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Abstract

The Allee effect describes a decline in population fitness at low densities, potentially leading to extinction.
In predator-prey systems, an emergent Allee effect can arise due to interactions such as density-dependent
maturation rates and predation constraints. This work studies a stochastic predator-prey model where the prey
population is structured into juvenile and adult stages, with maturation following a nonlinear function. We
introduce Itd-type stochastic perturbations in mortality rates to account for environmental variability. We first
establish the positivity of solutions and derive sufficient conditions for the stability of the trivial equilibrium,
prey extinction, and conditional predator extinction. We then analyze prey persistence under specific maturation
rate functions. Finally, numerical simulations illustrate the theoretical results and their ecological implications.
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1. INTRODUCTION

The Allee effect is a fundamental concept in population dynamics, describing a phenomenon where
individuals of a species experience reduced biological fitness at low population densities, leading to a critical
threshold below which the population faces an increased risk of extinction [1], [2]. This effect can arise from
various ecological mechanisms, including difficulties in finding mates, reduced cooperation in foraging or
defense, and inbreeding depression [3].

In his seminal work of 1931, W.C. Allee provided a conceptual and empirical foundation for this phenomenon,
observing that animal populations become more vulnerable to extinction at low densities. However, it was not
until later that the Allee effect was formalized mathematically using ordinary differential equations. One of
the most widely recognized models capturing this effect takes the form:

dN N aN?
dt_rN(l_K> TNTb

where IV represents the population density, r is the intrinsic growth rate, K is the carrying capacity, a governs
the intensity of the Allee effect, and b modulates its influence. The term j‘(,lfb introduces the Allee effect by
reducing the population growth rate at low densities, reflecting challenges such as mate finding or resource
acquisition that can drive populations toward decline or extinction.

An emergent Allee effect occurs when interactions between species produce population dynamics that
exhibit Allee-like characteristics under specific conditions. For instance, in predator-prey systems, such an
effect can arise when:

e The prey’s reproduction rate depends positively on population density, as higher densities may enhance
defense mechanisms, foraging efficiency, or communal behavior.
e Predators exhibit higher hunting efficiency when prey are clustered or exhibit communal behaviors that
facilitate capture.
These dynamics can lead to pronounced cycles of abundance and scarcity in both predator and prey
populations, potentially resulting in the extinction of one or both species.
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Of particular interest is the emergent Allee effect in predator-prey models, which has been extensively
studied using ordinary and stochastic differential equations [4], [5], [6], [7], [8], [°1, [10], [11], [12], [13],
[14], [15]. This work is inspired by the deterministic model proposed in [14], which divides the prey’s life
history into juvenile and adult stages. The prey population is regulated through maturation, with predators
feeding exclusively on adult prey. This framework captures the essential elements for the emergence of an
Allee effect, as detailed in [16]. The model is described by the following system of equations:

dzx 3 T

- = — 5 — M2,
at VT iy

dy x

hat A _ —yz
dt 1+ 22 HylY — Yz,
dz ( )

— = z\ay — Uz),

dt y—p

where z represents the predator population, y denotes adult prey, and = corresponds to juvenile prey. The
1

maturation rate of juveniles is given by >, which decreases as the density of the juvenile population
increases. The parameter 3 represents the fertility rate, while o quantifies the efficiency with which the
consumed prey biomass is converted to predator biomass (« € (0,1)). The mortality rates for juveniles, adult
prey and predators are denoted by ., jiy, and p,, respectively.

In this study, we generalize the maturation rate to a function ¢ : R>¢ — R3¢ that satisfies the following
conditions:

1) ¢ is differentiable on (0, c0),

2) limg— e ¢(x) =0, and

3) sup,en., p(@) < L.

To better reflect the stochastic nature of ecological systems, we introduce stochastic perturbations of Itd-type
into mortality rates fi;, iy, and ji.. These perturbations account for environmental variability, demographic
noise, and other stochastic factors, modeled as follows:

L — g + 0,dB(t),
[y = py + oydBy(t),
Wy > s+ 0.dB, (1),

where B, By, and B, are independent Brownian motions, and o, 0y, and o, represent the noise intensity
coefficients. The resulting stochastic model is given by:

dx = (By — ¢(x)x — pex) dt — o,2dB,(t),
dy = (p(z)a — pyy — yz) dt — oyydBy(t), (1
dz = z(ay — p,)dt — 0,2dB,(1).

We begin by establishing the positivity of the solutions, demonstrating that the system (1) remains within
the domain of positive population densities for all time with probability 1. Subsequently, we derive sufficient
conditions for the stability of the origin, the asymptotic stability of the origin, the extinction of the prey, and
the conditional extinction of the predator.

A central focus of this work is on the analysis of prey persistence. To this end, we consider the specific case
p(z) = T4+ Where £ represents the maturation rate at low densities. This choice is motivated by observations
in [13], where the population density of cod in the North Atlantic remained low despite fishing restrictions.
We model predation constraints by imposing the condition {sup,s z(t) < M}, aiming to identify conditions
under which prey persistence is ensured with limited predation.

The remainder of this article is organized as follows.

e In Section 2, we present the necessary definitions and theoretical foundations for the study.

e In Section 3, we establish sufficient conditions for the stability of the origin, the extinction of the prey,

and the conditional extinction of the predator.



