, hence to a multi-structured
organization of the equilibria from a landscape perspective.

Furthermore, studies on the so-called alternative stable states and regime shifts are
gaining an increasing popularity, especially in the context of the human gut microbiome
7 as an effort to explain the enormous variability observed both within and among
gut microbial communities.

Then, in the theoretical framework presented thus far one can wonder what would be
the effect of adding a small asymmetry to the interactions. Theoretical predictions have
been discussed in a close-related model for a purely competitive environment with logistic
growth . In the case of the Allee effect, we expect that the multiple equilibria FRSB
phase is replaced by a chaotic dynamical phase, which corresponds to a slow surfing on
top of the marginally stable states .

Finally, we have presented a novel prediction in terms of fluctuations of the effective
potential (or effective growth rate) for the single species in a large interacting ecosystem.
Marginality of the multiple equilibria phase leads to a pseudo-gap in the distribution
P(V(N*)) of the local curvatures, a phenomenon that have attracted a lot of attention in
the physics of marginal states of matter . A very interesting direction for future research
would be to experimentally investigate functional responses given by local fluctuations
on the single species (e.g. distinguishing between pulse and press perturbations). A
designed experiment would allow one to extrapolate possible power-law behaviors and
logarithmic corrections in the abundance distributions, exactly as we did in terms of a
suitable effective potential to characterize respectively a stable and a marginally stable
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phase. Quite recently pulse disturbances have been analyzed on phytoplankton blooms
revealing not only the impact on the neighboring species but also the role played in the
heterotrophic and autotrophic supplies to the global carbon cycle [53].
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A Effective Hamiltonian and Replica symmetric ansatz

The resulting action in Eq. reads

2 2 2
_ 222§:Qab 222§:Qaa E:Ha 12:
A(QavaaaaHa) = —pP O ﬂ — 9 —po B ~ 4 +10/'LB - 92 + g : In Zz ) (61)

where the last piece can be written as a Boltzmann measure in terms of an effective
Hamiltonian

Zi= [ TLdne exp (-pHa((N")) - (62)

The effective Hamiltonian H.g corresponds to

HLiN")) = = 3707 3 NN Q= e Yo e

a<b
+ > [ppHoN{ + Vi(N{) + (T — A) In N{

which can be further simplified using some specific approximations.

The simplest scenario in the panorama, of all possible replica techniques corresponds to
the replica symmetric (RS) computation, which holds as long as the free-energy landscape
is characterized by one single equilibrium. The overlap matrix is thus parametrized by
two values: the self-overlap between replicas inside the same state, g4, and the inter-
state overlap, qg. As for the external field, it is assumed to be uniform Va. This Ansatz
translates into the property that any permutation of the replica indices does not affect the
overall matrix structure.

Qap=q0 if a#b
Qaa =4dd if a="b (64)
H,=h Ya

Accordingly, the action A in Eq. becomes:

_ 2 2,2n(n—1) 2 2,27 9 n.oo 1
Alga; g0, h) = =p?0*B* == —"q5 — p*0”B*J ai + puBh +§Zanz- (65)
A
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where the partition function reads

+o0 ) n — B3 Hrs(N®,2
:/ —di 621'2/2/HdNiae 02 s (NE %) , (66)
- 2 a=1

with

—BHrs(N;) =

62 2 2 m
(ZN“> + <Qd_QO)Z (Ni') +BZ (Nf)? ( K>+
—BpphZN“ ﬁmZN% B i Z (N® — B(T — \) log N .

(67)

At this level, the replica indices are nevertheless still coupled. To rewrite the first term
in the r.h.s in a more convenient way and decouple replicas, we introduce an auxiliary
Gaussian variable z; with zero mean and unit variance. Its introduction results in an
additional linear contribution in /V; that essentially contributes to tilting the potential. In
terms of the RS Hamiltonian we eventually obtain:

Bp*o?
2

This result has a nice interpretation: the interaction between species leads to the emer-

gence of an effective potential for a single species, and hence an effective functional re-

sponse, which is species dependent. Since in the limit 5 — oo, g4 — ¢o, henceforth we
shall use the notation Aq = Bp(qq — qo)-

Hgs(N;, z;) =Vi(N;) + (g2 — @) N? + (puh — 2ipo\/q0)N; | . (68)

B Replicon eigenvalue

The fluctuations contributing to the spin-glass correlation functions are due to a special
mode of the stability matrix, the so-called replicon mode, whereas those contributing to the
nonlinear correlation function are related to the so-called longitudinal-anomalous modes.
To investigate stability properties of the different phases, we thus introduce the Hessian
matrix of the free energy, which allows us to analyze the harmonic fluctuations in terms of
6Qqp- Thanks to symmetry group properties in the replica space, the diagonalization of the
stability matrix can be expressed only in terms of three different sectors. Following [34],
we define three eigenvalues: the longitudinal, A1, the anomalous, A, and the replicon, Ag.
Since we are specifically interested in possible Replica Symmetry Breaking (RSB) effects,
we focus on the replicon mode. By contrast, a zero longitudinal mode can give information
in terms of spinodal points describing how a state opens up along an unstable direction and
originates then a saddle. The detection of a vanishing replicon mode from the sufficiently
high demographic noise (single equilibrium) phase is related to the appearance of marginal
states, which turn out to be extremely relevant also because of their intimate connection
with out-of-equilibrium aging dynamics |35-37].
We consider then the variation of the RS action with respect to the overlap matrix

A(QabaQaavHa) = _p202622 Qab 2 2522 Qaa + ﬂz a + Zln ZZ 9 69

a<b

for which we recall also the expression of the partition function:

a<b

[‘”" 3 Quo Ny Ny+B2p20% S (N g —pBu 3 N HO =BV (N7 - lnN“]
/ HdNa (70)
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By differentiating the action with respect to the overlap matrix, we eventually obtain to
the first order:

