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Abstract: The stochastic nature of ecological systems is fundamental to their modeling and
understanding.  In this paper, we introduce a comprehensive algae-zooplankton model that
incorporates general interaction rate and second-order independent stochastic components. Our
model’s perturbation component encompasses both white noise and jump processes, enabling us to
account for various sources of variability and capture a wide range of potential fluctuations in the
system. By utilizing an auxiliary equation, we establish a global threshold for the stochastic system,
distinguishing between scenarios of extinction and ergodicity. This threshold serves as a critical
determinant of the system’s long-term behavior and sheds light on the delicate balance between
population persistence and decline in ecological communities. To elucidate the impact of noise on
the dynamics of algae and zooplankton, we present a series of numerical illustrations. Through these
simulations, we highlight how noise influences not only the extinction time but also the shape of
the stationary distribution. Our findings underscore the significant role of stochasticity in shaping
ecological dynamics and emphasize the importance of considering noise effects in ecological modeling
and management practices.
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1. Introduction and overview

Stochasticity is inherent in ecological systems, manifesting in myriad ways that shape the destiny
of their residents. Stochasticity, characterized by its inherent randomness and unpredictability, is a
prime example of this variability, playing a pivotal role in ecological dynamics [1]. The occurrence of
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stochastic events, such as unpredictable fluctuations in environmental conditions or chance encounters
with predators, introduces a layer of uncertainty that can profoundly impact the survival and evolution
of species [2]. For example, consider a population that, under deterministic conditions, would
persist indefinitely due to stable environmental factors and abundant resources. Despite apparent
resilience, the introduction of stochastic events can dramatically alter the population’s trajectory.
Sudden environmental disturbances, disease outbreaks, or shifts in predator-prey dynamics can swiftly
tip the balance, leading to population declines or even extinction [3].

Generally, the effects of stochasticity are not uniform across species or ecosystems. Some species
may possess traits or behaviors that buffer them against the impacts of random events, while others
may be more susceptible to stochastic shocks [4]. Additionally, the scale and frequency of stochastic
events vary spatially and temporally, further complicating their influence on ecological systems [5].
Understanding the interplay between deterministic and stochastic factors is crucial for comprehending
the resilience and vulnerability of ecosystems. While deterministic processes provide a framework for
understanding general patterns and trends, stochastic events inject the element of chance that can shape
the outcomes in unpredictable ways. Therefore, a holistic approach that considers both deterministic
and stochastic forces is essential for effectively managing and conserving biodiversity in a dynamic
and uncertain world [6].

The addition of random perturbations in the algae-zooplankton model is motivated by the inherent
variability and unpredictability present in natural ecosystems [7]. Environmental fluctuations, such as
changes in temperature, light, nutrient availability, and water quality, significantly impact the growth
and interactions of both algae and zooplankton populations. Incorporating random perturbations helps
capture these environmental variabilities. Additionally, immigration and emigration processes, which
are stochastic in nature, can influence population sizes through currents and other physical processes.
The interactions between algae and zooplankton are complex and influenced by random predation
events and changes in prey availability. Stochastic elements account for the noise and uncertainty
in real-world data due to measurement errors and sampling inconsistencies. Understanding how
populations respond to random disturbances is crucial for assessing their stability and resilience.
Therefore, incorporating random perturbations into the model provides a realistic and comprehensive
framework for understanding and predicting the dynamics of these populations in fluctuating
environments. In ecological modeling, various methods are employed to introduce variability into
ecosystems, each serving different purposes and mimicking distinct aspects of natural dynamics.
Among the most common techniques are white noise and Lévy jumps, which play crucial roles in
capturing different types of variability within ecological systems.

White noise is a stochastic process characterized by random fluctuations with equal intensity across
all frequencies. In ecological contexts, white noise is often used to simulate natural disturbances
driven by environmental changes [8]. These disturbances can include fluctuations in temperature,
precipitation, or resource availability, as well as disturbances caused by human activities such as
logging, pollution, or habitat fragmentation [9]. By incorporating white noise into ecological models,
researchers can replicate the unpredictability and variability inherent in natural ecosystems, providing
insights into how species and communities respond to environmental fluctuations over time [10].
Building on this approach, certain papers have explored the dynamics between algae and zooplankton
under white noise perturbations. For instance:

e In [11], the author introduced a novel approach to modeling the dynamics of algae-zooplankton
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systems, incorporating stochasticity through the inclusion of random environmental perturbations
represented as white noise. His work yielded insights into the conditions for stochastic extinction,
persistence, and the establishment of an ergodic stationary distribution within the system.

e In [12], the authors presented a nutrient-algae model enriched with the incorporation of white
noise, aiming to capture the stochastic nature of ecological processes. Their study not only
provided insights into the necessary conditions for extinction, persistence, and ergodicity within
the model but also shed light on the dynamic interplay between nutrient availability and algae
abundance in fluctuating environments.

e In [13], the authors investigated the dynamics of a stochastic system involving toxin-producing
algae and fish, incorporating harvesting practices. Their study yielded valuable insights into the
system’s behavior, offering sufficient conditions for both extinction and persistence.

e In [14], the authors explored the dynamics of a stochastic model concerning algae-zooplankton
interactions, taking into account variations in algae cell size and zooplankton body size. The
authors derived criteria for both extinction and ergodicity within the model.

On the other hand, pure Lévy jumps represent a type of stochastic process characterized by
infrequent but intense changes in a system’s state [15]. Unlike white noise, which generates random
fluctuations of relatively constant magnitude, pure Lévy jumps simulate abrupt and extreme events
that can have significant impacts on ecological dynamics. These events may include rare but severe
disturbances such as wildfires, hurricanes, or disease outbreaks, as well as sudden shifts in population
dynamics due to predator-prey interactions or competitive pressures [16]. By incorporating pure Lévy
Jumps into ecological models, researchers can explore the effects of these rare but influential events on
the resilience and stability of ecosystems, shedding light on how ecosystems respond to and recover
from extreme perturbations. Expanding upon this methodology, specific studies have delved into the
interplay between algae and zooplankton dynamics, incorporating the concept of Lévy jumps. For
example:

e In [17], the authors introduced a stochastic model of nutrient-plankton food chains, incorporating
Lévy jumps into their framework. They established necessary conditions for both the persistence
and extinction of plankton populations within the model.

e In [18], the authors introduced an ecological system subjected to high-order white noise and
quadratic Lévy jumps. They delineated the conditions governing the extinction and ergodic
behavior of the model, offering valuable insights into the long-term dynamics and stability of
the system under stochastic perturbations.