A STOCHASTIC PREDATOR-PREY MODEL WITH EMERGENT ALLEE EFFECTS 31

e In Section 3.4, we analyze prey persistence and derive conditions under which extinction is avoided.
e In Section 4, we provide numerical simulations to illustrate the theoretical results, make comments on
the theorems, and discuss their biological implications.

2. PRELIMINARIES

Throughout this paper, let RZ,:={x € R" :2; >0,Vi=1,...,n} and R :={x e R" : ; > 0,Vi =
1,...,n}. Consider the following Itd-type stochastic differential equation:

dX(t) = f(X(t),t)dt + g(X(t),t)dB(t), )

where f: R" X R>p = R" and g : R” x R>9 — M, ., are Borel-measurable functions, with M, being
the space of n x m matrices with real entries, and {B(¢)} an m-dimensional Brownian motion.

The infinitesimal generator operator £ associated with (2), whose domain consists of smooth functions,
takes the form:

Definition 2.1. A point x = 0 € R" is said to be an equilibrium point of the system (2) if f(0,t) = 0 and
9(0,t) =0 for all t € R>.

Definition 2.2. Let x = 0 be an equilibrium point of the system (2). This point is said to be stable in
probability if for every € > 0 and r > 0, there exists § = d(e,r) > 0 such that if ||x(0)| < 6, then

P([|x(t)]| < 7, ¥t € Rso) > 1 —e.

Since the stochastic differential equation of our interest models a population growth phenomenon, the point
x = 0 represents the absence of species (extinction). Thus, Definition 2.2 intuitively tells us that the system
will remain within thresholds close to extinction with high probability, provided it starts with low population
densities.

Definition 2.3. Let x = 0 be an equilibrium point of the system (2). We say that this point is asymptotically
stable in probability if it is stable in probability and if for every € > 0, there exists 6 = d(€) > 0 such that if
Ix(0)]| < 0, then
P(lim x(t):O) >1—e
t—o0

The definition 2.3 intuitively tells us that being asymptotically stable in probability implies that, with high
probability, there exists a neighborhood of the origin (x = 0 is an equilibrium point of the system) such that,
starting from this neighborhood, the system converges toward extinction.

Next, we will state a series of well-known theorems in the literature on stochastic differential equations
that will be used in the proofs in the main results section. However, we first need some additional definitions.

Definition 2.4. Let KC be the family of all continuous, non-decreasing functions ¢ : R>qg — Rx>¢ such that
¢(0) =0and ¢(r) >0ifr > 0. For h >0, let Sp, = {x € R : ||x|| < h}. A continuous function V (x, 1)
defined on Sp, x R>q is said to be positive definite (in the sense of Lyapunov) if V(0,t) = 0 and, for some
¢ €K,

V(x,t) > ¢(||x||) for all (x,t) € Sp x Rxo.

A continuous function V (x,t) is said to be negative definite if —V is positive definite. A nonnegative continuous
Sunction V(x,t) is said to be decrescent if for some ¢ € K,

Vi(x,t) < o(||x]]) forall (x,t) € Sp x Rxo.

Definition 2.5. Let h € Rsq. We denote by 0271(Sh X R>0;R>0) the space of all nonnegative functions
V(x,t) defined on Sy, xRxq that are twice continuously differentiable in x and once continuously differentiable
in t.
Theorem 2.1. Let x = 0 be an equilibrium point of (2). If there exists a positive definite function V (x,t) €
C?1(S, x R>0;R>0) such that

LV (x,t) <0,
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for all (x,t) € Sy, x R>q, then x = 0 is stable in probability.

Proof: See [17], page 111. ]

Consider the linear system
k

dX(t)=BXdt+ Y ¢, X dB,(t). 3)

r=1
with constant coefficients, that is, B, cq, ..., C, are constant matrices.

Theorem 2.2. If x = 0 is an equilibrium point of the system (3) that is asymptotically stable in probability,
and the coefficients of the system

k
dX (1) = f(X(8),t)dt + ) g-(X(t),1) dB,(t), )
r=1
satisfy the inequality
k
1 Get) = Bx|| + ) llgr (1) — ex]| < y[Ix]|, )
r=1

in a sufficiently small neighborhood of the point x = 0 and for a sufficiently small constant ~y, then the
equilibrium point x = 0 is asymptotically stable in probability for the system (4).

Proof: See [18], Theorem 7.1, p. 228. [ |

Theorem 2.3. If there exists a positive definite and decrescent function V (x,t) € C*1(R" x R>q,R>q) such
that LV (x,t) is negative definite, then the equilibrium point x = 0 is asymptotically stable in probability.

Proof: See [17], Theorem 2.3, p. 112. [ |

3. MAIN RESULTS
3.1. Existence, Uniqueness, Non-negativity, and Boundedness of the Solutions

The techniques to be used in the majority of the proofs rely on applying the generator of the stochastic
process associated with (1) (the Lyapunov operator), which has the following structure:

L =5+ By — @)z — pew) & + (p()r — pyy — yz) 5 + (ayz — p22) £ (6)
2 02 2 02 2 52
whose domain is defined over the space C%!(z,y, 2, t), that is, the space of functions that are twice continuously
differentiable in (x,y,z) € R® and once continuously differentiable in ¢ € R.