0A —_—
- = B°p°0*Qup — B°p°0*(NONP) (71)
aC?ab
and to the second order
Maped = _827./4 = 52020'2 5(ab) (cd) — (62p20—2)<NaNb7 NCNd)C ) (72)
aC?aband ’

where the subscript (-). stands for the connected part of the correlator. We can now take
advantage of the underlying symmetry in the replica space and decompose the stability

matrix as follows

Mabcd = Mab,ab (5a06bc +5ad5bc) + Mab,ac <5ac + 5bd + 5ad + 6bc

5 1 > + Map.ca (73)

whose projection into the replicon subspace yields

)\R = (ﬁPU)z |:1 - (ﬂp0)2(Mab,ab - 2Mab,ac + Mab,cd):| . (74)
The three contributions appearing in the second term of Eq. can be re-expressed as
Mabab = 2Mabae + Mas,ea = [(N*)2(N')%) = 2(N*)2N"N®) + (N*N'N°N)| . (75)

In the simplest scenario corresponding to the presence of a single equilibrium in the free-
energy landscape, the replicon mode can be eventually written as

A = (Bp0)? [1 = (Bp0)((N?) — (N)2)°] (76)

where the averaged difference describes the fluctuations between the first and second
moments of the species abundances within one state, namely between the diagonal value
qq and the off-diagonal contribution gy of the overlap matrix.

C Derivation of the breaking point

In Sec. we showed the final expression for the breaking point allowing us, together
with the slope ¢(z), to distinguish between a discontinuous and a continuous phase tran-
sition in the order parameter. This provide a crucial information to better investigate
the properties of the equilibria in the free-energy landscape and argue about the resulting
transitions. The computation of these two quantities allows us to avoid a too convoluted
formalism, which would in principle require the stability computation of multiple steps of
replica symmetry breaking. In the following, we will then discuss the main passages to
obtain the expressions for the breaking point and the slope in a very general setting, as
shown in [38].
We start from the expression of the functional derivative of the free energy

6flg(x);qal 1 /
Ll = 5 [P ) (77)
Taking advantage of the following relationship
dd ;
] g0 adite) (78)
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the second derivative of the free energy turns out to be

1
FPlao)addi() = 5 - [ dh Plho) ) (79)
Then, according to this second relation:
d :
dxf(”) la(x); 4] = f"D[g(2); gal(x) for n>2, (80)

the r.h.s of Eq. can be re-expressed as

o [Pt f w2 = i) [ dnP(o s w? (s1)
x
Gathering the two expressions together, one obtains
. I(x
FOlataraaite) = 52 [ anpin o0y (52)

Therefore, if there exists an interval € [0, 1] above which ¢(z) # 0, one can argue that the
variation of the free energy function to the second order is

Flaw)ad = 5 [ dhP(h) e (53)

which is essentially equivalent to determining the vanishing value of the replicon mode of
the stability matrix, ¢.e. the marginal stability condition for the RS solution. Hence, the
breaking point can be simply obtained by the differentiation of the above equation with
respect to x:

% dhP(h,z)f" (z,h)* = {(z) [th(h, z)f" (z,h)* — 2z / dhP(h,z)f"(x,h)>| (84)

Using again Eqs. —, we impose f®)[g(x); qq] = 0, from which we immediately get
/ dhP(h,z)f" (z,h)? — 2z / dhP(h,z)(f"(z,h))> =0, (85)

hence in terms of the breaking point z*:

. dhP(h,x)f"(z, h)?
Y T 9 dhP( ha) ' (w, h)?

(86)

D Alternative computation of the breaking point by a third-
order perturbative expansion

To study stability properties, we can develop the matrix (., and the external field h,
around the symmetric solution namely with Q. = gqdap + qo and h, = h. Note that we
have called ¢ the diagonal value and ¢ the off-diagonal contribution.

Qab = (94 + pa)dab + qo + oap

87
ho =h+1, (87)
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where 0,0, = 0 and o4 = 0, Expanding the free energy according to the definition in
Eq. , we obtain to the third order:

& = 6<N NoNebe > lalsle +5 b (NaNoN2)e > L szc— N aNENZYD lapopet
abc abc abc
53 ——(NZNZNZ)e Zpapbpc 5<N Ny(NeNg)) Z lalpocat
6
abc ab,c£d
— B (NuNj (NeNa))e Y lanUcd+ NZNb (NeNa)e > papyoea+t
ab,c#d ab,c#d
B 8% o
o (Na(NoNe)(NaNe)e D, lapreoae + 5 (NG (NoN)(NaNe)e D Pabetaet
ab#c,d#e ab;éc d#e
3
NN NN NN Y oo
a#b,c#£d.e#£f
(88)
where three-point connected correlation functions can be simplied according to
(ABC). = (ABC) — (A)(BC) — (B)(AC) — (C)(AB) + 2(A)(B){C) . (89)

In the following we resume a detailed computation that was similarly done in [39] in the
case of the Random Replicant Model describing the evolution of an ensemble of replicants
that evolve according to random interactions. Using Eq. the third-order contribution
of the free energy can be simplified as a combination of single averages

1= lag (V%) (V)W) + 2(NP? | + 6122 (N7} — 2(N3) (W) - (N%)2 + (N)2(N2)] +
- 52zzp2 [<N5> — (N)(N) = 2(N3)(N?) + 2<N2)2<N>} +
+ L2 [ - 5T ) + 2077 +
522 [ (N3)(N) — 2(N2)Z — 10(N)2(NZ) + 6(N)T + 4((NZ)” — (V)2 <N2>)] S ot

~B%lp [6<N4><N> — 2(N?)(N?) — 6(N)?(N?) — 4(N2)>(N) + 6(N)*(N?)+

+4 (T 672 - T T2) | ot
”

3,2
LB
2

+ 4 TP = TN | X ot
£

[6<N5><N> — 2(N)(N%) — 2(N?)? — 8(N3)(N?)(N) + 6(N)*(N?)*+

- 26%1 | (WY - T2 + 20698 - TV — 22 - T Yt

+(<N2><N3>+2<N2>2<N>—3<N>3<N2>+4<N>3-<N>2—4<N V) TN2) S oot
+#

(90)
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+ (INTBCN2) — TNYS + TR - T2 — T2y - TV e Zaabacd]