By integrating both white noise and pure jumps into ecological modeling frameworks, researchers
can capture a wide range of variability and complexity in natural systems. This comprehensive
approach enables scientists to investigate how different types of disturbances and environmental
changes shape the dynamics of ecological communities, helping to inform conservation and
management strategies in an ever-changing world. Additionally, understanding the interplay between
different sources of variability can provide valuable insights into the adaptive capacity of species and
ecosystems, aiding efforts to predict and mitigate the impacts of global environmental change.

In this paper, we present a general ecological model that incorporates two distinct sources of
jumps, each tailored to capture specific aspects of stochasticity within natural systems. Firstly, we
integrate second-order white noises, meticulously designed to account for the subtle yet impactful
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fluctuations that characterize small-scale variations in environmental conditions. These fluctuations,
although seemingly minor, can have profound effects on ecosystem dynamics, influencing everything
from population dynamics to community structure. Secondly, we introduce second-order pure jumps,
strategically employed to capture the abrupt and intense changes that typify heavy perturbations within
ecological systems. These jumps represent the sudden shifts and disturbances that can arise from
various factors, such as extreme weather events, sudden changes in resource availability, or outbreaks
of disease.

Crucially, we introduce a parameter ranging between 0 and 1, offering the flexibility to personalize
the perturbation characteristics and providing insight into both subtle and heavy variations. This
parameterization allows us to systematically explore the effects of different levels of perturbation
intensity on ecosystem dynamics, offering a nuanced understanding of how ecological systems respond
to environmental variability across a spectrum of conditions.

A notable feature of our study is the establishment of a global threshold delineating the boundary
between extinction and ergodicity within the model. This threshold plays a pivotal role in
distinguishing between two critical scenarios: The sustained persistence of ecological communities
(ergodicity) and their eventual decline and disappearance (extinction). By identifying and elucidating
this threshold, we offer valuable insights into the underlying mechanisms governing the long-term
stability and resilience of algae-zooplankton communities.

The remainder of this paper is organized as follows: Section 2 introduces the algae-zooplankton
model and its stochastic formulation. Following this, we present some preliminary concepts and
lemmas. In Section 3, we unveil the main theorems that establish the global threshold between
extinction and ergodicity within the stochastic model. Section 4 provides numerical illustrations to
examine the impact of noise on the dynamics of algae and zooplankton. Finally, we conclude with a
discussion of our findings and a consideration of our limitations.

2. Stochastic system and preliminaries

Drawing upon the model outlined in [14], we proceed to introduce a refined algae-zooplankton
system that builds upon and extends previous findings in the field. Our system encapsulates the
intricate interplay between algae y, and zooplankton y; dynamics, aiming to elucidate the underlying
mechanisms governing their interactions within aquatic ecosystems. The model under perturbation is
structured as follows:

_ ryo(?) ~ o)  Boyo()y:1(1) {—ﬁ(r—-{zu)z}
dyo(?) = (slrz S (1 2 ) Yol + y1(t)e )df + @ooyo(H)AS o(2),
dyi (1) = (Me{_“m”’ = B30 - diya ()] de + wroy (1S (1), @.D
7ol®) + 11

»1(0) eR,, y1(0) Ry,

where r is the size of the algae cells, sy, 5, and s3 are some experimental coefficients, L is the significant
ecological carrying capacity, S is the peak consumption rate, vy is the saturated coefficient, {; and &,
are the usage rate coefficients, u is the metric for zooplankton morphology, « is the transition rate of
Y1, B1 1s the toxic emission, d; is the mortality rate of y;, and @y and @, represent the intensity of
noise for the independent standard Brownian motions S (?) and S (¢), respectively.
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In the complex ecosystems of aquatic environments, the predation dynamics between zooplankton
and phytoplankton are closely tied to the size disparities among these tiny organisms. A key
principle recognized by ecologists is that larger-bodied zooplankton typically prey on smaller-bodied
phytoplankton [19-21]. However, as the ecosystem becomes more populated with multiple species of
both phytoplankton and zooplankton, each with varying body sizes, the predation dynamics become
increasingly intricate. In these multifaceted scenarios, interactions among planktonic organisms are
often complicated by mutual interference, resulting in complex webs of predation and resource use.
Consequently, the incidence rates that describe these interactions must take on specific forms to
accurately reflect the nuanced relationships at play. Understanding these specific forms of incidence
rates is crucial for elucidating the detailed mechanisms governing predator-prey interactions and
species coexistence within aquatic ecosystems.

In the model described in [14], the authors focused on the nonlinear interaction function %
However, real-world scenarios and certain modeling requirements may necessitate a more versatile
approach. In order to accommodate a broader range of situations, this paper will explore a generalized
functional interaction function f(yo(?),y1(¢)). By doing so, we aim to encompass a wider spectrum of
epidemiological dynamics and provide a more flexible framework for modeling ecological competition
in various contexts. The generalized form of the system (2.1) is presented as follows:

ryo(?) (1 B Yo()

S17% + $or + 83 L

dy, (1) = (“f Go@ OOl 5~ Byoom®) - diy <t>) dt + @iy, (NS 1 (1),
0(0) € Ry, 31(0) € R,

le) = ( ) — FOo(), m(r))yl(r)e{“l'(’_{2”)2}) dr + ooye(1)dS o (1),

(2.2)

where f € C*(R, x R,,R.) is an uniformly continuous function such that

Af (o(0), y1(1)) <0< Af (yo(2), y1(1) <9
Ay (1) A3 V1 (3] m

for a given positive constant ©#. This generalized function, as described under the aforementioned
conditions, includes several specific cases outlined in Table 1 (see, for example, [22-26]).