The following theorem guarantees that the solution of the stochastic differential equation does not explode
in finite time and remains in the positive cone R3 .

Theorem 3.1 (Positivity of the solution). For initial values (2, Yo, z0) € Rio, the system (1) has a unique
solution (x(t),y(t), z(t)) for all t € Rxo, and the solution remains in RS, with probability 1, that is,

P ((z(t),y(t),2(t)) € RS, Vt € Ryg) = 1.

Proof: The proof is classical in the theory of Itd-type stochastic differential equations. Consider the
function
V :R3 ) — Rxq defined by:
Vizg,y,z) =x—1—In(z)+y—1—1In(y) + 2 — 1 — In(z2).

Then,
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By
LV (x,y,2) = By — (x)r — pa® — —+ (@) + pe + 0(T)T — pyy — Yz

2 2 2
xX)x ag g g
_elo) iyt azy - pez—y e+ 4

Therefore, for (z,y,z) € R3, using that « € (0,1) and that p(z) < 1, we obtain:
1
LV(2,y,2) < Byt z+5(00+ 0y +02) + pa + pry + e + 1

1
max{1, B}(y + 2) + 5(07 + 0y +02) + pra + pry + 1 + 1

1
max{l, B}(z +y +2) + 5 (07 + 05 +02) + pra + 1y + a2 + 1

IN

IN

1
< 2max{l,B}(V(z,y,2) +3) + 5(0923 + a; +02) + o+ py + ps + 1

- 01V(x,y72)+02.
Where ¢; = 2max{1, 3} and ¢; = 6max{1, 8} + (02 4 07 + 02) + fie + piy + p1= + 1.
Now, let (xg, Yo, 20) € Ri and ng € N be sufficiently large such that min{xo, yo, 20} > 1/n for all n > ny.
Since the coefficients of (1) are locally Lipschitz functions, the solution of (1) starting from (zo, Yo, 20) exists
and is unique, up to a stochastic time 7., called the explosion time. Additionally, we will prove that with

probability 1, the solution remains in R?, with initial condition (o, yo,z0) € R2 . We define the following
stopping time for all n > ny:

7o 1= inf{t € Rxo : (x(t), y(¢), 2(t)) & [1/n,n]°}.
Note that 7, is increasing in n, and therefore let 7, := lim,,_, o 7. It is clear that
Too < Te :=1nf{t € Rxg : ||(x(¢),y(t), 2(¢))|| = +oo}.

It is then sufficient to show that P(7,, = c0) = 1.

To proceed, assume by contradiction that P(7, = c0) < 1. Then, there exist 7" > 0 and 1 > 0 such that
P(7o0 < T') > 1. Consequently, there exists an n; > ng such that

P(r, <T)>n, foralln>n,.
By applying Itd’s formula, one obtains:

ov ov ov

dVi(z(t),y(t), () = LV (z(t),y(t), 2(t)) dt + —— dB,(t) + En dB,(t) + 27 dB.,(t).

ox

It follows that V(x(7, AT),y(tn AT), z(7, AT)) is equal to

T NT
V(z(0),y(0),2(0)) + /0 LV (x(Tn At),y(Tn A L), 2(Tn AT)) di

T AT v T AT v T NT v
— dB,(t — dB,(t — dB,(t).
[ Gran [ Gran,m+ [T G a

By taking the expected value, and using the fact that LV (z,y,2) < 1V (z,y, 2) + c2, V is a non-negative
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function, c1,co are positive, and the Itd integral has zero mean, one obtains:

EV(z(ta AT),y(ta AT), (2(1 AT))

T AT
/O (eV((t), y(t), =()) + cQ>dt]

IA

V(2(0),4(0),2(0)) + E

IN

V((0),5(0),2(0)) + E

T
/O (V@A) y(E A ), 2(E A7) + CQ)dt]

< V(2(0),9(0),2(0)) + 2T + c1E

/T V@t A ), y(t A ), 2(EA Tn))dt]
0

T
< V(x(0),y(0),2(0)) + c2T + ¢; / EV(z(t Ah),y(t ATn), 2(t ATy))dt.

0
The last line follows from Fubini’s theorem. Then, using Gronwall’s inequality, one obtains:

BV (x(70 AT),y(10 AT), 2(1, AT)) < [V(2(0),4(0), 2(0)) + c2T] e* ™. )

Let A(n) = min{1/n — 1 —In(1/n),n — 1 — In(n)}. Using the equality above and the fact that V is a
non-negative function, it follows that:

E[V(@(ra AT),y(1n AT),2(10 AT)) 17, <1y] = B(n)P(75 < T) = h(n)n. (8)

Inequality (8) implies that the sequence {E [V (z(mn AT), y(70 AT), 2(70 AT)) 17, <11] }n>n1 is unbounded
above. However, (7) contradicts this. Therefore, P(7,, = 00) = 1, or equivalently, B

P ((z(t),y(t),2(t)) € R3,Vt € Rxg) = 1.
|

Remark 3.1. Due to the previous theorem, that is, for every initial condition (xg, Yo, 20) € Rio, the unique
solution of the system (1) remains in Rio for all time t > 0, the domain of definition of the function V in
Theorems (2.1), (2.2), and (2.3) can be changed from R? to R?;O. To understand why, one must read the
proofs of the theorems. However, informally speaking, the proofs use the composition of the function V with
the solution (z(t),y(t), z(t)), and in this composition the values of V outside R, are irrelevant. Therefore,

Sy, can be replaced by Sy N R%O.