+28% [(<N4><N2> ~ N2 + 2(NY2(N) - (V)2 — 2N () - (N2 >t

+ (<N>2<N4> +2(N?)(N2)(N) — 3(N)>(N?)? + 4(N)*(N?) - (N)? — 4<N3><N> - <N>2>

> e + (VFNF) — (YN} + (N)2(N?) - (N)2 = (N (NJND?) 3 oascrea | +
# #

,83
+6

1 (TP — T2 TN + 2N Yo+
+

+ 24 (N3 (N2)(N) — 2(NP2(NZ) - (W2 — (V22 - (NP2 4+ 2(N)2° ) 3 oyt

8 (V2)° = 3N (N2) - (V)2 + 2(N)2°) 3 0seeat
#

6 ((VEE(N] (V22 - ()2 — 2(N) - (VP2 4 20N ) Y ot
#

+ 24 (NZ2(N)2 = 2N2(NZ) - (V)2 = ()T (N)2 + 2N)?" ) 3 oaaacanat

#
8 (V)33 = 3N (V%) - N + 207 ) 3 0utactaat
£
+12 ((N)T(NZ) = (NN - (N2 = 2(N)T - (ND? + 20N ) S oneoaet
#

n <<N>6 T N 4 2<N>23) S :Jabacdaef] .
”
(91)

As the next step, the sum over the o’s must be expressed in terms of the continuous
function ¢(z). One typically uses the hypothesis that such o matrices break the replica
symmetry in a hierarchical way and then looks for the solution ¢(z) that minimizes the free
energy functional, written as a combination of second-order and third-order contributions
as in Eq 1} Therefore, by differentiating 3 ([ ]) = ( with respect to x, one finds precisely

Eq. of the main text, provided ¢(z) # 0.

E Marginal stability in the zero demographic noise limit

In the following, we shall derive the marginal stability condition and its behavior in the
vanishing demographic noise limit. The starting point is the analysis of the stability
matrix, namely the second derivatives of the free energy with respect to the overlap matrix

Qab:

0?A

—— Stab) (c 2 2(NaNb, NeNd), 92
90000 = B2p* 06 (av) (cay — (B°P70%)*( ) (92)

29



SciPost Physics

from which, in the RS Ansatz according to [54-56], the replicon eigenvalue reads

>\rep1 :Mab,ab - 2Mab,ac + Mab,cd =

~(390)*{ 1~ (3o "RV — (N NN+ (VPN | (%)

To prove the instability of the RS solution it is sufficient to show that the second term
in the above expression is either greater than one or divergent under some conditions.
The above expression can be rewritten in a more straightforward way by noticing that
the three correlators correspond to the first and higher-order moments of the abundances
averaged over the conditioned probability distribution. We focus then on the conditioned
probability of the four-replica-index correlator, conditioned to the Gaussian variable z.

1 _g[- (222 - r+m mr—zpo ‘ ?
(NP2 = o ( [ ane e )0 o= @)Www)

(94)

(N®N°NN?y, = ﬁ (/ aNe o (58

(r+m/K) )N2 puh+mr— zpa\/i N+pN3 N)
(95)

(N%) 2NP N, (/dNe ﬁ — (222 8(qu— qo)Jr(Ter/K))N2 (puh+mr—2po/qo) N+PN3 N2>

' (/ aNe Pl (F

The last correlator ((N®)2N°N¢), is a combination of the previous ones: its expression
is slightly more involved but still exactly calculable. For the sake of compactness, in all
the expressions above we have indicated the partition function as

/dNe_B

In the 8 — oo limit, we can safely expand the term at the exponent around the saddle-
point value N*, which corresponds to a harmonic approximation in (N —N*). Accordingly,
the normalization can be rewritten as

(qu*qo)Jr(rJrM/K))N2 +(puh+mr—zpo\/q0) NerN3 N

(96)

2 8aa— QO)+(T+m/K)) 24 (puh+mr—zpo,/q0) N+pN* (o7)

Z(z) = /ng( e~ B[N* (b—aN*—cz+(N*)?p)+(b—2aN"—cz+3(N*)?p) (N =N*)+(~a+3N*p)(N=N*)?]
(98)
Then, the average species abundance reads

A(z) = /OO dNefﬁ[N*(bfaN*fcz+(N*)2p)+(beaN*fcz+3(N*)2p)(NfN*)+(fa+3N*p)(NfN*)2]N
0

i

(99)
while its second-order moment:

B(Z) _ /OO dNe—ﬂ[N* (b—aN*—cz+(N*)2p)+(b—2aN*—cz+3(N*)2p)(N—N*)+(—a+3N*p)(N—N*)2]N2 '
0

(100)
Then, the last correlator can be expressed as a combination of the first two pieces:

C(z) = B(z) - A(2)* . (101)
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Gathering all the information on the three correlators together, we end up with the ex-
pression of the replicon to be averaged over the Gaussian variable z

—2C(2) + A(2)?
Z4

|:<(Na)2(Nb)2> _ 2<(Na)2Nch> + <NaNchNd /D

(102)

We have not reported all mathematical steps to avoid making the paper too heavy.

Nonetheless, thanks to the Gaussian form of the integrals, the reader can keep going

in the analysis and show that the replicon expression would diverge irrespective of the
parameters a, b, ¢, p, as > 1.

E.1 General computation for an arbitrary potential

We aim now at generalizing the aforementioned computation for a generic potential V;(N;),
beyond the simple Lotka-Volterra and cubic interaction cases. We thus express the starting
Hamiltonian in the RS Ansatz as:

2,2 _
Pﬁ(;MQo)NiQ + (pph — zipo+/qo0) N; (103)

where for the sake of simplicity we can absorb both contributions of the linear shift in IV;
in a single term Z;c. By employing a harmonic approximation in (N — N*), we eventually
end up with:

Hgs(Ni, zi) = Vi(N;) —

N 2 2
Hgs =V;(N;) — %Aq]\/}? + ZcN; ~ {cNi*E — %AQ(NZ‘*)QP%Q + Vz(Nz*)] +
+[e2 = AgN; p*o”® + VI (N)] (N; = N}) + [—qu V)| (V= NP

(104)

2

The partition function becomes then

) | 8 (ez + V() - N7V ()
- \/5 (—Agp2o? + V' (N})) [ b \/2 —Aapo? - VI(N)

1
[c222+vi’(N;‘)(2c5—2Aqu*p2<72+Vi(Ni ))+2V,-(Ni )(qu%Q—vi (N;‘)>+N;(—205+quv*p o )v (NF )}

- €

2(Aqp202 -V, (N})) )
(105)

Considering now the asymptotic expansion of the complementary error function in the
B — oo limit, which can be simplified with the other exponential factor, we can claim that
the only relevant term is the normalization 1/1/8 (—Agp202 + V" (N*)). Note again that
the factor Aq = (gq—qo) has been introduced to properly deal with O(1) quantities in this
regime. We can focus then on the other terms, which are expressed as conditioned averages
over the auxiliary Gaussian variable of four-replica-index correlators. Then, neglecting
exponentially small factors, we can rewrite the resulting combination, as shown in Eq.