Table 1. List of some examples of the general interference function f.

Name Expression

Bilinear F(o,y1) = Yo,

Saturated fo.n) = Y0 , (my > 0)
moy + Yo y

Crowley-Martin fOo,y1) = 0 , (mg,m; > 0)
(mo + )’)g)(ml +y1)

Beddington-DeAngelis o, y1) = 0 , (mg,m; > 0)
1+ mpyo + ni}oyl

Modified Crowley-Martin ~ f(yo,y1) = , (mo, my, my, mz > 0)

moy + mpyo + myy; + nmszyoyi

Having expanded the incidence rate to a more generalized form, we are now poised to introduce our
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novel model, enriched with second-order perturbations [26,27]. Consider the following system:

dyo(t)z( yo(0) (1—y OL(I))—f(yo(t),yl(r))yl(t)e{“ll("“VZ”)Z})dt

S1F2 + sor + 53
1 1
+p) @l (0dSo(1) + (1 = p) fR » D i)y E)Dy(dr, dg),
i=0 J=0
dys (1) = (“f(yoa),y1<r))y1<t>e{‘5“‘42”)2} — Buyo(ty: (1) - dm(ﬂ) a >

1

1
+p Y @it (0dS 10 + (1 - p) f D@yl e )Di(dr, o),
i=0

R2\(0) 45

y0(0) € Ry, y1(0) € R,.

Here, Si(#) (k = 0,1) denotes two mutually independent Standard Brownian motions (SBMs) of
strengths @w(; > 0 (i =0,1) and @wy; > 0 (i = 0, 1), respectively. These SBMs are essentially defined on
a filtered probability triple (stochastic basis) (Q, Fa, (Fia.)=0, P) equipped with a filtration satisfying
the usual criteria [4]. yi(t7) (k = 0,1) is the left limits of y;(f) (k = 0,1). Dy (k = 0,1) are two
independent stochastic Poisson processes related to the measures my, (k = 0, 1) defined on a measurable
set R? \ {0} as follows:

mi(A) = f f a; " e 1 4(tx)dtR,(dx), A € BR?\ {0)), (2.4)
R2\{0} JR,

where 1 denotes the indicator function, a;, € (0,2), and R, is the Rosifiski measure defined on R? \ {0}

such that Ry(0) = 0, (k = 0, 1), with f (Il€l> A 11l ) Ri(dx) < o0, @ € (0,2) (for more details,
R2\{0}
please see [28]). Dy (k = 0, 1) are two independent compensated Poisson random measures such that

Dyi(dt, d¢) = Di(dt, d¢) — m(d€)de. v : R?\ {0} — R are the jumps size functions which are postulated
to be positive and continuous on R? \ {0}, for all i,k = 0, 1. It is assumed that f vfk(f)mi(df) is

R2\{0}
finite. The variable p is a constant between 0 and 1. This is included in order to have the possibility

of personalizing the influence of the noise part (from a modeling perspective). If p = 1, system (2.3)
simplifies to a model featuring solely second-order white noise, effectively simulating continuous and
Gaussian variations commonly observed in ecological systems. Conversely, when p = 0, system (2.3)
transforms into a model characterized by unexpected jumps with heavy tails, resulting in abrupt and
drastic changes in species dynamics.

Based on the theoretical framework outlined in references [15, 29], it becomes evident that the
system described by Eq (2.3) possesses a unique positive global solution. This observation not only
confirms the ecological validity of the model but also establishes its mathematical robustness and well-
posedness.

As outlined in the introduction, the central focus of this paper revolves around delineating the
global threshold that delineates the balance between the sustenance and extinction of zooplankton
populations. To address the intricacies posed by the new stochastic system (2.3), we propose a new
approach based on the ergodicity of an auxiliary equation closely resembling the equation of y,. Based
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on the stochastic comparison theorem [30], we present the following equation:

d5o(f) = ( ryo(?) ( Yo(0)

|
— |1 - —=|dr + ,-NHI HdS o(¢
$172 + Sor + 53 L )) p;woyo ()dSo(7)

! : (2.5)
+(1 - p) f D @55 (1)Do(dt, dé), '
R2\(0} 79

F0(0) = y0(0) > 0.

Based on Lemma 2.2 in [31], it is evident that Eq (2.5) maintains its well-posed nature. Additionally,
Vo(t) emerges as a stochastic process endowed with the following properties:

(1) P(Fo(t) = yo(r) 2 0) = 1.
) If
7 r _ P*@y, B

dy = Lz\{o} ((1 — p)voo(é) —log (1 + (1 - p)voo(f)))mo(d.f) >0, (2.6)

S1r2 + Sor + 83 2

then there exists a unique ergodic stationary distribution 7 for Eq (2.5); and
I Ld
lim= | Fo(s)ds < - :
0 (+ +L(1 - P)zwoowm)

—o0
S1P2+S827r+53

For analytical coherence, it is imperative to maintain the assumption of positivity for d,, throughout
this study. Additionally, we rigorously define the following quantities, crucial in delineating the global
threshold within the framework of system (2.3):

0 = ae{_ﬁ(r_{zu)z} f F(, 0)io(dy),
Ry

2.2
w
01:d1+p 10

+ f o ((1 — pvio&) —log (1 + (1 - p)vlo(.f)))mo(db;)_
R2

3. Global threshold of system (2.3)

As elucidated earlier, the crux of ecosystem examination lies in accurately demarcating the
threshold that distinguishes between population persistence and decline. Therefore, the paramount aim
of the forthcoming theorems is to tackle this pivotal inquiry head-on, while simultaneously enriching
our comprehension of algae-zooplankton system dynamics with additional insights and refinements.

