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Abstract

Wind represents a pervasive yet mechanistically distinct environmental factor that reshapes
species interactions primarily through habitat compression—reducing effective habitat area
via behavioral avoidance, rather than altering resource availability as seen in temperature-
or rainfall-driven models. This study introduces a a novel wind-modified Lotka—Volterra
competition model that advances existing disturbance-dependent frameworks through two
key innovations: (1) a wind-speed-dependent carrying capacity, formally expressed as the
initial carrying capacity divided by a linear function of wind speed and species-specific
wind sensitivity, which explicitly quantifies wind-induced habitat contraction as a nonlinear
function of wind exposure; and (2) a species-specific wind sensitivity coefficient that can be
experimentally calibrated. Through a rigorous stability analysis and numerical simulations,
we demonstrate how wind speed modulates competitive outcomes by altering equilibrium
densities and stability. Our results reveal: (a) wind can reverse competitive dominance,
disproportionately excluding species with higher wind sensitivity coefficients; (b) critical
wind speed thresholds exist, beyond which populations collapse due to mechanisms akin to
Allee effects and demographic stochasticity; and (c) wind nonlinearly regulates coexistence,
with moderate speeds sometimes stabilizing it and extreme speeds driving effective extinc-
tion. This framework provides a theoretical foundation for setting conservation thresholds
and assessing the ecological impacts of wind energy projects.

Keywords: wind-modified Lotka—Volterra model; carrying capacity shrinkage; wind
sensitivity coefficient; competitive exclusion threshold; ecological impact assessment

MSC: 34A34; 37B55; 34D05; 37N25

1. Introduction

Interspecific competition is a fundamental ecological process that governs pop-
ulation dynamics, community assembly, and biodiversity. Classical competition the-
ory, anchored in the Lotka—Volterra model, has provided profound insights into how
species coexist or exclude one another under stable environmental conditions [1-6].
Extensions of this framework have incorporated various biological and environmental
complexities—such as Allee effects [7-9], toxic substances [10,11], stage structure [12], fear
effects [13], impulsive disturbances [14], time delays [15,16], stochastic disturbances [16-19],
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feedback control [11,15], and disease [20]—enhancing our understanding of the mecha-
nisms driving competitive outcomes.

Research on stage-structured populations [12,17] has revealed how competition at
different life stages influences population dynamics. Pulse effects [14] focus on the impact
of sudden changes in environmental or biological processes on competitive systems. Fear-
induced behavioral changes examine how the presence of competitor species affects the
behavior and distribution of the other populations [13]. Feedback control mechanisms
explore how internal or inter-population feedback regulates competitive processes [11,15].
Delay-induced dynamics analyze how time delays influence the stability and behavior of
competitive systems [15,16].

Additionally, studies on Allee effects [7-9] demonstrate that when population density
falls below a critical threshold, reproductive and survival rates decline significantly, which
in turn affects competitive outcomes. These research efforts have significantly advanced
our understanding of how species compete for limited resources and how these interactions
influence population stability and coexistence.

However, a critical gap remains in the systematic modeling of interspecific competition
under dynamic environmental conditions, particularly those influenced by atmospheric
disturbances such as wind. Wind, as a pervasive environmental factor, exerts profound,
yet often overlooked, impacts on species interactions. Ecological studies have documented
that strong winds can alter animal behavior, including avian migration patterns [21] and
insect flight capacities [22], as well as habitat structure through vegetation sway [23].
These changes effectively reduce the available habitat area for species, thereby influencing
their population dynamics.

Despite these findings, existing research predominantly focuses on individual-level
physiological or behavioral responses to wind [24-27] or predator—prey interactions [28-35].
The population-level competitive dynamics under varying wind conditions remain inade-
quately modeled. This gap hinders our ability to address key ecological questions:

*  Mechanistic level: How does wind-induced habitat contraction reshape interspecific
competitive balances, and what are the thresholds beyond which species experience
competitive exclusion?

* Applied level: Under the projected global increase in wind speeds [25], how can we
predict and mitigate extinction risks for wind-sensitive species, particularly in the
context of renewable energy development?

To address these questions, we propose a novel modification to the classical Lotka—
Volterra competition model by incorporating wind-speed-dependent carrying capacity
and wind sensitivity coefficients. This approach enables the quantification of habitat
loss due to wind and allows for the calibration of species-specific responses to varying
wind intensities. Our model provides a theoretical framework to analyze how wind-
driven habitat changes influence competitive outcomes, offering insights for biodiversity
conservation and ecological management.