(102)), in the following way:

p202
(—Agp?a? + VI (N}))?
(106)
where the overline denotes the average over the species distribution P(N*). Note that, in
the 8 — oo limit, most of the terms cancel out with each other because the error functions
themselves tend to one in this regime.

(0o )2 [((NF)2(ND)?) = 2((Nf)2 NP Ng) + (NENPNENE) | =

(2
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In the simplest Lotka-Volterra logistic growth case one immediately recognizes that
this equation implies

2 2 2
o o
L 2 = 2A0)2 (107)
p? (1 —02Aq) (1 —02Aq)
because the denominator in Eq. (106) is just the curvature of the Hamiltonian H”(N}),
in perfect agreement with the results obtained in [7].

F Coupled potentials: Bethe lattice argument

To show that only diagonal terms matter in the resulting formulation, we can for instance
rephrase the model proposed in Eq. on a Bethe lattice, namely on a random graph
with a locally tree-like structure. Eq. (58) should be then generalized for all site on the
lattice.

Figure 7: Part of the Bethe lattice connecting sites < and j with coupling ;. The lattice
is assumed to be ideally infinite with all sites equivalent.

Compared to fully connected (FC) models, which are typically simpler to solve, the
Bethe lattice has the advantage of being more akin to realistic finite-dimensional models
because of its finite connectivity. On the other hand, from the point of view of critical
phenomena, a phase transition on the Bethe lattice is mean-field-like: hence, if such a
transition does also exist in the large-connectivity /FC limit, then the critical exponents
should be the same as those of the corresponding continuum field theory. Generically, the
density of eigenvalues A, can be obtained through

p(B) = ¢ S 8(5 - A,) (108)

where S denotes the total number of species, i.e. of sites in the current notation. Its
expression is strictly related to the resolvent matrix G(E)

p(E) = lim LS% Tr G(E + ie) (109)

e—0 7T

where () is the imaginary part. To define the spectral properties of the Hamiltonian
operator we would need to better investigate the resolvent matrix structure, which is

defined as )
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Its diagonal part turns out to be

1
K K
— 2= 3 > 0};Grj(2)
k=1j=1

GZZ(Z) = ) (111)

as it can be proven by means of a perturbative expansion, in the same spirit of the Dyson
equation in diagrammatic theory, or by Random Matrix Theory (RMT) properties, such
as the Schur’s complement formula on inverse matrices [57]. By perturbation theory, one
basically notices that the two contributions at the denominator can be split into a diagonal
part plus a second one written a sum running over all paths in the lattice that connects ¢
and j, for which site 7 is excluded. In this light, the last contribution of Eq. can be
further simplified leading to the following expression for the diagonal part of the resolvent
1
Gii(z) = = : (112)
— 2z — Z Gk,k(z)
k=1

where G}, ;(z) stands for the cavity correlator (or Green function) with oy, = 1. Because
in the large-S limit off-diagonal terms(with & # j) are negligible, we can focus only on
diagonal terms. More precisely, on every graph with a tree-like topology, sites k& and j
turn out to be directly connected once that i is removed.

For the sake of brevity, we will denote the diagonal element of the resolvent matrix as
G(z), we can also deduce the spectral properties through the computation of the density
p(E), see Eq. . Hence, the introduction of an infinitesimal field on each N; will result
in a term JN;, which can be dealt with using the same strategy as in Sec. . The
energy variation will be then

ZM\#Vff N}) (113)

where, again, we can consider only diagonal terms of the interaction matrix in Eq. (59).
The argument follows precisely as in the main text giving a criterion for marginal stability
in terms of the distribution P(V.g(N*)).

€

G Connections with a disordered instance of two-level sys-
tem (TLS)

In a recent paper 58], a generalization of the Kithn and Horstmann (KH) model combined
with the Gurevich, Parshin and Schober (GPS) three-dimensional lattice version in the
presence of random interactions and a constant external field has been proposed in order
to study zero-temperature vibrational modes of a specifically designed disordered system.
The model is formulated as a collection of anharmonic oscillators subject to a random
distribution p(k) for the stiffnesses k, which are taken uniform in the interval [Kmin, Kmax]
for positive or zero values. In this formulation, the Hamiltonian reads

Hyugps = ZJZ]JZZQZJ + = ZEZCE + — I Zx — thz (114)
1<J

where the couplings J;; are i.i.d variables, Gaussian distributed with zero mean and vari-
ance J2/N. If the lower edge of the stiffness support is strictly positive, the spectral
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density is gapped at small coupling strength leading to a purely convex landscape. Con-
versely, upon increasing the coupling strength, a phase transition takes place according to
which the lower edge of the spectral density touches zero as a signature of marginality.

Specifically in the " — 0 limit, one can define an effective potential veg(x) = % +
D22 — (f + h)z, where f is a random force while m = k — J?x, where ¥ is related to the
correlation functions between different replicas and should be determined self-consistently.

In [58] it has been shown that at small external field the density of states is purely
quadratic D(w) ~ w? as correctly predicted by mean-field models, and the corresponding
modes are delocalized. On the other hand, upon increasing the external field, a quartic
pseudogap D(w) ~ w?* takes place associated with the appearance of localized modes. The
two regimes are separated by a special point on the critical line in the two-dimensional
plane for the applied magnetic field versus the interaction strength (J, h). The strength J
plays a crucial role because for sufficiently small couplings the spectrum remains gapped
with a twofold scenario for the density of states (either quartic dependence in w or standard
quadratic trend as observed in most mean-field spin-glass systems). Moreover, if the
minimal stiffness — defining the lower edge of the support of p(k) — shrinks to zero, the
critical transition line J.(h) shifts to the left as well allowing only for a RSB phase,
irrespective of the strength J.