Theorem 3.1. Suppose that 6y < 0,. Under this condition, for any initial positive data (yy(0), y;(0)),
the stochastic system described by Eq (2.3) asymptotically tends towards a state of exponential decline
and

P(limyl(t) _ 0) 1.
—o00
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Proof. Utilizing 1t6’s formula, we readily obtain

2

L (r—tou)? 2 1 .
dlogy(t) = (a’e{_q(r Lou) }f(yo(t),yl(t)) — Biyo(t) —d; — % (Zwuyﬁ(t))
i=0
¥ fRz\{O} (log (1+ = pvio@ + (1 = Py @ (O)mi (dé)

1
—(=p) | (@ + m(f)yl(r))ml(df))dr +p) @ (0dS (1)
i=0

R2\{0}

+ f log (1 + (1 = p)vio(&) + (1 = p)vii(§Hy1 (7)) D1 (dr, dS).
R%\{0}

In accordance with the stochastic comparison theorem [30], we deduce that

2

L (r—tou)? 2 1 .
dloen(n = (“e{_““ 7} (500.0) - Byt~ dy - & (Zwliyw)]
i=0
+ «[1;2\{0} (log (1 + (1 =pvio&+(1 - P)Vu(f)yl(t))ml(dé)

1
—(=-p) | (@ + m(é)yl(r))ml(df))dr +p) @i} (DdS (1)
i=0

R%\{0}

+ fRZ\{O} log (1 + (1 = p)vio(€) + (1 = p)vir()y1 (1)) D1 (dr, d§). (3.1)

By integrating the above inequality from O to 7, we acquire

10g)’1(¢)

< elar-aw f FGo(s), 0)ds = dy — f \{0}((1—P)Vlo(g)—log(l+(1—P)V10(§)))m1(d§)
R2

L (L= PN
f fR Ao (1 T ) - (= P @i mi@gpas

2 e 2
+—[p f Zmyi(s)dsz(s)—p— f (Zwliy’i(s)] dsJ

log y1(0) yl(O)

f fRz log (1 + (1 = p)vio(€))D1(ds, d€) +
pIvii(§yi(s7)

' | 1 Di(ds. d6) 32

+[‘f0‘\[R2\{0} og|l+ 1+(1—p)V10(f)) 1(ds, d€) 3.2)

t
We let My(t) = f f log (1 + v19(€))D,(ds, d€). Then, we get
0 Jr2\(0)

(Mo(1), Mo(1)) = ff (10g(1 + Vlo(f)))zml(df) < oo,

R2\{0}
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1
Referring to the strong law of large numbers, we derive P(lim ;Mo(t) = 0) = 1. Now, we select
—o00

0 < 01 < 1 and consider the following quantities:
2

M) = p f Zwm(s)dsms)—— f (thyms)) ds,

2

M) = p f Zmyl(sms (s)—” - f [Zwliy’;(s)] ds,
0 Uizo

(O @n) (1= PO
o= | f (( T pwa@) 2 T e )10

i [ [l S

To continue, we employ the exponential inequality designed for martingales, we obtain

P{ sup (M,(t) — Ms(¢) + M4(t)) > 291_1 log Qz} < ng, for all o, > 0.
t€[0.,T}]

Thanks to the Borel-Cantelli lemma, we establish the presence of o,(w) for all w € Q, ensuring the
validity of the following inequality:

2

|
P fo D @i (9)dS () + My(0) < 207" 10g02+p— [thyxs)] ds + M),

i=0

verifies for any o, satisfying 0, > 0,(w) and P(¢ €]o, — 1, 02[) = 1. Consequently,

M M 2071
lt(t)+ ‘;(t)s 0 tong p@lfo[zwhyl(s)) ds__f[zwhyl(s)) ds

L[ (1= pvii©yi(s)
’ ; ~f0‘ LZ\{O} (( 1+ (1 - p)Vlo(f) ) B (1 B p)vll(g)yl(s))ml(df)ds

2
20 logor  p*d-0) (M~
< - W d
< - fO;wlyms) 5

< 207" log 0> _ p*(1 - o)wi,
oo, 2 .

We compute the upper limit on both sides of Eq (3.2), and then we get

1 t r—Gou
lim sup 0g+1() < e{ 7t ) f J(Fo(s),0)ds — d,
1—00

1
- fR » ((1 = PWi0(é) = log (1 + (1 = pwio(&) i (&€) + lim—6(1)

<t-di- [ (=P —tog (14 (1 = po@))m @)
R2
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207'logo, Pl —o))@y,

+ i
oros 0 — 1 2
Therefore,
. log y; (f) P’ oDy
imsup “EE < gy g - 0T - [ (1= pyage) — Tog (1-+ (1 = pvao)m (@)
t—o0 R2\{0}

By considering the arbitrary nature of 0 < o; < 1, one can deduce that as o; approaches 0,

P (lim sup

—o00

M<90—91<0):1
p < .

Put differently, for any arbitrarily small positive quantity 6 satisfying 8 < min{0.5,0.5(8, — 6)}, we
can infer the existence of p3 = 03(w) associated with €,, such that P(Q,,) > 1 — o3, where logy,(?) <
—0.5(6; — 6p)t for all t > o3 and w € Q,,. As aresult, y;(r) < exp(-0.5(6; — 6y)1) and

P(lim sup yi(r) < 0) =1.

t—o00

This, coupled with the positivity of the solution (yy, y;), suggests
P(limyl(t) _ 0) 1.
—o00
This indicates that the exponential decrease in the population of y; implies its almost certain complete
eradication. With this, the proof is concluded. O

Corollary 3.1. (case of second-order Brownian motions) If p = 1, and

2
W
b

el 502 f £, 0)7io(dy) < dy +
R4

then, the extinction of the population y, occurs almost surely.

Corollary 3.2. (case of second-order jumps) If p = 0, and

el 007 fR £, 0)0(dy) < dy + fR (v10(®) = log (1 + »10(£) mo(d),

2\{0)
then, the extinction of the population y, occurs almost surely.