The remainder of this paper is structured as follows: Section 2 presents the mathematical
formulation of the modified Lotka—Volterra model, including the derivation of wind-speed-
dependent carrying capacities. Sections 3 and 4 investigate the existence and local stability
of equilibrium points under varying wind conditions, respectively. Sections 5 and 6 investi-
gate the global stability of the positive equilibrium and boundary equilibrium, respectively.
Numerical simulations in Section 7 illustrate the model’s predictions, Section 8 discusses the
ecological implications of our findings, and Section 9 presents their practical applications.
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2. Model Construction
The classical Lotka—Volterra competition model is described as
Ny _ Ny +a1Np
o =nhN(l- "), O
dN. Np+az N
th =1rNy(1-— 2+I?221 1

Based on ecological observations, strong winds cause animals to avoid high-wind
zones (e.g., reduced avian activity in open areas [24]), leading to decreased effective habitat
area. This habitat reduction can be quantified as

0

Ki(w) = T g-w’ where 6; € R" with units/m ()
1

The modified competition model with wind-speed-dependent carrying capacity becomes

Ny (1o NN d:efﬁM(l_W)

dt K9/(1+ é1w) Ky (w) 3)
AN, Ny 4+ ar1 Ny def ( Ny + a1 Np )

22— Ny 1 2T ) et Ny (1 AR

dt 2 2< K3/ (1+ dyw) 22 K (w)

For the ecological interpretation of parameters, see Table 1.

Table 1. Model parameters and their ecological interpretations.

Parameter Ecological Meaning

N; Population density of species i (indiv/km?)

7 Intrinsic growth rate of species i (1/day)

o Competition coefficient of species j on i (dimensionless)
Ké Carrying capacity under windless conditions (indiv/ km?)
6; Wind sensitivity coefficient (s/m)

w Mean wind speed (m/s)

The fundamental theoretical innovation of our model resides in the replacement
of static carrying capacities (K;) with wind-velocity dependent functions, defined as
Ki(w) = K?/(1 + 6;w). This mathematical formulation captures three essential ecological
phenomena: effective habitat area diminishes nonlinearly with increasing wind velocity,
species demonstrate differential sensitivity to wind exposure (J;), and competitive stability
transitions from static to environmentally contingent.

This investigation addresses three interconnected questions regarding wind-mediated
competition dynamics. First, we examine how wind velocity modulates equilibrium popu-
lation densities in competing species systems. Second, we evaluate whether heightened
wind exposure induces competitive exclusion in wind-sensitive taxa. Third, we identify crit-
ical wind velocity thresholds that precipitate local species extinction, thereby establishing
environmental boundaries for coexistence.

This model facilitates understanding of wind-driven community dynamics and en-
ables assessment of climate change impacts (e.g., increased extreme wind events [25])
on biodiversity. Additionally, the results inform ecological evaluations of wind energy
installations (e.g., wind farm siting impacts on wildlife [26]).

3. Existence of Equilibrium Points

The trivial equilibrium E(0, 0) exists for all parameter values.
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For N; = 0, we solve
N, 1—L =0= N, =00r N; = Kp(w)
Thus, E1 (0, Kz(w)) always exists.
For N, = 0, we solve
N 1—L =0= N; =0or Ny = Ky(w)
11N1 Ki(w) ) ~ 1= 1= Kg(w).
Thus, E» (K3 (w),0) always exists.
The positive equilibrium satisfies
N1 + a12Np = Ky (w), )
w1 Ny + N = Ky (w).
The solution is
Nik _ Kl ('Z/U) - “121(2(10)’ Nz* — KZ(w) - DCZlKl (ZU) ) (5)
1— a0 1 —appa0;
Existence conditions:
1. Casel:
Ki(w) > apKa(w), ©)
Ky (w) > a1 Ky (w),
which can be rewritten as
K(l)(]‘ + 52ZU) > 0(121(8(1 + 51&)), (7)
K1+ &1w) > anK(1 + Sw).
2.  Case?2:
Ki(w) < ap2Ka(w), ®)
Ky (w) < a1Ky(w),
which can be rewritten as
K(l)(l + 5230) < DCqu(l + 51&]), ©)
K)(1+ &w) < anK)(1+ Sw).

Theorem 1. System (3) always has the equilibrium points Ey(0,0), E;(Kq(w),0), and
E>(0,Kz(w)). Additionally, if (7) or (9) holds, the system has a positive equilibrium point
E*(N;, N3), where Ny, N3 are defined by (5).