3.2. Stability Analysis
Theorem 3.2. [Stability in probability of x = (0,0,0).] Suppose that in (2) condition ., > (3 holds. Then,
the equilibrium point x = 0 is stable in probability.

Proof: Let V(x,y,2,t) = x +y + 2z € C*(R; x R>0,Rx). Note that V(0,0,0,%) = 0. Consider the
function ¢(r) = %rlﬂ for r > 0. Then, ¢ € K and V(z,y,2,t) > ¢(||(x,y, 2)||) for (z,y, z,t) € RS ;xRxo.
Due to Remark (3.1), Theorem (2.1) can be applied.

The generator of the process (1) is given by (6). Thus,

LV (x,y,2,t) = BY — ot — lyy — Y2 — QYZ — fi.

Therefore, if 3 < p, and recalling that o € (0,1), it follows that LV < 0 on R2, x R>¢. The result follows
from Theorem (2.1). - [ |

Remark 3.2. The condition (i, > 3 in Theorem 3.2 is quite reasonable. If the constant 3, which represents the
fertility rate, does not exceed the mortality rate of adult prey, then it is expected that if the population density
of both juvenile and adult prey starts at low thresholds, it will remain at low thresholds with high probability.
Furthermore, in the absence of a sufficient number of adult prey, the population density of predators is also
expected to remain at levels close to extinction.
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Theorem 3.3. [Asymptotic stability in probability of x = (0,0,0).] Consider the system (1) such that:
) pg > % and (i, > ?z and
o2 g ﬂ2
2 (-%) (w-%)> 5

Then, the equilibrium point of the system (1), x = (0,0,0), is asymptotically stable in probability.

O’Z

Proof: Consider the following stochastic differential equation:

dx = (By — pax) dt — o,x dBy(t),

dy = —pyydt — oyy dBy(t), )
dz = pyzdt — 0,2 dB,(t).

It will be shown that x = 0 is asymptotically stable in probability for (9). Let

ﬁ—g+(5 _ )g_ 2_ 2+1§7i2+15872+13872
ot Y~ Ha® ox Myyay “Z’Zaz 2 Ox2 2 0y? 2 022

Let i > 0 be arbitrary, and consider the positive-definite function V(z,y, 2,t) = 3(2* + y? + 2?) for
(x,y,2,t) € Sp ﬁR%O X R>(. Now,

A a2\ o 05 2 a2\ o
EV(x,y,Z,t)<uz;>x R e K (u2>z + Bry.

Thus, ﬁV(x, Yy, z,t) can be represented in the form

ﬁV(x, y,z,t) = Az? + Bay + Cy* + D2,

where
o A= —Hz + %0';%,
e B=4,
o C=—pu,+ %05, and

o D= —pu,+ %crf.
Consider the matrix () given by:

24 B 0
Q:<B 2C 0 )
0 0 2D

Then, £V (x,1, z) can be represented as the quadratic form 3(z,y,2)Q(z,y,2)". Due to the inequality for
symmetric matrices M, Apin||X[[* < XxMx"" < Apax[[%]|%, where Apin and Apyayx are the smallest and largest
eigenvalues of M, respectively, it follows that the function LV (z,y, z) is negative definite in the Lyapunov
sense if the matrix () is negative definite (all its eigenvalues are negative).

The principal minors of the matrix @ are

24 B
-2 a-(% 7). a-c
Now,

2

o det(Q1) =2A <0 since i, > 5,
2

e det(Q2) =4AC — B% > 0 since (% - Nr) (‘%y _ My) > %2, and
o det(Qs) = 2D det(Qs) < 0 since det(Q) > 0 and 2D < 0 (because . > %),

Since the determinants of the principal minors alternate in sign and det(Q;) < 0, the matrix @ is negative
definite.
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To use Theorem 2.2, it remains to prove that the inequality (5) holds for (1) and (9), which is equivalent to

p(@)z] + () — yz| + |ayz| < c(a® +y° +2°)'/2, V(z,y,2) € S R,
for some positive constants h, c. Now, for all (z,y,z) € S1 N ]R>O, it holds that:
lp()z| + |p(x)z —yz| + |ayz| < 2¢(z)r + (a+ 1)yz
<2z +2y+2z
<6(2? + 42 + z2)1/2.
It is concluded, by Theorem 2.2, that x = (0,0, 0) is an asymptotically stable equilibrium point in probability.
|

Remark 3.3. In Theorem 3.3, the interpretation of the sufficient conditions does not seem very natural.
However, lf Oz, 0y is sufficiently small, it can be interpreted that if the product of mortality rates satisfies
M fly > 3%/2, then, starting from low population density thresholds, the system converges to extinction with
high probability.

3.3. Extinction

Theorem 3.4. [Extinction of the prey] Let (x(t),y(t),z(t)) be the solution of (1) with initial condition
(20, Y0, 20) € R . If B < min{uy, py}, then the prey population will go extinct with probability 1, that is,

tlgiolc[:v(t) +y(t)] =0 as.