Theorem 3.2. Suppose that 6, > 0,. Under this condition, for any initial positive data (yy(0), y;(0)),
the stochastic system described by Eq (2.3) asymptotically tends towards a stationary state and

1 t
P(lim inf- f ye(s)ds = f yen(vo, y1) > o) =1, V¢=0,1,
= 1 Jo R2
where 1(-, -) is the unique ergodic stationary distribution associated with system (2.3).
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Proof. Utilizing the 1t6 formula for the function Fy(f) = log (i 08) yields:

r
L(s17r? + sor + 83)

L feen }f()’o(f) Y1)y ()
o(f)

2 2
1 < : 1 < .
) [P;WOJ’B(I)] +3 [plzzolwo%(f))
N f {log (1 + (I = p)voo(§) + (1 = p)vo1(£)Jo(r)
R2\(0 L+ = pveo(é) + (1 = p)vor(§)yo(D)

Based on the properties of the function f, it follows that:

LFy) < -

(o) = 30(0)) +

) = (= P @G0 - 3o(e) pmo(ae).

r
L(s1r? + sor + 53)

= (Fo(®) = yo(1))
R2\{0

(o) - yo(0) + 9l 54y 0

{ (1 = o1 O (voo(&) + vor(E)yo())
y UL+ (1 = p)voo(€) + (1 = p)vo1(E)yo(r)

By virtue of the positive property of the solution, we obtain:

LFyt) < -

bro(ae).

r

LFy(0) < - ()70(1)—)’0@))4'196{ Fealy o, (3.3)

L(s17% + sor + 53)
Once more, employing the operator £ on the second equation of (2.3) yields:

2

Llog( !

—L(r—tou)? 1 1 i
7 )) —ae{ atren }f(yo(l),h(f)) +Biyon) +di + 5 [P;w1iyl1(t)]

- [ o1+ = pwi® + 1 = prcemn)
R2\{0}

= (1= P)(v10® + vis(@1(0) b ().

Consequently,
1 “Lr—tou ‘w?
Llog (y 7 )) el H0e )Z}f(yo(z), 0) + Byo(t) + dy + 2 5 10
1

+ LZ\{O} ((1 — pvio(é) —log (1 + (1 - P)Vlo(f)))ml(df)

+ ael T2 (50,0 — el 2N 30, 310) - aelHE £3000,0)
2
5 wu)’l(t)

(1 = Py @Em®
[+ (L= po® Jpmae

+ ae{‘ﬁ(f-{zu) }f(y (t) 0) + PW10T11)1 (t) +

" f {(1 — P @m0 ~log 1+
R2\{0}

Consistent with the positivity of the solution, we find

2 2
Py,

£10g( ! )) < —ae{_ﬁ(r_&u)z}f(yo(t), O) +d; +

yi(t
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+ fRz\{O} ((1 = pvio(é) —log (1 + (1 - p)vlo(f)))ml(dg)

4 Biyo(t) + adel 5 o) = yo(n)
+(pmomu + (1 - p) f O 1)
R2\{0}
2

+ i + e T 00.0) - 0l T 0000, G

Now, let us examine the following function:
Lo 1
Fit) = 222 50 4 sor + s9)el 5 By +10g( (t))
r Vi

By applying the operator L to F;, we obtain

2 2
Py

LF@) < —ae{_ﬁ(r_&u)z}f(yo(t), 0)+d +
+ fR o) ((1 — pvioé) —log (1 + (1 - p)vlo(f)))ml(dé:)

+ B+ (pwow + (1= p) f M1 Emo @) (1)
R2\{0}

> 2 1
. L(s17* + sor + s3)a 62{—H(r—(2u)2}
r

+a/e{ 7 e }f( o(1),0) — a/e{ q e }f()’()(f) )’1(f))+ wl]yl(t)

yi(1)

By rearranging certain terms, we achieve

2,2

— L (r—tpu)? . w
LF(@) < —ae{ g o0 }f f,0)ijo(dy) + dy + b 5 10
Ry

+ Lz\{o} ((1 = p)vio(€) —log (1 + (1 — p)vlo(éf)))ml(dé‘:)

2

+ Biyolt) + wuymﬂw{ el f 10 0)io () = 1Go(0,0))

L ﬂ == (r=u
+ (or” ”j’””“ AHET L pamn + - p) [ v@m@ o
R2\{0}

e ael 79 100).0) = ael 5 00,3000,
Once more, let us examine this new function:
Fy(1) = F1(1) + ey (0).
Here, c, denotes a positive constant that fulfills:

L(slr +s2r+S3)aﬁ { l(r—[zu)z}

C*Zd ( an +PW10W11+(1—P)f V11(§)m1(d§))-
1 r R2\{0}
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Upon applying the operator L to F,, we acquire

2,2

LFy0) < —ae 5 [ 40, 0)n(dy) + dy + 2 7;‘0

Ry

+ fR - ((1 = pvio@) = log (1 + (1 = p)vip(&)) ) (d€)
v ael e f £, o)ﬁ()(dy)—f(yo(z),o))+ae{—%<"@“)z}f(yo<t>,0>
— el B 01,71 0) + By + wnylm + cuael 55 005,00,
Then
L0 < 0= 0+ ael TN [ e 0)m@n - £Gu.0)

+ e EE N 100,00 = £00(0, 1)
2
+ B1yo(t) + wuyl(ﬂ + c*ae{ e }f(YO(l) yi@®))yi(2).

Let ¢4y € (0, 1), then we define a new function as follows:
F3(f) = —(y‘**(t) + Y77 (1))

By applying the operator L to F3, we get
ryo(?) (1 _ o0

S17% + $or + 53 L

(C**_ ‘**‘z(t)( Z%y’“(t))

— _ 2 Coex C**
+L2\{}{()’o(t)+(1 PVoo©)yo(®) + (1 = p)vor(§)yy() ()} mo(dé)

Cxx * Kk

)— 52 00, yla))yl(r)}

2

LF5(t) = C***(r){

- fRz\{ (1= pyg™ ™ O000@yo(0) + vor(E)yo(1))mo(d)

+ (z)(ae{ S 0, 31D 0) = By (1) - diyi(1))

2
o =D o i+
+(C N 2<r>[p;wuyl 1(r))
H+(1- H+(1- )™ oy
+fR2\ ((yl()+( p)V1o(§)y1(E)+( vy @) ()) (@8

_ f o (L= P OO0+ v Oy O)moee)
R2

AIMS Mathematics Volume 9, Issue 7, 18211-18235.