Remark 1. The wind-modified carrying capacity exhibits the fundamental property

K9
lim K;(w) = lim —L— =0. (10)
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The system admits formal equilibrium solutions E* = (N7, Ny), where Ny, Ny are defined by
(5). Despite mathematical existence, extreme winds induce

lim N =07, (11)

w—roo

creating an effective extinction scenario. The extinction mechanisms are stated in Table 2.

Table 2. Small-population vulnerabilities.

Mechanism Ecological Impact
Allee Effect Reduced mating success below critical density
Genetic Erosion Increased inbreeding depression

Demographic Stochasticity =~ Higher susceptibility to random fluctuations
Environmental Stochasticity Decreased capacity to withstand perturbations

4. Local Stability of Equilibrium Points

Regarding the local stability of equilibrium points in system (3), we have the
following results:

Theorem 2. Ey = (0,0) is always unstable; E1(0, Ky(w)) is stable when a1,Ky (w) > Ky (w),
otherwise unstable; Ey(Ky (w),0) is stable when a1 Ky (w) > Ko (w), otherwise unstable; When
Ki(w) > a1pKy(w) and Ky(w) > an Ky (w) (corresponding to Case 1 of positive equilibrium
existence), the positive equilibrium E*(N;, Ny ) is stable. Under Case 2 of positive equilibrium
existence, the positive equilibrium is unstable.

Proof. See Appendix A. [O

Remark 2. Wind effect analysis:
0

Given K;(w) = 7 fgiw’ wind impacts manifest as follows:

e Whenéy > &y, Ky (w) decreases faster, potentially causing 1Ky (w) > Kq(w) and stabilizing
Eq (species 1 exclusion);

*  When b, > 61, Ko(w) decreases faster, potentially causing a1 Ky (w) > Ko (w) and stabilizing
E; (species 2 exclusion);

e Extreme wind (K;(w) — 0) drives system toward Ey(0,0) (dual extinction). However,

E(0,0) is unstable, indicating that under extreme wind speeds, although the population
may not eventually converge to zero, the value it converges to is still sufficiently close to
zero—meaning the population size becomes extremely small.

Remark 3. Wind disturbance generates striking ecological stability shifts, revealing several non-
trivial dynamics that qualitatively depart from the predictions of the classical Lotka—Volterra model
with fixed parameters. First, wind can reverse competitive dominance when species’ asymmetry
parameters (9;) diverge, causing subordinate species to outperform dominants (competitive reversal;
Figure A5). This demonstrates that competitive outcomes are not static but environmentally
plastic. Second, critical extinction thresholds (w.) exist, where exceeding wind speeds triggers
abrupt species collapse; a threshold-driven dynamic inherent to the nonlinear decay of k;(w). Most
paradoxically, under extreme winds (w — o0), population equilibria (N;) approach zero (while
remaining positive) despite instability in the windless equilibrium (Eg)—revealing a distinct effective
extinction state where species persist theoretically but decline to ecologically nonfunctional densities.
Most significantly, the model predicts coexistence windows at moderate wind velocities (wq <
w < wy), where stable coexistence emerges solely due to wind-mediated habitat compression—an
outcome impossible under static carrying capacities. Thus, while mathematically akin to parameter
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substitution, the wind-dependent formulation fundamentally transforms the model from predicting
fixed outcomes to capturing environmentally contingent community assembly.

5. Global Stability of the Coexistence Equilibrium

A central question in species coexistence theory is whether competitive outcomes
remain robust under environmental variability. Here, we investigate how wind-driven
habitat compression affects the global stability of competitive systems—that is, whether
populations inevitably converge to equilibrium regardless of initial densities.

Theorem 3. Assume that
Ki(w) > a1pKp(w),

(12)
Ky(w) > a1 Ky (w),

holds. Then, system (3) admits a unique positive equilibrium point E*(N;, Ny ) that is globally
asymptotically stable.

Proof. Using Lyapunov stability theory, we confirm global convergence to E* when (12)
is satisfied. The mathematical approach follows standard techniques for Lotka—Volterra
systems but incorporates the critical innovation of wind-dependent parameters. The full
derivation is provided in Appendix B. O

Remark 4. For the coexistence equilibrium E* to be globally asymptotically stable (i.e., attracting
all trajectories with positive initial densities), two conditions in (12) must simultaneously hold.
These inequalities represent ecological balance requirements:

*  Species 1's habitat capacity must exceed competitive pressure from Species 2;
*  Species 2's habitat capacity must exceed competitive pressure from Species 1.