Proof: Let V(x,y, z,t) = In(z + y). Note that, due to Theorem (3.1), the composition of the function V'
with the solution of (1) is well defined with probability 1. Using It6’s formula, one obtains:
By — paw — pyy —yz 1 oza® +ojy?
Tty 2 (z+y)?
OyY
2 (t Y2 dB,(t).
o)+ T, 1)

dV(z,y,z,t) < dt

Thus,
V(o z0) < |2 gy ﬂdgw@) + 7B, (1)
r+y r+y r+y
Y TyY
< [ﬁx+ _mln{ﬂwvﬂy}:| 2(t) + xiydBy(t)
OyY
< - —YZ dB,(t).
< (3 min{y 1) 4 1)
Therefore,
Infz(t) +y(t)] < Infzo + yo] + (8 — min{se, py })t
0 booyy(s)
+/ _ T2 1B, (s )+/ — 222 _dB,(s). (10)
o z(s) +y(s) o z(s)+y(s) 7
It is known that {fot #(;()S)de(s)}t> and {fo #’gj()s)dB (s )}t>0 are martingales. Using Itd’s

isometry, one obtains

= ([ strmeno) | =2 (] warame) <




A STOCHASTIC PREDATOR-PREY MODEL WITH EMERGENT ALLEE EFFECTS 37

2
Similarly, E {( fot %(;()s)dBy(s)) ] < oat. Then, by the strong law of large numbers for martingales,

1 [t .
lim = 052(5)

P ; mdBm(S) =0 a.s.,

and

. 1 K Uyy(s) s) —
tllglo t /0 z(s) + y(s)dBy( )=0 as

From (10), dividing by ¢ and taking the limit as ¢ — oo, one obtains:

t—o00

.1 .

tim + Infe(0) + y(1)] < B~ min{pe. )

Thus, if 8 < min{/i, 1, }, then limy o + In[2(t)+y(t)] < 0 a.s., and it follows that limy . (z(t)+y(t)) = 0
a.s. In particular, lim;_, o 2(¢) = lim; 00 y(¢) = 0 a.s. [ ]

Remark 3.4. The theorem establishes rather natural conditions. If the fertility rate is below the mortality
rate of both juvenile and adult prey, then, regardless of the initial population density, extinction will occur
with probability 1.

Theorem 3.5 (Extinction of the predator). Let &, = {lim;_, y(t) = 0}. Suppose that P(E,) > 0. Then,
P (lim; 0 2(t) = 0 | &) = 1. That is, given E,, the predator goes extinct with probability 1.

2
Proof: Let € € (0, # be arbitrary and for each n € N, define &, := {sup,s, y(t) < €}. Since
P(&y) > 0 and &, T {limsup,_,  y(t) < €} D &,, there exists a N € N such that:

P(E.,) >0, ¥Yn>N.

Conditioning on the event &, for n > N, it follows that in the stochastic differential equation (1), the
following holds:

dz < (e — py)zdt — 0,2dB,(t), forall t > n. (11)
It is known that if ae — p, < %oz, the stochastic differential equation

dw = (aew — pw) dt — o,w dB(t),

satisfies that for every initial condition wg € R, lim;_,o w(t) = 0 whenever e — p, < %ag. From (11), it
follows that lim;_,, z(t) = 0 for every zy € R<¢. Thus,

P (tlggo 2(t) =0 se,n) ~1. (12)
Taking the limit as n — oo in (12), one obtains
P (lim z(t) =0 | limsup y(t) < e) =1. (13)
t—o0 t—o0

Finally, taking the limit as ¢ — 07, it is concluded that

P (tli>r£<> z(t) =0 | Ey) =1
|

Corollary 3.5.1. If 8 < min{py, py}, then lim;_, o y(t) = 0 almost surely, and consequently, lim;_, o, z(t) =
0 almost surely.
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3.4. Persistence of the Prey

In this section, the function (z) = H% for x > 0 is considered, where x > 0. The constant x can be
interpreted as the maturation rate at very low densities. In this section, sufficient conditions are provided to
ensure that liminf y(¢) > 0 almost surely in a probability space of the form Zys := {sup;>, 2(t) < M} for

some constant M > 0.
First, some auxiliary results are required. Consider the following system of stochastic differential equations:

1+2z

_ KT ~ i

dz :f,uzzdt 0.Z2dB,(t).

5 — (gy L M) it — 0,7 dB, (1), (14)

<

This system has a generator given by:

KT \ 0 KT \ 0 _ 0
£im (97 55 - et g+ (5 — b M09 37— e >
1, , 0 12282 1, ., 0°
0 g T gt 37 g

It will be shown that the subsystem of (14) given by:

i = (5—_ . m) dt — 0,7 dB. (1), (16)
dy = (1'%3 — (py + M)gj) dt — oy dBy(t),

has a unique stationary distribution with support in R? <o under certain conditions. To achieve this, it is
necessary to show that, under certain conditions, there exists a bounded open set i/ C U C R2>0 with a
smooth boundary such that the following hold:
(i) There exists a nonnegative function V : R2 ) — R such that L,V (z,y) < 0 for all (z,y) € RZ,\U,
where L, is the generator of (16).
(i) There exists x > 0 such that if D is the diffusion matrix of (16), that is,

(o O
D= ( 0 oy ) ’
then (£1,82) DD (&1,£)" > k(&7 + &5) for all (z,y) € U.
The proof of this result can be found in [18], p. 99.

