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In this study, we analyze a three-species Lotka-Volterra model that incorporates two critical extensions:
cautious behavioral effects and feedback control mechanisms. The cautiousness parameter quantifies
adaptive strategies adopted by species in response to environmental uncertainties and interspecific
interactions, while feedback control variables represent human interventions or ecosystem management
efforts. These modifications enhance the biological realism of the classical model by accounting for
both dynamic behavioral adjustments and external regulatory influences. Through rigorous
mathematical analysis, we employ the comparison principle for differential equations alongside newly
developed analytical techniques to derive sufficient conditions for system permanence. This property,
which ensures that all species maintain positive populations over time, serves as a fundamental
indicator of ecological stability. Our results demonstrate that the interplay between cautious behavior
and feedback control significantly influences long-term system dynamics. Specifically, we identify

parameter thresholds where behavioral adaptations and management interventions collectively promote
sustainable coexistence. The analytical framework developed in this study provides a systematic
approach to examining how adaptive species behaviors and external controls jointly determine
ecosystem persistence. These findings contribute to both theoretical ecology and applied conservation
by offering quantitative guidelines for designing management strategies that account for complex
interactions between biological adaptability and human influence.
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INTRODUCTION

The classical Lotka-Volterra models, originally formulated by Lotka [1] and Volterra [2], remain pivotal in theoretical ecology for
studying predator-prey dynamics. Central to these models is the functional response concept, which quantifies the relationship
between prey density and predation intensity. Traditional formulations such as Holling's types I-III [3] assume predation rates
depend exclusively on prey availability. However, empirical evidence reveals that predator behavior is influenced by both prey
abundance and conspecific density. This limitation was first addressed by Arditi and Ginzburg [4] in 1989 through predator-
dependent functional response models, marking a paradigm shift in ecological modeling. Subsequent theoretical advancements
have further refined these frameworks. Abrams [5] in 1990 demonstrated the significance of predator-prey biomass ratios in
determining system stability. Using Jacobian matrix analysis, he showed that predation efficiency often declines under high
predator densities due to intraspecific interference—a phenomenon now recognized as the ratio-dependent effect. Building on this,
Skalski and Gilliam [6] in 2001 introduced predator interference coefficients into the Holling type II model, creating a more
biologically realistic representation of density-mediated predation. Despite these improvements, real-world ecosystems exhibit
additional complexities. Factors such as resource variability, environmental stochasticity, and parameter uncertainties (including
mortality and survival rates) significantly impact population dynamics. A critical question in population ecology concerns
ecosystem resilience: under what conditions can systems maintain stability when subjected to persistent disturbances? This
challenge has motivated the integration of feedback control mechanisms into dynamical models, representing either natural
regulatory processes or human management interventions. Recent studies have made significant progress in this direction. Liao et
al. [7] in 2008 derived persistence criteria for discrete-time n-species nonautonomous Lotka-Volterra competition systems with
feedback controls. Wang et al. [8] in 2018 established sufficient conditions for three-species competitive system persistence under
similar control structures. These works provide important theoretical foundations for our current study. Behavioral ecology
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research provides additional insights. Studies on rodent foraging behavior conducted by Brown et al. [9] reveal that species adjust
predation strategies in response to environmental conditions and morphological constraints. Specifically, predators demonstrate
cautious behavior by modifying predation rates, particularly under conditions of low prey density, as a mechanism to prevent
resource depletion. This risk-benefit assessment in foraging decisions suggests that both predators and prey behave as rational
agents capable of strategic adaptation: predators weigh hunting risks against nutritional gains, while prey employ evasive tactics
when threatened. Given the limited research on Lotka-Volterra models incorporating prudent behavioral effects, this study
develops a novel framework by integrating two key extensions: (1) cautious behavioral adaptations by both predators and prey,
where individuals dynamically adjust strategies based on real-time population conditions; and (2) feedback control mechanisms
representing external regulatory influences. By examining the interplay between these factors, we aim to establish sufficient
conditions of system persistence for the following 3- species Lotka-Volterra models with caution effect and feedback control
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The system (1) describes the interactions between two prey and one predator populations with caution effect and feedback control.
Where x,(t),x,(¢) and x,(f) represent the population densities of two competing prey and one predator; 7,(¢)(i =1,2) denote

the intrinsic growth rate of the prey species at patch 1 and patch 2; 7;(¢) is the death rate of the predator; a,()(i =1,2,3) are
the population self-interaction; b,(¢) and b,(#) are the interaction between patch 1 and patch 2; £, (¢)(i =1,2) are the capture
rate of the predator; p,(¢)(i =1,2) expresse the caution effect of the predator when it feeds on the prey; 4, (¢)(i =1,2) are the
predator switching rate; u,(¢)(i=1,2,3) are an indirect control variable; d,(¢),e,(t), f,(¢) and q,(¢)(i =1,2,3) are control
parameters. The coefficients a,(¢),b,(2),d,(?),e (¢), f,(2),k, (), p,(t),q,(¢),r.(¢), 1,(¢) are positive continuous bounded
functions of ¢ for i =1,2,3.

Main results and proof: Considering the biological plausibility of the system, we give the initial
conditions x, (¢,) > 0,u,(¢,) > 0. Firstly, we introduce the following notation and definitions. Given a continuous and boundes

function g(¢) defined on [£,+90) ,we set
g" = sup{g(t)|t0 <t<4ow},g' = inf{g(t)|t0 <t< +o}.