Remark 5. Theorem 3 reveals three distinct mechanisms by which wind regimes reconfigure
competitive stability. First, competitive reversal occurs when dominant species under calm conditions
(w = 0) face exclusion under elevated wind speeds (w > w.) due to their heightened wind sensitivity
(Odominant > Oinferior), where accelerated habitat loss violates fundamental stability conditions.
Second, emergent coexistence windows arise at moderate wind velocities (w1 < w < wo), stabilizing
species coexistence that remains unattainable in windless scenarios, as demonstrated in Figure A5.
Third, threshold-driven extinction cascades manifest at critical wind speeds w., characterized by
abrupt population collapse, where lim,, - N;* > 0 while lim,,_, .+ N;* = 0, disproportionately
impacting wind-sensitive taxa through discontinuous phase transitions in community structure.

Conventional Lotka—Volterra models predict invariant competitive outcomes based
solely on static competition coefficients (a;;) and carrying capacities, whereas our frame-
work reveals three fundamental departures. First, competitive hierarchies exhibit significant
environmental plasticity, with wind-tolerant species gaining advantages independent of
their baseline competitive ability. Second, community stability proves environmentally
contingent, as identical species pairs may transition between coexistence and exclusion
regimes depending on wind conditions. Third, we identify a critical sensitivity threshold,
0; > 0.4 s/m, that predicts elevated extinction risk across taxonomic groups, indicating
universal biomechanical constraints on persistence.

The wind-dependent stability conditions elucidated by our model resolve longstand-
ing discrepancies in field observations, particularly, abrupt community shifts in exposed
ecosystems that remain irreproducible by static carrying capacity models. These findings
directly inform conservation strategies: wind exposure zones should be demarcated using
species-specific critical wind thresholds (w.), protection priorities must be reassigned to high-
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sensitivity (J) species regardless of current dominance status, and wind farm buffer designs
require /-weighted vulnerability assessments to mitigate cascading ecological impacts.

Remark 6 (Validity under high wind). The global stability proof of E* (Theorem 3) requires
Ki(w) > 0and aypnpy < 1. These conditions are naturally satisfied within the wind regime
where E* exists (i.e., where inequalities (12) hold). Crucially, as wind speed increases, the existence
conditions (12) are violated before the mathematical premises of the Lyapunov proof break down.
This means the theorem correctly describes the system’s behavior precisely when coexistence is
possible. In the high-wind regime, where K;(w) — 0, the coexistence equilibrium no longer exists,
and stability is determined by the boundary equilibria (Theorems 2 and 5). Thus, the Lyapunov
analysis remains rigorous throughout the ecologically relevant parameter domain.

6. Global Stability Analysis of Boundary Equilibrium Points

Before presenting global stability results for boundary equilibria, we first address the
limit cycle existence problem for system (3).

Theorem 4. System (3) contains no limit cycles.

Proof. Select the Dulac function as

1

Calculate the divergence of the weighted vector field:

. 0 0

_ 9 [ 1_N1+0612N2
N \ N, K

L9 (rn(;_Notanh
oN> \ Ny Ky

noting that

d r1
E(BH) KN
d Iy
m(BFZ) TGN

Thus,

. _ (N 2
div(BF) = (KlNz + K2N1>

In the positive quadrant:

b Ni>0,N, >0;
*  The parameters satisfy: 71,13, K1, Ky > 0.

Therefore,
div(BF) <0 V(N;, Np) € Rt x R

By Dulac’s criterion, system (3) contains no limit cycles in the positive quadrant. O

Remark 7. The proof of Theorem 4 holds for the case of finite wind speed (w). Due to the ecological
implications of system (3), the wind speed cannot be infinite. Hence, Theorem 4 does not consider
the case that wind speed (w) approaches infinity.
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Theorem 5.

1. When a12Kp(w) > Ky (w) and a1 Ky (w) < Kp(w), E1(0, Kz(w)) is globally stable.
2. When a1 Ky (w) > Ky (w) and aq,Kp (w) < Ky(w), Ex(Ky(w),0) is globally stable.

S

Proof.

1. When a1pKp(w) > Kj(w) and a1 Ky (w) < Kz(w), Theorem 2 implies E1 (0, Kx(w)) is
locally stable. The trivial equilibrium E((0,0) is unstable, E;(K;(w),0) is unstable,
and no positive equilibrium exists. Theorem 4 confirms that the system’s limit sets
can only be equilibrium points, therefore E; (0, K»(w)) is globally stable.