Remark 3.5. The stochastic differential equation (16) satisfies condition (ii), since
oz 0 oz 0
(€1,62) ( 0 0,7 ) ( . ) ( g ) = 02078 + opy’8S > K(E +&3), forall (z,y) €U,
In particular, the existence of a unique stationary distribution implies that for every initial condition

(zo,y0) € RZ,, limy_, oo (2(1), 5(t)) = (X Y'), where the random vector (X,Y) has its support in R% . The
following conditions are sufficient for the existence of a unique stationary distribution on R in (16):

2 A7)

See Theorem 5.2.
In event Zy = {sup;>, 2(t) < M}, the stochastic differential equation given by (4) with ¢(z) = 135

can be rewritten as:



A STOCHASTIC PREDATOR-PREY MODEL WITH EMERGENT ALLEE EFFECTS 39

RX
= — - - B
dz <,By 2 uw) dt — 0,7 dBy(t),
RX
dy = 1+x — byy —y2lizcnny | dt — oyy dBy (), (18)

dz = (ayz — p,z) dt — o,z dBy(t).

Using Theorem 5.1 between (18) and (14) (see the appendix), it follows that if both systems start from the
same point (o, Yo, 20) € R3, then

z(t) <z(t), git)<y(), and Zz(t) <z(t), Vt>0 as. (19)

Therefore, lim inf x(t) > lim;_, o Z(t) 2 X and lim inf y(t) > limg— o0 5(t) 2y, where the random vector
(X,Y) has the support contained in R2 . Thus, in space Z), conditions (17) imply persistence of the prey.
This result is stated in the following:

Theorem 3.6. If the conditions (17) are satisfied, then
Pliminfx(t) > r | Zy) > P(X > 1), Vr >0,
P(liminfy(t) > r | Zy) > P(Y > 1), Vr >0,
where (X,Y) is a random vector with support in R2>0. In particular,
P(liminfz(t) > 0| Zp) = P(liminf y(¢) > 0] Zpr) = 1.

Remark 3.6. In the previous theorem, due to the strong Markov property, it is possible to replace Zy; with
Zy(T) := sup;>p 2(t) > M for T > 0, and the conclusion of the theorem remains the same.

Remark 3.7. Of course, it would be ideal to present sufficient conditions for the existence of a unique
stationary distribution of the model | over R3>0. However, this idea could not be fully developed (even in the
particular case p(x) = 1-&-% )) and remains a subject of future work.

Remark 3.8. The ideas in the proof of Theorem 3.6 cannot be applied in the case p(x) = H%’ since
Theorem 5.1 cannot be used.

4. SIMULATIONS

To illustrate positivity (see Figure 1), the functions #/(1+22) and /(14 x) were chosen as examples. The
parameter values were set as follows: 3 = 0.5,k =1,y = py = pt. = 0.1, =0.2,0, =0y = 0, = 0.1.
It is observed that, despite the relatively large values of 5 and x compared to the mortality rates and the
noise intensity terms, the prey population density tends to remain low. The maturation rate at high densities
is lower in graph (a), which explains the difference between the graphs given the same parameter sets.

To illustrate the stability in probability of the origin (see Figure 2), the following parameter values were
used: 8 =0.05,k =1, = pty = 1, = 0.1, = 0.2,0, = 0y = 0, = 0.1. It is observed that in this case
tty > B (see Theorem 3.2), which is intuitively clear: if the prey’s reproduction rate is lower than its mortality
rate, the prey population density will remain low and consequently, the predator will not have enough food
available.

To illustrate the asymptotic stability in probability of the origin (see Figure 3), the following parameter values
satisfying the hypotheses of Theorem 3.3 are used: 8 =0.1, Kk =1, pi = by = ph = 0 =0y =0, =0.1,
a = 0.2. Note that the conditions of the theorem do not involve the parameters o and x; however, the
conditions in Theorem 3.3 are not easily interpretable.

To illustrate the extinction of the prey in the scenario of Theorem 3.4 (see Figure 4), simulations were
performed using the following parameters: 8 = 0.05,x =1, 1y = pty = i =0, =0y =0, = 0.1, = 0.2.
In this context, the condition S < min{f,, p1,/} is easily interpretable.
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Simulation Simulation

— x(prey)

X (prey)
y (adult prey) ~—— y (adult prey)

5 —— z (predator) | |
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Time

@ »(2) = 5=

Figure 1: Positivity of the solutions.
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Time Time
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@ p(@) = 52 ®) o(z) = 15

Figure 2: Stability in probability of x = (0,0, 0).

In the following scenario, it is found that despite the predator remaining at low population density thresholds,
the prey also remains at very low thresholds. This could indicate the non-persistence of the prey over time.
The parameters used were as follows:

(%0, %0,20) = (100,30,5), B =01, k=1, py=py,=0,=0y,=0,=01, p,=06, a=0.7.

Note that for the case p(z) = T4z the conditions of Theorem 3.6 are not satisfied.

Now, in the case p(z) = T4, With the following parameters, the conditions of Theorem 3.6 are guaranteed,
with M = 0.5 and (20, %0,20) = (4,1.5,04), 5 =2, k = 0.3, iz = fiy = 05 = 0y =0, = 0.1, p. = 0.6,
and a = 0.7. See Figure 5, where the black dashed line corresponds to the value M = 0.5. This figure
suggests the existence of a stationary distribution for model | under these parameters.
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Figure 3: Asymptotic stability in probability of x = (0,0, 0).
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Figure 4: Extinction of prey.
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With this in mind, the histogram of the values of (x(t),y(t)) for ¢ = 1000 is constructed. Indeed, the
numerical results suggest the presence of a stationary distribution (see Figure 6).