H Toy model of coupled oscillators: a field theory approach

To highlight the connection with our model in presence of a cubic potential, we will present
an argument inspired by a system of coupled oscillators subject to a given interacting
potential. We shall then generalize this picture considering an additional quartic-order
contribution which accounts specifically for a double-well potential.

Therefore, we can map the parameters of the KHGPS model — notably the marginal
stability condition for the stiffness — into a weak or strong Allee effect depending on the
selected value of the threshold m and the generalized field. The interplay between the
parameter m and the field is indeed responsible for a different phenomenology associated
with a single or a double-well potential in the species abundances, respectively.

To give a more concrete example, we first consider a system on a linear chain defined
by N identical massive particles (with given mass m) oscillating around their equilibrium
positions and subject to a harmonic potential. The Hamiltonian can be written then as

al P2 mw? 5  MWi 4
— in - _ Y
H= m + 2 (Qn Qn—l) + 9 qn (115)

where the second term represents the nearest-neighbor coupling, whereas the last term
simply reproduces the Hooke contribution. According to quantum mechanics formalism,
we can resort to the usual relations for the evolution of positions and momenta:

- o pa(®)
{ ?”(t) —m ) (116)
Pn(t) = mw? [gnt1(t) + gn-1(t) — 2¢5 ()] — mwign(t)

In the continuum limit, particles are function of both position and time, therefore by the
introduction of a field:

q(z +a,t) —q(x,t) ;2((1(33775) —a(r—a)) — w%q(x,t) (117)

j(z,t) = w?a® [
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which in the limit a — 0, N — oo implies:

2
lim  §(z,t) =  §(x,t) — wia? a—q(x t) + wiq(x,t) =0 (118)
a—0,N—oc0 8

If we define wa = v and set wy = 0, we can exactly recover the wave equation in one
dimension with G(z,t) — v20%/0x2q(x,t) = 0. For the sake of convenience we nevertheless
choose the rescaling (w/v)* = m2, q(z,t) = ¢(x) and v = ¢, which allows us to end up
with a Klein-Gordon equation for bosonic fields. In the covariant formulation, the equation
reads:

00" () + m2p(z) =0 . (119)
from which one can derive the corresponding Klein-Gordon action in a few passages
1 2
_ /d% <—20Ma“¢— n;gbgb) (120)

Note that the mass term m? plays a crucial role as strictly connected to the appearance
of Goldstone modes. Coming back to the model defined in Eq. , this would lead to a
condition for the stiffness term k < m?: when the support of k touches zero, an intrinsic
instability emerges as a consequence of a spontaneous symmetry breaking.

H.1 Further analysis of a system of anharmonic oscillators subject to
quartic-order perturbation

In the previous Section, we have briefly discussed how to recover the instability condition
by the analysis of the stiffness distribution and the determination of the vanishing behavior
of the lower edge of their support. In the following, we will show one possible strategy to
go beyond a model of purely harmonic oscillators by means of the introduction of quartic-
order contribution to be eventually treated in perturbation theory. The techniques we
are going to use in the following are standard and based on the computation of the first
corrections to the ground state energy in a quantum mechanical system of anharmonic
oscillators. Following the same hypothesis of [59], in the 7" — 0 limit we can write the
solution as a problem of decoupled oscillators subject to a given effective potential.

mg® 1 A
w—/quxp{ /dT( 5 +2qu +4!q>} (121)

The following notation w[.J]? stands for the generating function without the quartic term
but in presence of an external force:

/Dq exp{ /d’l’ <2q2 + ;mw q — Jq)} (122)

According to this reshuffling, we can obtain a compact expression as a function of cumu-
lants of (§/6.J)%, based on the following identity:

o Jarai(5y) 4w(0)[<]] :/quxp{—/dTi'q“}eS(o)[J] _
— Lo 1 99 Ay
_/quxp{—/dT (2mq +§mw q +aq —Jg

from which we can expand the exponential in power series and eventually take J = 0 to
recover the initial expression. To compute Eq. (122)), we consider the equation of motion

(123)
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in presence of the external source J and suppose to be able to find the classical solution
for ¢

mi(r) = mw?q(r) — J(7) (124)

with ¢ = 0 at the initial time. In a few passages, we can rewrite the expression for w(© []]
as:

wOJ] oc Ae= 5] (125)
where ) .
S[‘]] = /dT <2mqglas + §mw2qglass - JQClass> (126)

Then, we can simply integrate the first term by part, take advantage of the equation of
motion and resort to the Green’s function formalism to write the resulting solution. In this

way, we end up with m <dd722 - w2> G(7,7") = §(r — 7') where G(,7') can be expressed in
the Fourier space as G(7,7') = — [ Oooo %meik(“”. Accordingly, one can deduce

the first-order correction to w[.J], hence the ground state energy from the evaluation of its
logarithm. One can thus show that the first energetic contribution of a system of decoupled
hhw 2,.,2

w

oscillators, & = #5*, is actually corrected by a term that is inversely proportional to m

confirming the divergence of the asymptotic expansion as m? — 0.

References

[1] K. Faust and J. Raes, Microbial interactions: from networks to models, Nature
Reviews Microbiology 10(8), 538 (2012), doi:https://doi.org/10.1038/nrmicro2832.

[2] C. A. Lozupone, J. I. Stombaugh, J. I. Gordon, J. K. Jansson and R. Knight, Di-
versity, stability and resilience of the human gut microbiota, Nature 489(7415), 220
(2012), doi:https://doi.org/10.1038 /naturel1550.

[3] D. S. Maynard, Z. R. Miller and S. Allesina, Predicting coezistence in exper-
imental ecological communities, Nature Ecology & Evolution 4(1), 91 (2020),
doi:https://doi.org/10.1038 /s41559-019-1059-z.

[4] V. Bucci and J. B. Xavier, Towards predictive models of the human gut microbiome,
Journal of molecular biology 426(23), 3907 (2014), doi:10.1016/;.jmb.2014.03.017.

[5] D. A. Kessler and N. M. Shnerb, Generalized model of island biodiversity, Physical
Review E 91(4), 042705 (2015), doi:https://doi.org/10.1103/PhysRevE.91.042705.