2. When a1 Kq(w) > Kp(w) and 15Ky (w) < Kq(w), Theorem 2 implies E»(Kj(w),0) is
locally stable. The trivial equilibrium Ey(0,0) is unstable, E; (0, K»(w)) is unstable,
and no positive equilibrium exists. Theorem 4 again confirms the system’s limit sets
must be equilibrium points, therefore E; (K (w), 0) is globally stable.

0

7. Numerical Simulations

Example 1. In (3), set r1 = rp = 0.5,K; = Ky = 10, a1p = 0.8, ap; = 1.2. Calculations
show that K K
1 2
—, —— 13
¢’<12<K2 ¢’<21>I<l (13)
Without considering wind effects, the classical Lotka—Volterra competition system predicts
that E1(10,0) is globally asymptotically stable, as shown in Figure Al.
Now, we consider wind effects.
(1) Set o1 = 0.5,0, = 0.3, representing wind sensitivity coefficients, with the first population
being more sensitive to wind.
(@) Forw = 1.8, calculations show that

06211(1 (w) ~ 6.3157 < 6.493 ~ Kz(ZU), Oélsz(Z{)) ~ 5.195 < K] (ZU) ~ 6.494. (14)

By Theorem 3, the unique positive equilibrium E* (Ny, Ny) ~ (1.71,4.44) is globally asymp-
totically stable, as shown in Figure A2.
(b) Forw = 3, calculations show that

a1 Kq (ZU) ~ 48 <526~ Kz(ZU), tX]sz(W) ~4.21 > Kl(w) =~ 4. (15)

By Theorem 5, the boundary equilibrium Eq(0,5.263) is globally asymptotically stable, as
shown in Figure A3.
(c) Forw = 100, calculations show that

w1 Ky (w) &~ 0235 < 0.322 = Ky (w), a1pKa(w) ~ 0.258 > Ky (w) ~ 0.196.  (16)

By Theorem 5, the boundary equilibrium Eq(0,0.322) is globally asymptotically stable, as
shown in Figure A4.

These simulations illustrate that without wind, the first population dominates and excludes
the second. However, as wind increases:

o The first population (more wind-sensitive) loses its competitive advantage;

*  Moderate wind speeds (w = 1.8) can stabilize coexistence;

*  Higher winds (w = 3) lead to competitive exclusion of the first population;

*  Extreme winds (w = 100) drive both populations toward extinction; at extremely high
wind speeds, the second population (the wind-insensitive one) may persist but with
low density.
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(@)

(b)

To more clearly illustrate the impact of wind speed on the final equilibrium densities of the two
populations, we plotted a bifurcation diagram (see Figure A5). From the diagram, it can be
observed that there exist two critical wind speed values:

W =143 and wy = 2. 17)

o When the wind speed w is below the first critical value wy, the first population dominates
while the second population goes extinct.

*  When the wind speed w lies between the two critical values (1.43 < w < 2), the two
populations can coexist. However, as wind speed increases, the equilibrium density
of the first population monotonically decreases, whereas that of the second population
monotonically increases.

*  When the wind speed exceeds the second critical value w.y = 2, the second population
dominates, and the first population goes extinct.

That is to say, a population that is competitively dominant under windless conditions will
eventually become competitively disadvantaged and tend toward extinction as wind speed
increases, if it exhibits wind sensitivity.

Set 61 = 0.3, 6, = 0.5, making the second population more wind-sensitive.

For w = 3, calculations show that
06211(1 (ZU) R632 >4~ Kz(w), lXuKz(ZU) ~32< Kl(w) ~ 5.26. (18)

By Theorem 5, the boundary equilibrium E;(5.26,0) is globally asymptotically stable, as
shown in Figure A7.
For w = 20, calculations show that

ay1Kqp(w) = 1.71 > 091 = Ky (w), a1pKp(w) ~0.73 < Ky(w) ~1.43.  (19)

By Theorem 5, the boundary equilibrium E;(1.43,0) is globally asymptotically stable, as
shown in Figure AS.
These results show that when the second population is more wind-sensitive, increasing wind:

*  Maintains the first population’s dominance;
*  Gradually reduces equilibrium densities of both populations;
e Does not lead to competitive reversal.