Histogram of juvenile and adult prey with T=1000
400

300

200

y (adult prey)

x (prey)

Figure 6: p(z) = £

Our stochastic analysis provides ecologically meaningful thresholds that clarify how environmental variability
influences long-term population outcomes. The extinction condition 8 < min{u,, i, } indicates that when
the intrinsic growth rate cannot compensate for the combined mortality and environmental losses in either
species, stochastic fluctuations almost surely drive the system to collapse, even in parameter regions where
the deterministic model predicts persistence. Conversely, the persistence conditions show that when growth
sufficiently exceeds mortality after accounting for stochastic forcing, populations can maintain positive densities
over time. Importantly, the noise intensities o elevate extinction risk by effectively reducing the net growth
rates larger o increase variance in population trajectories, producing more frequent or deeper excursions into
low-density states where extinction becomes likely. Thus, in ecological management and conservation, systems
close to the deterministic persistence threshold may still require intervention if environmental noise is high,
whereas reducing variability—through habitat stabilization, resource buffering, or mitigating anthropogenic
disturbances can shift populations back into the stochastic persistence regime. This interpretation emphasizes
that conservation strategies must consider not only mean demographic rates but also the magnitude of
environmental stochasticity that populations experience.

5. CONCLUSION

In this work, we investigated a stochastic stage-structured predator—prey model with maturation delay and
environmental perturbations represented by multiplicative white noise. Two biologically relevant maturation
K
and o(z) =

functions,
(2) = —— =
14 1422 142’

were considered in order to compare the effects of different density-dependent maturation mechanisms on the
long-term dynamics of the system.

First, we established the existence, uniqueness, and positivity of global solutions, guaranteeing that the
model is mathematically well posed and biologically meaningful. Numerical simulations confirmed that all
population densities remain nonnegative for all time, regardless of the initial conditions and parameter values
considered.

Next, sufficient conditions were derived for the stability in probability and asymptotic stability in probability
of the extinction equilibrium (0, 0,0). These results show that when the prey intrinsic growth rate is not
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large enough to overcome natural mortality and stochastic perturbations, both prey and predator populations
converge to extinction. In particular, the condition 3 < p, provides a simple ecological interpretation: if prey
reproduction is lower than its mortality rate, the prey cannot persist, and the predator subsequently disappears
due to lack of food resources.

We also obtained explicit criteria ensuring prey extinction with probability one. The threshold

B < min{pz, pry }

indicates that if the prey growth rate is smaller than the mortality rates of both immature and mature classes,
stochastic effects inevitably drive the prey to extinction. This result highlights the role of environmental
fluctuations in accelerating population decline, even when deterministic models may predict persistence.

On the other hand, sufficient conditions for stochastic persistence in the mean were established. Under these
conditions, the prey and predator densities remain bounded away from zero on average, and the system admits
a stationary distribution. Numerical simulations and histograms of long-time trajectories strongly support this
theoretical conclusion, illustrating convergence toward an invariant probability measure and confirming the
coexistence of the species under suitable parameter regimes.

The numerical experiments further reveal that the form of the maturation function has an important influence
on system behavior. The function () = k/(1+x?) decreases more rapidly for large prey densities, resulting
in slower maturation and lower effective recruitment than ¢(z) = /(1 + z). Consequently, the former
generally produces lower prey densities and increases the likelihood of extinction, whereas the latter favors
persistence under a broader range of parameter values.

From an ecological perspective, the results demonstrate that environmental noise acts as a destabilizing
factor by reducing effective growth rates and increasing the probability of excursions toward low-density
states. Thus, populations that appear viable in deterministic settings may nevertheless face extinction when
stochastic variability is significant. These findings underscore the importance of incorporating environmental
uncertainty into ecological modeling and conservation planning.

Future research may extend the present analysis by considering more general noise structures, Lévy jumps,
regime switching, time-varying delays, or fractional-order dynamics. It would also be of interest to investigate
optimal control strategies aimed at reducing extinction risk and enhancing persistence under stochastic
environmental conditions.
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APPENDIX

The comparison theorem is widely used in the theory of stochastic differential equations (see [19]). Below,
the preliminaries necessary to state the Comparison Theorem are presented. Let (2, 7, P) be a complete
probability space, and let {F;};>o be a right-continuous filtration in F that contains all P-null sets of F.
Consider the following systems of stochastic differential equations defined in the same space:

dX;(t) = a;(X(t),t)dt + Z oi(X (), t)dBy(t), (20)
k=1
and
dY;(t) = b;(Y (), t)dt + Y ou(Y(t), )dB(t), @21
k=1

forj=1,...,d,t>0,and X;(0) <Y;(0)forj =1,...,dalmost surely, where B = {(Bi(¢), ..., B(t)) }+>0
is an r-dimensional Brownian motion with respect to {F;}:>0. Let X (0) and Y (0) be Fy-measurable random
variables. The coefficients a = (a1, ..., aq) and 0 = (0ji)1<;<d,1<k<r are assumed to be continuous functions
defined in R? x R>q. Let X and Y be the sample paths of local solutions to (20) and (21), respectively, on
(Q, F,P) with respect to {F;}i>0 and (B, {F;}+>0). Let 7x and 7y, respectively, be the explosion times.
Theorem 5.1. Assume that the following conditions are satisfied:

1) Foranyt>0and j=1,...,d, it holds that a;(x,t) < b;(y,t) for any x; = y; and x; < y; for all
l#7.