18224

{—*(V 2u)2}

( C**) ae
c 2 L +2 Cuxtl
< - ** ¢ N TR *x D+ — YO t)
s1r2+s2r+s3 - 2 oo (0 Cax + 1 Yo
— 5 (r=u)?
ac**e{ “a ’ } yC**+1(t) _ (1 - C**) 2 C**+2(t)
Cox + 1 ! 2 A .

We amalgamate functions F, and F5 in the following manner:

Fy(t) = hy F>(1) + F5(0).

. >0
Here, h, > 0 satisfies 2 + K, — h,(6) — 0;) < 0, where K, = max {A,, 1}, and

1 2
& (r-tw?)
(1 =cuy) a/e{ a 9
A= swp {0 - e+ S
(oyeR2, VSIS + Sor + 53 4 Cox + 1
1 2
=g (r=0u)
+Q'C**€{ “ ’ } yC**H(l‘)— (I = cuy) 2 C**+2(t)}
Cox + 1 ! g

To guarantee the positivity of our Lyapunov function, we introduce this new function:

Fs(t) = Fu(t) - F,,

where, F, represents the lower bound of function F4. When we apply the operator £ to F’s, we obtain

LF5(1) < Fe(n) + h*ae{_gl'(r_{zu)z}( L J. 0)io(dy) = f(Fo(®), 0)), (3.5)

where

<0 2

— {~Lo-cu2)
Fe(t) = hy(0) — 6p) + hyciael Byo()y1(1) + Biyo(?) + hy 2 Wnyl(f)

-t (r-tw?)
r c (I —Cew) 5 (02 a'e{ “ LA
- *x t - W *x t + *k t
S17% + Sor + s3y0 () ) oY (D) S Yo (@)
- L(r—gu)?
QC**e{ 4 } C**+1(t) _ (1 - C**)wz C**+2(t)
Cox +1 ! 4 171 :

Utilizing the methodologies outlined in the proof of Theorem 3.2 in [31], along with the properties of
the function f, we can promptly verify Fe(f) < —1, V(yo,y1) € Ri \ H, = H{, x > 0, where

H, = {()’o,yl) € Rﬂ X<y < x!ox< y1 < x_]}.

Alternatively, it’s evident that there exists a positive constant « such that Fg(¢) < « for all (yo, y1) € H,.
Then, from (3.5), we derive

0 < f EFG(t)ds+h*ae{—5<’—42“>2}xE( f f F0. 0)i(dy)ds - f FGo(s), 0)ds).
0 0 R, 0
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By virtue of the ergodicity property of the process y, we obtain

N Y
0 <lim 1nf; f (EF(,(Z)]I{(},O,}YI)GHX} + EFﬁ(t)]l{(yo,yl)eH;‘})ds-
0

—00
So,
1 !
0 < lim inf— f (KP((vo.y1) € H.) = P((y0, Y1) € HS))ds
t—00 0
1 !
= limnf— f (KP((v0,y1) € H,) = 1+ B((yo,y1) € Hy))ds.
t—00 0
Consequently,

1 !
lim inf—f P((vo, 1) € Hy)ds > (1 + k)7 > 0.
0

t—oco

By employing the lemma of mutually constrained possibilities [32], we infer the existence of a unique
ergodic stationary distribution 7(-, -). Hence, incorporating the ergodic property into consideration, we
can firmly conclude that

1 !
P(liminf— f yo(s)ds = f yon(Yo, y1) > 0) =1,
= 1 Jo R2

1 !
P(liminf—fyl(s)ds:f yln(yo,y1)>0):l.
t—oo [ 0 R%

This implies that the system asymptotically converges to the persistent state over time. Thus, the proof
is concluded. O

Corollary 3.3. (case of second-order Brownian motions) If p = 1, and
2

—Lr—tou ()
el 505 f FO.0)0(dy) > di + =2,
Ry

then, the permanence of the populations y, and y, occurs almost surely.

Corollary 3.4. (case of second-order jumps) If p = 0, and

el 02 f f(y,O)ﬁo(dy)>d1+f (10 ~log (1 + v1o(@) Jmo(dd)
R, R

2\{0)
then, the permanence of the populations y, and y, occurs almost surely.

Remark 3.1. From Theorem 3.1, we infer that the zooplankton population tends to extinction rapidly.
This rapid decline suggests that under certain conditions, the zooplankton cannot sustain its population
over time, likely due to insufficient resources, high predation pressure, or adverse environmental
factors. The extinction of zooplankton can disrupt the balance of the aquatic ecosystem, affecting
nutrient cycling and the food web structure. In contrast, Theorem 3.2 implies the persistence and
stationarity of both algae and zooplankton populations. This means that under a different set of
conditions, both populations are able to maintain stable levels over time, without the risk of extinction.
The persistence of these populations indicates a balanced interaction between the species, where
the growth rates of algae and zooplankton, along with other ecological factors, allow for long-term
coexistence.
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4. Numerical application and discussion

In this section, we carry out a series of numerical examples to validate the findings presented in our
study, utilizing the data outlined in [14]. We take r = 0.3, u = 0.25, s, = 0.02, 5, = 0.02, 53 = 0.08,
L=(25,35),0=2,0=05,a=04,8 =0.2,and d; = 0.6. About the dual incidence functions g,
and g,, we consider the following general nonlinear incidence:

Boyo
1 + koyo + kiyr + kayoyr”

f(y()’yl) =

where By = 4.5, ko = 0.16 , ky = 0.11 and k, = 0.012. To simulate the stochastic component, we
present a method for simulating jumps and tempered stable processes [28]. Firstly, we examine the
sequences {S1j}j>1, {S2,j}j>1, and {S3 j} 51, representing independent and identically distributed (i.i.d.)
random variables taking values in the real numbers, following the distribution (2.4). Additionally,
we define {S, ;};51 and {S3;};>1 as 1.1.d. sequences of uniform random variables within the intervals
(0,1) and (0, T), respectively. Furthermore, consider {S4;};>1 and {Ss;};»1 as i.i.d. sequences of

random variables following an exponential distribution with a rate coefficient of 1. It is assumed that
J
all the aforementioned random variables are mutually independent. Then, we let {S¢ ;} = Z{S Sk}
k=1
Noticeably, {S¢ ;} can be regarded as a Poisson point process on the interval R, with random intensity
measure. In reference to the theory outlined in [28], if @, € (0, 2), then