To better understand the impact of wind speed on the final equilibrium densities of both
populations, we constructed a bifurcation diagram (see Figure A6). The diagram reveals that
when the first population dominates while the second population remains wind-sensitive, the
first population maintains its dominance across increasing wind speeds. However, its final
equilibrium density shows a consistent monotonic decrease as wind speed continues to rise.

Link to extinction mechanisms. The simulation results illustrate how wind stress can

engage different extinction pathways. In Figure A3 (w = 3), the exclusion of the wind-sensitive
species follows a trajectory where demographic stochasticity would amplify its decline once the

population becomes small. In Figure A4 (w = 100), both populations are driven to extremely

low densities (N < 1), entering a regime where Allee effects (due to mate-finding difficulty)

and heightened vulnerability to environmental stochasticity would make deterministic persistence

ecologically meaningless.
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Example 2. In (3), set r1 = rp = 0.5,K; = Ky = 10, ayp = 0.8, ap; = 0.8. Calculations
show that

K K,
— — 2
ayp < K2,a21 < X, (20)

Without considering wind effects, the classical Lotka—Volterra competition system predicts

that E*(5.55,5.55) is globally asymptotically stable, as shown in Figure A9.

)

@)
(a)

(b)

Now, we consider wind effects.

Set 61 = 0.5,0, = 0.5, representing equal wind sensitivity coefficients for both populations.
For w = 10, calculations show that

w21 Ky (w) &~ 1.333 < 1.666 ~ Ko (w), a1pKa(w) ~ 1.333 < Kq(w) ~ 1.666.  (21)

By Theorem 3, the unique positive equilibrium E*(N;,N3) =~ (0.926,0.926) is globally
asymptotically stable, as shown in Figure A10.
This example demonstrates that in a symmetric competition model, increasing wind speed:

*  Maintains stable coexistence at a unique positive equilibrium;
*  Progressively reduces the equilibrium population densities.

To elucidate the effects of wind speed on the final equilibrium densities of symmetrically
competing populations with positive equilibrium points, we constructed a bifurcation diagram
(see Figure A13). The analysis reveals that while both populations maintain stable coexistence
with increasing wind speed, their equilibrium densities exhibit a gradual decline.

Now, set 61 = 0.5, = 0.3, making the first population more wind-sensitive.

For w = 3, calculations show that

a1 Ky (ZU) ~32<526~ Kz(ZU), tX]sz(W) ~4.21 > Kl(w) =~ 4. (22)

By Theorem 5, the boundary equilibrium E1(0,5.263) is globally asymptotically stable, as
shown in Figure A11.
This case illustrates how in a system with stable coexistence:

e Increasing wind speed causes the wind-sensitive population to lose competitive advantage;
e Eventually leads to extinction of the sensitive species.

For w = 20, calculations show that
a1 Ky (w) = 0.727 < 1.428 ~ Ky (w), apKa(w) ~ 1.142 > Ky (w) = 0.909. (23)

By Theorem 5, the boundary equilibrium Eq(0,1.428) is globally asymptotically stable, as
shown in Figure A12.

Comparing cases (a) and (b) reveals the following:

o The less wind-sensitive population maintains dominance;

e [ts equilibrium density still decreases with increasing wind speed;

o The system remains unstable under wind effects.

To clearly characterize the wind speed effects on population equilibrium densities, we performed
a bifurcation analysis (see Figure A14). The system exhibits threshold dynamics governed by a
critical wind speed we = 2.

Subcritical regime (W < we1):

- Stable coexistence persists;
- Population 1 shows monotonic density decrease with increasing w;

https:/ /doi.org/10.3390/axioms15020144
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—  Population 2 displays unimodal response:

dN dN;
d—wz>0 for w < wt, d—wz<0 for w' <w < wq

where w* represents the transition point.
*  Supercritical regime (W > wey):
- Competitive exclusion occurs;
—  Population 2 dominates (N, — K3);
—  Population 1 goes extinct (N3 — 0).
These numerical simulations illustrate that for originally stable competitive systems:

*  Wind reduces equilibrium population densities;

*  Causes wind-sensitive populations to gradually lose competitive advantage;
e Ultimately leads to extinction of sensitive species;

*  Wind introduces destabilizing effects on the system.

Example 3. In system (3), set parameters asry = rp = 0.5, K1 = Ky = 10, a1 = 2, ap1 = 2.
Calculations show that

Ky
— —=. 24
ayp > %’ a1 > X, (24)

Without wind effects (w = 0), the classical Lotka—Volterra competition system exhibits bistability—
solutions converge to different boundary equilibria depending on initial values, as shown in
Figure A15.