[6] G. Bunin, Ecological communities with lotka-volterra dynamics, Physical Review E
95(4), 042414 (2017), doi:https://doi.org/10.1103/PhysRevE.95.042414.

[7] G. Biroliy G. Bunin and C. Cammarota, Marginally stable equilibria
in  critical ecosystems, New Journal of Physics 20(8), 083051 (2018),
doithttps: //doi.org /10.1088 /1367-2630/aadas5s.

[8] T. Galla, Dynamically evolved community size and stability of random lotka-
volterra ecosystems (a),  EPL (Europhysics Letters) 123(4), 48004 (2018),
doi:https://doi.org/10.1209/0295-5075/123 /48004.

36


https://doi.org/https://doi.org/10.1038/nrmicro2832
https://doi.org/https://doi.org/10.1038/nature11550
https://doi.org/https://doi.org/10.1038/s41559-019-1059-z
https://doi.org/10.1016/j.jmb.2014.03.017
https://doi.org/https://doi.org/10.1103/PhysRevE.91.042705
https://doi.org/https://doi.org/10.1103/PhysRevE.95.042414
https://doi.org/https://doi.org/10.1088/1367-2630/aada58
https://doi.org/https://doi.org/10.1209/0295-5075/123/48004

SciPost Physics

[9]

[10]

[11]

M. Pearce, A. Agarwala and D. S. Fisher, Stabilization of extensive
fine-scale diversity by spatio-temporal chaos, bioRxiv p. 736215 (2019),
doizhttps://doi.org/10.1073 /pnas.1915313117.

F. Roy, M. Barbier, G. Biroli, G. Bunin et al., Complex interactions can create
persistent fluctuations in high-diversity ecosystems, PLOS Computational Biology
16(5), 1 (2020), doi:https://doi.org/10.1371/journal.pcbi.1007827.

A. Altieri, F. Roy, C. Cammarota and G. Biroli, Properties of equi-
libria  and glassy phases of the random lotka-volterra model with de-
mographic  noise, Physical Review Letters 126(25), 258301 (2021),
doizhttps://doi.org/10.1103 /PhysRevLett.126.258301.

J. Wu, P. Mehta and D. Schwab, Understanding species abundance distributions in
complex ecosystems of interacting species, arXiv e-prints (2021), arXiv:2103.02081.

M. Barbier, J.-F. Arnoldi, G. Bunin and M. Loreau, Generic assembly patterns in
complex ecological communities, Proceedings of the National Academy of Sciences
115(9), 2156 (2018), doizhttps://doi.org/10.1073 /pnas. 1710352115,

I. M. Bomze, Lotka-volterra  equation and replicator dynamics: new
issues in  classification, Biological cybernetics  72(5), 447 (1995),
doi:https://doi.org/10.1007/BF00201420.

T. Galla and J. D. Farmer, Complex dynamics in learning complicated
games, Proceedings of the National Academy of Sciences 110(4), 1232 (2013),
doi:https://doi.org/10.1073 /pnas.1109672110.

S. Solomon et al., Generalized lotka-volterra (glv) models of stock mar-
kets, Advances in Complex Systems (ACS) 3(01n04), 301 (2000),
doizhttps://doi.org/10.1142/S0219525900000224.

S. F. Risk, Oecd reviews of risk management policies, OECD Economic Outlook
2012(1) (2012), doi:https://doi.org/10.1787/19934106.

P. A. Stephens, W. J. Sutherland and R. P. Freckleton, What is the allee effect?,
Oikos pp. 185-190 (1999), doi:https://doi.org/10.2307/3547011.

F. Courchamp, T. Clutton-Brock and B. Grenfell, Inverse density depen-
dence and the allee effect, Trends in ecology & evolution 14(10), 405 (1999),
doi:https://doi.org/10.1016/S0169-5347(99)01683-3.

J. Wang, J. Shi and J. Wei, Predator—prey system with strong allee effect in prey, Jour-
nal of Mathematical Biology 62(3), 291 (2011), doi:https://doi.org/10.1007/s00285-
010-0332-1.

W. C. Allee, Studies in animal aggregations: causes and effects of bunch-
ing in land isopods, Journal of Experimental Zoology 45(1), 255 (1926),
doizhttps://doi.org/10.1002/jez.1400450108.

J. Gascoigne and R. N. Lipcius, Allee effects in marine systems, Marine Ecology
Progress Series 269, 49 (2004), doi:10.3354/meps269049.

A. M. Kramer, L. Berec and J. M. Drake, Allee effects in ecology and evolution,
doi:10.1111/1365-2656.12777 (2018).

37


https://doi.org/https://doi.org/10.1073/pnas.1915313117
https://doi.org/https://doi.org/10.1371/journal.pcbi.1007827
https://doi.org/https://doi.org/10.1103/PhysRevLett.126.258301
arXiv:2103.02081
https://doi.org/https://doi.org/10.1073/pnas.1710352115
https://doi.org/https://doi.org/10.1007/BF00201420
https://doi.org/https://doi.org/10.1073/pnas.1109672110
https://doi.org/https://doi.org/10.1142/S0219525900000224
https://doi.org/https://doi.org/10.1787/19934106
https://doi.org/https://doi.org/10.2307/3547011
https://doi.org/https://doi.org/10.1016/S0169-5347(99)01683-3
https://doi.org/https://doi.org/10.1007/s00285-010-0332-1
https://doi.org/https://doi.org/10.1007/s00285-010-0332-1
https://doi.org/https://doi.org/10.1002/jez.1400450108
https://doi.org/10.3354/meps269049
https://doi.org/10.1111/1365-2656.12777

SciPost Physics

[24]

[29]

[30]

[31]

[32]

33]

[34]

[35]

[36]

[37]

F. M. Hilker, M. Langlais and H. Malchow, The allee effect and infectious diseases:
extinction, multistability, and the (dis-) appearance of oscillations, The American
Naturalist 173(1), 72 (2009), doi:10.1086/593357.

K. Bottger, H. Hatzikirou, A. Voss-Bohme, E. A. Cavalcanti-Adam, M. A.
Herrero and A. Deutsch, An emerging allee effect is critical for tu-
mor initiation and persistence, PLoS Comput Biol 11(9), 1004366 (2015),
doi:https://doi.org/10.1371/journal.pcbi.1004366.