_ a/;l
= +Zw Sl,jl{S_g,_,-st} (Q’sSG,j)asl . Sz,j S4,j
R 1S 1,1 Tlell 1S, ]|

Jj=1

converges almost surely and uniformly for t within the interval [0,7T] to a Lévy process, where
lloll = f |x|“Ri(dx). In practice, we can devise a method for generating a jump process with
R2\{0}

specified parameters at discrete time instances #;. Here, ;,¢[o ;; denotes a partition of the interval [0, T'],
characterized by uniformly sized sub-intervals and a mesh size At = T'/I, where I € N. Subsequently,
we employ the following algorithm:

(1) Choose a specific time duration, denoted as T, and partition the time interval [0, 7] into / equal-
sized segments.

(2) Specify and fix a numerical parameter, denoted as N.

(3) Generate numerical replications or simulations of independent quantities S; j, where i ranges from 1
to 6, with a sample size of N.

(4) Calculate the value of m;,.
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Let us now direct our attention to the following system:

ayolt) = | — 22 (1 _ yo(f)) B T
Yoll) = $172 + $o1r + 83 L 1 + koyo(2) + kiy1(2) + kyyo(£)y:(2)

1 1
eyl a0 + (=) [ D et D do),
i=0

R2\(0} 459

{~Eo-cw?) (4.1)

aBoyo(D)y1(t)e
1 + koyo(t) + kiy1 (1) + kayo(£)y1(2)

dyi(r) = ( = B1yo(Dy1 (1) — dl)’l(l)] dr

1 1
+pr1,-yi+l(t)dSl(t) +( - P)f ZVlj(f)y‘{H(f—)Dl(df, dé),
i=0 B0} =0

yo(0) = 2.5, y;(0) =1.8.

By incorporating the ergodic property of Eq (2.5), we define the parameters 6, and 6, as follows:

. f a,ﬁoye{—ﬁ(r—{zu)z}~ (d ) - 1 ft aﬂoe{—{ll(r—lzu)z}yo(s)d
= = — S,
T T Teky  PTIRT L T Tkl

P
P Wy

0, =d; + + f \ ((1 = pvipé) —log (1 +(1 - P)Vlo(f)))mo(df)-
R2\{0}

4.1. Case 1: Almost sure extinction of y,

Firstly, we consider L = 2.5, p = 0.5 and we take the noise parameters as follows: @y = 0.02 ,
@y = 0.01, @y = 0.021, @, = 0.012, vo9 = 0.01, vo; = 0.009, vy = 0.02 and v;; = 0.007. In this
case, we get 6, = 0.0526 and 6, = 0.07492. According to Theorem 3.1, it is highly probable that the
population y,; will become extinct. This outcome is visually exemplified in Figure 1, which provides a
numerical illustration of the aforementioned result.

Secondly, we take p = 1 and we establish specific values for the white noise parameters @, = 0.02,
@y = 0.01, @y = 0.021 and @; = 0.012. In this case, we get 6; = 0.0526 and 6, = 0.1894. As a
result, we have verified that the prerequisite outlined in Corollary 3.1 has been met and the extinction
of y; occurs almost surely. This result is visually depicted in Figure 2.

Now, we set p = 0. The jump intensities are defined as follows: vyo = 0.01, vo; = 0.009, v;y = 0.02
and vi; = 0.007. Here, we get ; = 0.0526 and 6, = 0.118. As a result, we have verified that the
prerequisite outlined in Corollary 3.2 has been met. This result is visually depicted in Figure 3.

Upon scrutinizing the aforementioned figures, a discernible pattern emerges: The extinction time is
contingent upon the nature of the noise. Notably, a significant presence of noise hastens the extinction
process considerably. This observation underscores the critical influence of noise intensity on the
dynamics of extinction within the system.
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25

yo (With white noise) y1 (With white noise)
10 — 1l w(s)ds ] — 1 [l (s)ds

|

L L L L L 0
0 50 100 150 200 250 300 0 50 100 150 200 250 300

t (Days) t (Days)
Figure 1. Conducting numerical simulations for solving system (4.1) in the presence of
second-order noise. In this case, we take L = 2.5 and p = 0.5. The white noise parameters
are selected as follows: @y = 0.02 , @y, = 0.01, @y = 0.021 and @w; = 0.012. The jump
intensities are defined as follows: vy = 0.01, vo; = 0.009, v;; = 0.02 and v;; = 0.007. Here,
we get ; = 0.0526 and 6, = 0.118.

0

3 - :
y1 (With white noise)
t
25 _% fu y1(s)ds
2
—~
-~
—
P
i
8 yo (With white noise)| | 05 F
—1 [iw(s)ds
25 . . . . . o 1 ‘ " ‘
0 50 100 150 200 250 300 0 50 100 150 200 250 300
t (Days) t (Days)

Figure 2. Conducting numerical simulations for solving system (4.1) in the presence of
second-order white noise. In this case, we take L = 2.5 and p = 1. The white noise
parameters are selected as follows: @y = 0.02 , @y = 0.01, @ = 0.021 and @;; = 0.012.
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yo (With pure quadratic jumps) y1 (With pure quadratic jumps)]| |
t i
—1 [Syo(s)ds —1 [fui(s)ds

0 5‘0 1 E)O 1 éO 260 2&0 300 0 56 1(;0 15‘0 2(;0 2.%0 300

t (Days) t (Days)
Figure 3. Conducting numerical simulations for solving system (4.1) in the presence of
second-order jumps. In this case, we take L = 2.5 and p = 0. The jump intensities are
defined as follows: vy = 0.01, vo; = 0.009, vip = 0.02 and v;; = 0.007. Here, we get
6, = 0.0526 and 6, = 0.118.