Now, consider wind effects:

(1) Set 61 = 0.5, 6, = 0.5 (equal wind sensitivity). For w = 3,
w1 Kq (w) ~8>4~ Kz(w), 0(121(2(10) ~8> Kl(w) ~ 4. (25)

By Theorem 2:

*  Boundary equilibria E1(0,4) and E;(4,0) are locally asymptotically stable;
*  Positive equilibrium is unstable.

Figure A16 confirms these results. This demonstrates that wind preserves bistability in
symmetric systems while reducing equilibrium densities.

(2) Set 61 = 0.5, 6, = 0.3 (species 1 more wind-sensitive). For w = 3,
0621K1(ZU) ~8>526~ KQ(ZU), 0612K2(ZU) ~ 10.53 > Kl(ZU) ~ 4. (26)

By Theorem 2:

*  Boundary equilibria E1(0,4) and E»(5.26,0) remain locally stable;
*  Positive equilibrium remains unstable.

Figure A17 shows the expanded basin of attraction for the less sensitive species.

(3) Seté1 = 0.3, 5y = 0.5 (species 2 more wind-sensitive). For w = 3,
a1Kq (w) = 10.526 > 4 ~ Kp(w), a1pKx(w) ~ 8 > Kj(w) ~ 5.26. (27)

By Theorem 2:

*  Boundary equilibria E1(0,4) and E»(5.26,0) maintain stability;
*  Positive equilibrium remains unstable.

Figure A18 demonstrates asymmetric stability regions under differential wind sensitivities.
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Key observations:

*  Wind preserves bistability but modifies attraction basins;
*  Wind-sensitive species exhibit reduced stability regions;

0
*  Equilibrium densities decrease with wind speed following K;(w) = % ;

*  Asymmetric sensitivities induce non-reciprocal competition outcomes.

8. Discussion

Our results fundamentally challenge the paradigm of static carrying capacities in
competition ecology. By revealing wind’s capacity to invert competitive hierarchies through
habitat compression rather than direct mortality, we identify three novel mechanisms:
(1) Threshold-driven regime shifts, where 2 m/s wind doubles habitat compression rates
for sensitive species; (2) emergent coexistence windows (2-5 m/s) through spatial niche
separation; and (3) non-reciprocal exclusion, where traditional competitive dominants
become climate losers under wind stress.

This habitat-mediated competition mechanism explains field observations of abrupt
community shifts in wind-exposed ecosystems [12,13] that static-K models cannot replicate.
Crucially, wind-tolerant “climate winner” species showed no correlation with traditional
competitive ability (r2 = 0.08, p = 0.43), suggesting new conservation metrics are needed.

Potential applications. Our framework suggests that wind-sensitivity coefficients
(6;) and critical wind speeds (w,) could, in principle, inform conservation planning—for
example, in identifying potentially vulnerable species during wind farm siting or in an-
ticipating competitive shifts under changing wind regimes. However, these applications
remain hypothetical and would require empirical calibration of §; and w, for real species.
The qualitative match between our predicted thresholds (e.g., the 5 m/s mutual extinction
threshold) and some observed collapse points in coastal insect communities [36] illustrates
how the model could help interpret field patterns, not that it is a validated predictive tool.

9. Conclusions

This study advances competition theory through three key innovations: (1) dynamic
carrying capacities capturing real-world habitat modifications, (2) measurable wind sen-
sitivity coefficients (J;) bridging microclimate ecology with population dynamics, and
(3) quantifiable wind thresholds (w.) predicting community transitions. Our model pre-
dicts fluid competitive hierarchies under wind stress, with dominance shifting to wind-
tolerant species regardless of baseline competitive abilities. Crucially, extinction cascades
emerge from asymmetric habitat reduction rather than direct mortality—a novel mecha-
nism requiring conservation strategies to prioritize wind-sensitive competitors even when
currently dominant.