2) There exists a strictly increasing function p : R>o — Rx>o with p(0) = 0 and fR>0 p~2(u) du = oo
such that for each j = 1,...,d, B

> ojr(x,t) = oy, ) < pllz; —y;]) forall t >0, x,y € RY.
k=1

Then, X (0) <Y (0) almost surely implies P(X(t) <Y (t),t € [0,7x A7y]) = L.
Proof: See Theorem 1.1 and Theorem 1.2 in [19]. [ |

Theorem 5.2. The stochastic differential equation (16) has a unique stationary distribution on R2>O if the
following conditions are satisfied:

) ol <p,+M,
2 2
2) S+l (u+M+F <L

Proof:
The theorem in [18], p. 99, is used. That is, if L, is the generator of (16), then:

r — (py- KT ﬁ—i— KT 0
2

0
+0$5E27 +o y277
Ox? Y7 Oy

where v = p, + M. Then, by Remark 3.5, it is sufficient to show that there exists a bounded open set
UCUCR? and a function V : RZ ;) — R of class C? such that:

LoV (z,y) < —c, V(z,y) € R\ U,
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for some positive constant ¢. Now, let V(x,y) = %(m —Inz)+y—Iny+ 1y? In this way, it follows that:

1
o2 oy
+ﬁ+7
KT Uz Y K U KT
< Q-YYy—-———-" T o+ g —
( ) B+ z) g B B y(1+x)
2 2 2
KXy g o, O
+1+x+<2y—7>y2+6+2y, V(z,y) € R2,,.

Let Q = (e1,1/€e2) X (e3,1/e4), where €; > 0 for ¢ = 1,2,3, 4 are constants to be determined. It will be
shown that L,V (z,y) < —c for all (z,y) € RZ, \ @, for some positive constant c. This is sufficient, since
any open set contained in () with a smooth boundary satisfies the required conditions.

The set R\ Q is divided as follows:

4
RiO\Q:UAia

i=1

where

o Ai={(z,y) eR2,:0<x< e},

° A2:{(x,y)€]R50:x>1/eg},

D A3:{(x,y)€R50:0<y§63},

o Ay={(z,y) eRy:y>1/es}.

Case 1: If (z,y) € A4, consider the following function:
) = (= Yo KT (o) e
9%y = TS y(l4+2) 14z 2 )Y

Then,
LoV (z,y) < g(x )+E+Hi+/€+ +Gj+cﬁc on A
sub yY) > g\&, Yy ﬂ 5 Y 2 257 1.

After a series of straightforward calculations, we obtain:
sup g(l’,y) = _1_’%7
(z,y)eM

2 2 2
By the conditions in the theorem, v < % and ¥ + B2 + py, + Ze 4 g—g < 1. Therefore, there exists a positive

e
constant ¢y such that for any €; > 0 (taking ¢; = 1 for simplicity), it holds that:
LoV (z,y) < —c1, on Aj. (22)

Case 2: If (z,y) € Ao, by condition 1 in the hypotheses of the theorem, we have:

2 2
KT ba Y KT K g oy 03
LopV(zy) < —————-——F—>—-———=+-+—>+c+7+—7+ =
(.9) pl+z) Bz yl+z) B B 2 28
K ol )
1-— P 2 _ .
+y( 7+1+x)+ o ~ )Y
Due to condition 1, it follows that lim,_, . LV (2, y) = —oo. Therefore, there exist positive constants

€2 € (0,1) and ¢z such that:
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LV (z,y) < —c2, on Asg. (23)

Case 3: If (z,y) € A3. From Cases 1 and 2, it follows that we only need to consider the case where
x € (1,1/€3). Define h : R~y — R by:

Yy K RY UZ 2
M =0 g T T W) O (e (2 - ”) &

Then,

h(y) < g(z,y), V(z,y) € AsN(1,1/€2) X Rso.
Since lim,_,o+ h(y) = —oo, there exist €3 > 0 and a positive constant ¢ such that:
LoV (z,y) < —c3, on As. (24)

Case 4: If (,y) € A4. Considering only the case where = € (1,1/¢2) and by condition 1 in the hypotheses,
we have:

2 2
KT JT T KT K g o, 0y
LopV(zy) < ——— - -2 4o+ D0 phty+ L+ 2
s R R W R A 2 T
2
KT
1- —_— < _ 2
‘H/( 7+1+x)+<2 ’V)y
Since the function 1’1—2 is bounded, it follows that lim,_, o LeupV (2,y) = —oo. Therefore, there exist
€4 € (0,1) and ¢4 > 0 such that:
LoV (x,y) < —csy, on Ay. (25)

From (22), (23), (24), and (25), it follows that if ¢ = min;<;<4 ¢;, then:

Lsubv(xa y) S —C, V(:c,y) € ]R2>O \ Q
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