S. Vet, L. Gelens and D. Gonze, Mutualistic cross-feeding in microbial sys-
tems generates bistability via an allee effect, Scientific reports 10(1), 1 (2020),
doizhttps://doi.org/10.1038 /s41598-020-63772-4.

M. J. Miiller, B. I. Neugeboren, D. R. Nelson and A. W. Murray, Genetic drift opposes
mutualism during spatial population expansion, Proceedings of the National Academy
of Sciences 111(3), 1037 (2014), doi:https://doi.org/10.1073 /pnas.1313285111.

E. Gonzélez-Olivares, J. Mena-Lorca, A. Rojas-Palma and J. D. Flores, Dy-
namical complexities in the leslie—gower predator—prey model as consequences of
the allee effect on prey, Applied Mathematical Modelling 35(1), 366 (2011),
doizhttps://doi.org/10.1016/j.apm.2010.07.001.

G. Domokos and 1. Scheuring, Discrete and continuous state population mod-
els in a noisy world,  Journal of Theoretical Biology 227(4), 535 (2004),
doi:https://doi.org/10.1016/j.jtbi.2003.08.017.

T. Rogers, A. J. McKane and A. G. Rossberg, Demographic noise can lead to the
spontaneous formation of species, EPL (Europhysics Letters) 97(4), 40008 (2012),
doi:https://doi.org/10.1209/0295-5075/97/40008.

R. M. May, Will a large complex system be stable?, Nature 238(5364), 413 (1972),
doi:https://doi.org/10.1038 /238413a0.

M. Mézard, G. Parisi and M. Virasoro, Spin glass theory and beyond: An Introduc-
tion to the Replica Method and Its Applications, vol. 9, World Scientific Publishing
Company, doi:https://doi.org/10.1142/0271 (1987).

G. Parisi, Order parameter for spin-glasses, Physical Review Letters 50(24), 1946
(1983), doi:https://doi.org/10.1103/PhysRevLett.50.1946.

A. Bray and M. Moore, Replica symmetry and massless modes in the ising
spin  glass, Journal of Physics C: Solid State Physics 12(1), 79 (1979),
doi:https://doi.org/10.1088,/0022-3719/12/1/020.

L. F. Cugliandolo and J. Kurchan, Analytical solution of the off-equilibrium dynam-
ics of a long-range spin-glass model, Physical Review Letters 71(1), 173 (1993),
doi:10.1103 /PhysRevLett.71.173.

G. Biroli, A crash course on ageing, Journal of Statistical Mechanics: Theory and
Experiment 2005(05), P05014 (2005), doi:10.1088/1742-5468/2005/05/P05014.

A. Altieri, G. Biroli and C. Cammarota, Dynamical mean-field the-
ory and aging dynamics, J. Phys. A: Math. Theor. 53, 375006 (2020),
doizhttps://doi.org/10.1088/1751-8121 /aba3dd.

38


https://doi.org/10.1086/593357
https://doi.org/https://doi.org/10.1371/journal.pcbi.1004366
https://doi.org/https://doi.org/10.1038/s41598-020-63772-4
https://doi.org/https://doi.org/10.1073/pnas.1313285111
https://doi.org/https://doi.org/10.1016/j.apm.2010.07.001
https://doi.org/https://doi.org/10.1016/j.jtbi.2003.08.017
https://doi.org/https://doi.org/10.1209/0295-5075/97/40008
https://doi.org/https://doi.org/10.1038/238413a0
https://doi.org/https://doi.org/10.1142/0271
https://doi.org/https://doi.org/10.1103/PhysRevLett.50.1946
https://doi.org/https://doi.org/10.1088/0022-3719/12/1/020
https://doi.org/10.1103/PhysRevLett.71.173
https://doi.org/10.1088/1742-5468/2005/05/P05014
https://doi.org/https://doi.org/10.1088/1751-8121/aba3dd

SciPost Physics

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[48]

[49]

[50]

[51]

G. Parisiy P. Urbani and F. Zamponi, Theory of simple glasses:  ex-
act solutions in infinite  dimensions, Cambridge  University Press,
doizhttps://doi.org/10.1017/9781108120494 (2020).

P. Biscari and G. Parisi, Replica symmetry breaking in the random replicant
model, Journal of Physics A: Mathematical and General 28(17), 4697 (1995),
doizhttps://doi.org/10.1088,/0305-4470,/28 /17 /006.

A. Cavagna, I. Giardina and G. Parisi,  Stationary points of the thouless-
anderson-palmer free energy, Physical Review B 57(18), 11251 (1998),
doi:https://doi.org/10.1103/PhysRevB.57.11251.

Y. V. Fyodorov, Complezity of random energy landscapes, glass transition, and ab-
solute value of the spectral determinant of random matrices, Physical review letters
92(24), 240601 (2004), doi:10.1103/PhysRevLett.93.149901.

Y. V. Fyodorov and I. Williams, Replica symmetry breaking condition exposed by
random matriz calculation of landscape complexity, Journal of Statistical Physics
129(5-6), 1081 (2007), doi:https://doi.org/10.1007/310955-007-9386-x.

A. Auffinger and G. B. Arous, Complexity of random smooth functions on the high-
dimensional sphere, The Annals of Probability 41(6), 4214 (2013), doi:10.1214/13-
AQP862.

G. Parisi, Infinite number of order parameters for spin-glasses, Physical Review
Letters 43(23), 1754 (1979), doizhttps://doi.org/10.1103/PhysRevLett.43.1754.

G. Parisi, A sequence of approrimated solutions to the sk model for spin
glasses, Journal of Physics A: Mathematical and General 13(4), L115 (1980),
doi:https://doi.org/10.1088/0305-4470/13/4,/009.

D. J. Thouless, P. W. Anderson and R. G. Palmer, Solution of ’solvable
model of a spin glass’, Philosophical Magazine 35(3), 593 (1977),
doi:https://doi.org/10.1080/14786437708235992.

R. Palmer and C. Pond, Internal field distributions in model spin glasses, Journal
of Physics F: Metal Physics 9(7), 1451 (1979), doi:https://doi.org/10.1088/0305-
4608/9/7/024.