Definition 1. System (1) is called permanent, if there exist positive constants M,, N;,m,,n;, (i=1,2,3) and T, such that
m <x,(t)<M;,, n <x,(t)<N, as t>T for any positive solution (x;(?),x,(?),x;(?),u,(?),u,(t),u;(t)) of the system

(1) with the positive initial values.
For the system (1), we let
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where M, N,,m,,n;, are some appropriate positive constants such that
O<m,<m, <M <M,0<n <n <N <N,i=1,2,3.
Theorem 1. Assume that the system (1) satisfies the following conditions
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Then the system (1) is permanent.

Proof. According to the first and the second equations of system (1), we have
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In view of the comparison theorem, one has

(A) When 0 < x,, < M, , it holds that x,(t) < M, < M, for ¢ > 1,.
(B) When x,, > Ml*, it hold that x,(#) <M, for a sufficiently large #. Otherwise, ifx,(¢) > M, then there exist & >0

such that x,(¢) > M| + . Moreover, we have

()

X (1)>M, <xOR@O—a(O)x@)]< allxl (t)[Ml* —x, ()] < _aafxl ),

Integrating the above inequality yields

!

x, () < x,o exp(—aa (1 - 1,)).

Thus, it holds that x,(¢) < x,(¢,) exp(—aaf (t—1,)) > 0 as t — +o0. This is a contradiction, so there exist a sufficiently
large 7, =1, > 0 such that

X (t) <M, ast>T. 3)

Similarly, from the second equation of system (1), one has
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From the fourth equation of the system (1), we can obtain
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In view of the comparison theorem and the same analysis above, we can obtain that

(C) when 0 <u,, < N,, itholds that u,(t) < N, < N, for t>1,.

(D) when u,, > Nl*, it holds that u,(¢) < N, for a sufficiently #. Otherwise, if u#,(¢) > N,, then there exist o >0 such
that x,(¢) > M, + . Moreover, we have
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Integrating the above inequality yields
1
u, (1)< u (to) _afl (1 _to)-

Thus, it holds that u, (£) < u,(¢,)—a f;' (t —t,) — —00 as t —> +0. This is a contradiction, so there exist a sufficiently large
T, >1t, >0 such that

u(t)y<N,ast>T,. (5)

According to the fifth and sixth of system (1), we have

()< — fluy )+ oM, = fTET LM oy,
and ’
iy (1) < € = fluy(6) = 12 —uy ()],

J;

Thus, employing the comparison theorem and the similar analysis which is used above, it holds that there exist sufficiently large
T, 21,20 and Ty >2t, > 0, such that

u,(1)<N, as t>T;, (6)
and
u, ()< N, as t>T,. @)

By the third equation of the system (1), we can get
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Based on the comparison theorem, it follows that

(E) when 0 < x, < M, itholds that x,(t) < M, < M, for t >1,.
(F) when x,, > M, it holds that x,(t) <M for a sufficiently ¢.

Using the same analytical method as for the first equation, we obtain that there exists a sufficiently large 73 = #, = 0, such that
X(t)<M,.ast>T,. (8)
On the other hand, by the same analysis process, we have
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Based on the comparison theorem, it follows that

(G) when m; < x,, itholds that m, <m, < x,(t), for t >1,.
(H) when 0 < x,, < m; , it holds that m, < x,(¢). for a sufficiently 7. Otherwise, if u,(f) > N,, then there exist >0

such that x,(t) > m; — 3. Moreover, we have
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Integrating the above inequality yields
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Thus, it holds that x,(f)=x,, exp(ﬂ( W ; M) (t—t,)) > +00 as t —> +o0. This is a contradiction, so there exist a

P

sufficiently large 7,'> #, > 0, such that
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Using the comparison theorem and the same analytical approach as above, we can obtain the existence of a sufficiently large
T, >t, 20, such that

x,(t)>m, ast>T),. (10)

From the sixth equation of the system (1), we obtain
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In view of the comparison theorem and the same analysis above, we can obtain that

(I) when 7, < iy, it holds that n, < n; < u,(t), for £ >1,.
(J) when 0 <u,, < n,, it holds that 7, <u,(¢) for a sufficiently #. Otherwise, if u#,(¢) > N,, then there exist >0 such
that u; < n; — f3. Moreover, we have
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So, it holds that u,(t) > u,(t,) + f;" B(t —t,) = +o0, as t — +o00. This is a contradiction, so there exist a sufficiently large
T, >t, 20, such that
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According to the fourth and fifth of system (1), we have
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Thus, employing the comparison theorem and the similar analysis which is used above, it holds that there exist sufficiently large
T, 21,20 and 7{ >, > 0 such that
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and

u,()2n, as t 2T, . (13)
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From the third equation of the system (1), we obtain
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In view of the comparison theorem and the same analysis above, we can obtain that

(K) when m; < Xy, it holds that m, < m;, < x,(t), for >1,.
(L) when 0 < x,, <m;, it holds that m, < x,(f) for a sufficiently #.Otherwise, if 2, > X, (), then there exist >0 such

that x, < m; — /3. Moreover, we have

0

x3()<my 2 x3 (l‘)a;" [_'x3 (t) + n’I;] > a;”ﬁ)% (t)a

it holds that x;(¢) > x,, exp(a; B(t—t,)) — 4+, as t —> +00. This is a contradiction, so there exist a sufficiently large
T/ >1t, >0, such that

x,(t)>my as t 2T, . (14)

From (3)-(14), and set I = max {Tk ,Tk'} » then we have m, <x,(f)<M,, n,<x.(t)<N,as ¢t >T for any positive solution

(x,(2), %, (1), x,(2),u, (), 1, (2),u;(2)) of the system (1) with the positive initial values. This end proof of Theorem 1.
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