4.2. Case 2: Permanence and ergodicity of yy and y,

We consider L = 3.5, p = 0.5 and we take the noise parameters as follows: @y = 0.001 , @y =
0.001, @y = 0.004, @w,; = 0.0012, vy = 0.001, vo; = 0.001, v;p = 0.01 and v;; = 0.003. In this
case, we get 6, = 2.1982 and 6, = 0.9862. As per Theorem 3.2, there is a strong likelihood of the
population y, and y; persisting, alongside the existence of a stationary distribution. This assertion is
vividly illustrated in Figure 4.

We take p = 1 and we establish specific values for the white noise parameters @wy, = 0.001 ,
@y = 0.001, @y = 0.004, @w;; = 0.0012. In this case, we get §; = 2.1982 and 6, = 1.3412.
Consequently, we have confirmed the fulfillment of the condition outlined in Corollary 3.3, ensuring
the almost certain persistence of y and y;. This outcome is graphically illustrated in Figure 5, providing
a visual representation of the verified result.

Now, we set p = 0. The jump intensities are defined as follows: vy = 0.001, vo; = 0.001, v;o = 0.01
and v;; = 0.003. Here, we get ; = 2.1982 and 6, = 1.2981. Henceforth, we have substantiated the
fulfillment of the prerequisite delineated in Corollary 3.4. This validation is visually elucidated through
the representation provided in Figure 6.

Expanding upon the insights drawn from the aforementioned figure, it becomes apparent that the
characteristics of the noise exert a discernible influence on the magnitude of variation. Specifically, we
observe a pronounced effect: as the intensity of the noise increases, there is a notable augmentation
in the amplitude of variation. This correlation underscores the pivotal role played by noise levels in
amplifying the variability within the system dynamics, thereby emphasizing the significance of noise
intensity in shaping the observed outcomes.

Plankton size is a critical variable because it influences various biological and ecological processes.
For example, smaller plankton may have faster reproduction rates but are more susceptible to predation,
while larger plankton might be more resilient but have slower population growth. By studying different
plankton sizes, we can observe how size-specific traits affect the overall population dynamics and
stationary distribution. In instances of persistence, we explore the influence of plankton size and the
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parameter p on the morphology of the stationary distribution, as illustrated in Figure 7. This detailed
analysis illuminates the interplay between plankton size and system parameters, providing insights into
how these factors shape the stationary distribution under varying conditions. By examining different
plankton sizes and adjusting p , we can observe the impact on population dynamics and structure,
ultimately gaining a deeper understanding of the conditions that favor particular plankton sizes and
how populations adapt over time. This comprehensive examination is crucial for predicting plankton
responses to environmental changes and for effective marine ecosystem management.

0.4

K :‘,t\\ i
XX s‘\\:‘\\\\\\\\“

/
Z
s
- 1400,
E l"';"o:‘::o:%‘:“ ‘\“\t‘: %
10

Figure 4. A three-dimensional visualization showcasing the stationary distribution,
complemented by a two-dimensional contour plot illustrating the dynamics of system (4.1).
In this case, L = 3.5 and p = 0.5. For noise intensities, we take @y = 0.001 , @y, = 0.001,
Wi = 0004, w1 = 00012, Yoo = 0001, Vo1 = 0001, Vio = 0.01 and Vi1 = 0.003.

1 1.2 1.4 1.6 1.8 2 22

Yo

Figure 5. A three-dimensional visualization showcasing the stationary distribution,
complemented by a two-dimensional contour plot illustrating the dynamics of system (4.1).
In this case, L = 3.5 and p = 1. For noise intensities, we take @y, = 0.001 , @y = 0.001,
w1 = 0.004 and wi = 0.0012.
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Figure 6. A three-dimensional visualization showcasing the stationary distribution,
complemented by a two-dimensional contour plot illustrating the dynamics of system (4.1).
In this case, L = 3.5 and p = 0.5. For noise intensities, we take voo = 0.001, vo; = 0.001,
YVio = 0.01 and Vi1 = 0.003.

r=0.2;u=02;p=0.5 r=04;u=02;p=0.5 r=0.8u=02p=0.5

Yo

r=02;u=04p=05

0 01 02 03 04 05 06 07 08 09 1 14 16 18 2 22 24 26 28 3 32 34

Yo Yo

=

=0.8;u=0.9;p=0.6 r=0.8u=0.9p=09

Figure 7. Numerical demonstration elucidating the profound impact of plankton size
variations and parameter p fluctuations on the intricate morphology of the stationary
distribution.
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5. Conclusions

The stochastic dynamics inherent in marine ecosystems are of paramount importance, shaping the
stability and resilience of these intricate environments. In this paper, we presented a novel nonlinear
algae-zooplankton model, that offers a comprehensive framework for understanding the dynamics
influenced by general interaction rates and second-order noise. Specifically, we distinguish between
white noise and jump components, allowing for a detailed examination of their respective impacts on
population dynamics.

Central to our investigation is the delineation of the global threshold that governs the delicate
balance between species extinction and persistence. Through rigorous analysis, in Theorems 3.1
and 3.2, we probed the intricate interplay of various ecological factors, shedding light on the
fundamental mechanisms underlying ecosystem dynamics.

In the numerical simulation section, we investigate the repercussions of noise on the long-term
behavior of algae and zooplankton populations. By systematically varying parameters and plankton
sizes, we unraveled the nuanced effects of noise intensity on population dynamics and stationary
distributions. Through visual representations and quantitative analyses, we provided insights into
how different types of noise shape the ecological trajectories of these crucial marine species, offering
valuable implications for ecosystem management and conservation efforts.

The analysis described in this paper can be extended to describe the dynamics of a mycoloop
model in aquatic food webs. This model involves interactions between phytoplankton, chytrids, and
zooplankton [33]. By incorporating additional hypotheses and exploring more complex interactions,
the model can provide deeper insights into the ecological processes governing mycoloop dynamics. We
aim to pursue this idea in our future work, further enhancing our understanding of aquatic ecosystem
dynamics.
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