R. Cofré, R. Herzog, D. Corcoran and F. E. Rosas, A comparison of the maxi-
mum entropy principle across biological spatial scales, Entropy 21(10), 1009 (2019),
doizhttps://doi.org/10.3390,/e21101009.

Z. Frentz, S. Kuehn and S. Leibler, Strongly deterministic population dynam-
ics in closed microbial communities, Physical Review X 5(4), 041014 (2015),
doi:https://doi.org/10.1103/PhysRevX.5.041014.

C. Ratzke, J. Barrere and J. Gore, Strength of species interactions determines biodi-
versity and stability in microbial communities, Nature ecology & evolution 4(3), 376
(2020), doi:https://doi.org/10.1038/s41559-020-1099-4.

S. Botton, M. Van Heusden, J. Parsons, H. Smidt and N. Van Straalen, Resilience of
microbial systems towards disturbances, Critical reviews in microbiology 32(2), 101
(2006), doi:10.1080/10408410600709933.

39


https://doi.org/https://doi.org/10.1017/9781108120494
https://doi.org/https://doi.org/10.1088/0305-4470/28/17/006
https://doi.org/https://doi.org/10.1103/PhysRevB.57.11251
https://doi.org/10.1103/PhysRevLett.93.149901
https://doi.org/https://doi.org/10.1007/s10955-007-9386-x
https://doi.org/10.1214/13-AOP862
https://doi.org/10.1214/13-AOP862
https://doi.org/https://doi.org/10.1103/PhysRevLett.43.1754
https://doi.org/https://doi.org/10.1088/0305-4470/13/4/009
https://doi.org/https://doi.org/10.1080/14786437708235992
https://doi.org/https://doi.org/10.1088/0305-4608/9/7/024
https://doi.org/https://doi.org/10.1088/0305-4608/9/7/024
https://doi.org/https://doi.org/10.3390/e21101009
https://doi.org/https://doi.org/10.1103/PhysRevX.5.041014
https://doi.org/https://doi.org/10.1038/s41559-020-1099-4
https://doi.org/10.1080/10408410600709933

SciPost Physics

[52]

[53]

L. Berthier and J. Kurchan, Non-equilibrium glass transitions in driven and active
matter, Nature Physics 9(5), 310 (2013), doi:https://doi.org/10.1038 /nphys2592.

H. Teeling, B. M. Fuchs, D. Becher, C. Klockow, A. Gardebrecht, C. M. Bennke,
M. Kassabgy, S. Huang, A. J. Mann, J. Waldmann et al., Substrate-controlled suc-

cession of marine bacterioplankton populations induced by a phytoplankton bloom,
Science 336(6081), 608 (2012), doi:DOI: 10.1126/science.1218344.

C. De Dominicis, I. Kondor and T. Temesvari, Beyond the sherrington-
kirkpatrick model, In Spin glasses and random fields, pp. 119-160. World Scientific,
doi:https://doi.org/10.1142/9789812819437_0005 (1998).

T. Temesvari, C. De Dominicis and I. Pimentel, Generic replica symmet-
ric field-theory for short range ising spin glasses, The European Physi-
cal Journal B-Condensed Matter and Complex Systems 25(3), 361 (2002),
doi:https://doi.org/10.1140/epjb/e20020041.

C. De Dominicis and 1. Giardina, Random  fields and  spin
glasses: a field theory approach, Cambridge  University  Press,
doi:https://doi.org/10.1017/CBO9780511534836| (2006).

F. Benaych-Georges and A. Knowles, Lectures on the local semicircle law for wigner
matrices, arXiv e-prints (2016), arXiv:1601.04055.

C. Rainone, P. Urbani, F. Zamponi, E. Lerner, and E. Bouchbinder, Mean-field model
of interacting quasilocalized excitations in glasses, SciPost Phys. Core 4, 8 (2021),
doi:10.21468 /SciPostPhysCore.4.2.008.

E. Bouchbinder, E. Lerner, C. Rainone, P. Urbani and F. Zamponi, Low-frequency
vibrational spectrum of mean-field disordered systems, Phys. Rev. B 103, 174202
(2021), doi:https://doi.org/10.1103/PhysRevB.103.174202.

40


https://doi.org/https://doi.org/10.1038/nphys2592
https://doi.org/DOI: 10.1126/science.1218344
https://doi.org/https://doi.org/10.1142/9789812819437_0005
https://doi.org/https://doi.org/10.1140/epjb/e20020041
https://doi.org/https://doi.org/10.1017/CBO9780511534836
arXiv:1601.04055
https://doi.org/10.21468/SciPostPhysCore.4.2.008
https://doi.org/https://doi.org/10.1103/PhysRevB.103.174202

	Introduction
	The model
	Disordered Generalized Lotka-Volterra Equations
	Dynamics-statics mapping via the Fokker-Planck formalism

	Thermodynamic analysis with demographic noise: introduction to the replica method
	Mean-Field Replica Symmetric equations
	Generalization to the Full Replica-Symmetry Breaking (FRSB) case
	Species dependent fluctuating growth rate and differences between logistic and Allee cases
	Lotka-Volterra logistic growth case
	Allee effective potential and competition between two stable fixed points


	Phase diagrams with weak and strong Allee effect
	Transition from the one equilibrium phase to the multiple equilibria phase: massless modes and diverging susceptibilities
	FRSB nature of the multiple equilibria phase.
	Continuous transition and computation of the breaking point
	Full RSB phase

	Properties of the multiple equilibria phase

	Marginal stability and pseudo-gap distribution of the local curvatures
	First kind of marginal stability condition: degenerate local equilibria
	Second kind of marginal stability condition: pseudo-gap of the local curvatures
	First argument: dynamical cavity
	Second argument: Gaussian model of coupled potentials

	Summary of the results: Allee versus Logistic Growth case
	Conclusion
	Effective Hamiltonian and Replica symmetric ansatz
	Replicon eigenvalue
	Derivation of the breaking point
	Alternative computation of the breaking point by a third-order perturbative expansion
	Marginal stability in the zero demographic noise limit
	General computation for an arbitrary potential

	Coupled potentials: Bethe lattice argument
	Connections with a disordered instance of two-level system (TLS)
	Toy model of coupled oscillators: a field theory approach
	Further analysis of a system of anharmonic oscillators subject to quartic-order perturbation

	References