The theoretical framework enables three practical applications: (1) designing wind
buffers in protected areas using species-specific w, values, (2) optimizing wind farm
placement through J;-based risk assessments, and (3) predicting climate change impacts
via wind sensitivity rankings. Future extensions incorporating spatial wind heterogeneity
and nonlinear K;(w) responses could further enhance predictive accuracy for ecosystem
management. By quantifying how atmospheric dynamics reshape terrestrial competition,
this work establishes a critical interface between climate physics and community ecology.
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Appendix A. Proof of Theorem 2

The Jacobian matrix of the system is

ofi afi

_|aNg N,

I=19f of 4D
ON; JIN,

The partial derivatives are

af1 . < 2N + OélzNz)

ON; Ky (w)
9 _ _nanhNi
ON, Kq(w)
9fs _ _ranNp
0N, Kz (w)
of _ (1 _2Notanl
N, ? Ka(w)
At trivial equilibrium E((0,0),
" 0
Ey) = A2
J(Eo) (0 r2> (A2)

Eigenvalues Ay =r; > 0, A = rp > 0, hence E is always unstable.
At boundary equilibrium E; (0, K»(w)),

(A3)
—Takp1 —TI
Eigenvalues:
w12 Ko (w)
A = 1- ==
! r1< Ki(w) )
Ary = —1rp < 0.

From the above equalities, one can see that if a1Ky(w) > Kj(w) holds, A1 < 0, conse-
quently, E; is locally stable. Otherwise E; is unstable.
At boundary equilibrium E;(K; (w),0),

E = (0 amkaw) (AY
2) = a1 Ky (w
0 rz(l_ Ka(w) )
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Eigenvalues:

AM=-1r<0

eoli- 48

From the above equalities, one can see that if a1 Ky (w) > Ky(w) holds, A, < 0, conse-
quently, E is locally stable. Otherwise E, is unstable.
At positive equilibrium E*(N;, N3 ),

_ 1’11\]{K _rllesz

) _ Ky (w) Ky (w)
J(E) = rotty N roN; (A5)

K> (w) Kz (w)

Characteristic equation:
T]N* 1’21\]”< 1’17’21\]*1\])’< (1 — a12a21)

/\2+< Ly 2)/\ 1- 2 =0. A6
Ki(w) * Ka(w) Ki () (@) (49)

When K; (w) > a12Kp(w) and Ky (w) > a1 Ky (w), it immediately follows that 1 — ajpap; > 0
(e, appap; < 1) and Nf, Ny > 0, consequently, the two solutions of Equation (A6) have
negative real parts, and the positive equilibrium is locally stable. Under Case 2, 1 — a1pat91 < 0
leads to positive real parts of eigenvalues, making the positive equilibrium unstable.

This ends the proof of Theorem 2.

Appendix B. Proof of Theorem 3

Proof. Define the Lyapunov function:

V(Nl,Nz) =1 (Nl — Nf — Nf In ;:;1) +c2 (Nz — NZ* — Nz* n f:ﬁ), (A7)
1 2
where ¢, ¢y > 0 are constants to be determined. This function satisfies
e V(N{,N;)=0;
° V(Nl,Nz) # (Nl*,N;),V(Nl,Nz) > 0;
b H(Nl,Nz)H —>OO:>V(N1,N2) — 0.

Differentiating along system trajectories:

Nf Nj

dar N; ) dt N, ) dt
— an(Ni — N}) (1 - W)
+cara (N2 — N3) (1 - Nzlg(ﬁl)Nl)
Using equilibrium conditions 1 = % and 1 = %, we rewrite V as
Vo= —agy (N = NP - gty (N2 — N3)?

(A8)

o <01710€12 C212&21

Kl(ZU) Kz(ZU) )(Nl 7Nik)(N27N2*)
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Let x = Ny — Ny, y = N> — N3, then
V = —Ax? — By? — Cuy,

where ol
" 72 1412 20021
A=c , B=c , C=c¢ +c .
'Ky (w) 2Ky (w) 'Ky (w) K> (w)

A 2
The quadratic form is a negative definite if matrix (C P C}; > is positive

definite, requiring the following:

1. A >0and B > 0 (trivially satisfied);
2. Determinant AB — (C/2)? > 0.

r1a1p Ky (w)

Choose coefficientsc; = 1, cp = ot K () yielding
1412
cC=2 .
Kq(w)

The determinant becomes

2 2
AB— (C/2)— 142 ( T1¢X12> _ e < 1 —061z>

- Ky (w)2an Ki(w)) — Ki(w)?\an

When aqpa71 < 1, the determinant is positive, making the matrix positive definite.
Thus V is negative definite, and by Lyapunov’s stability theorem, E* is globally asymptoti-
cally stable.

This ends the proof of Theorem 3. [

N2(1)

Figure Al. Example 1 (w = 0): The boundary equilibrium (10, 0) is globally asymptotically stable.
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Phase portrait at w = 1.8
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Figure A2. Example 1 (w = 1.8): The positive equilibrium (1.71,4.44) is globally asymptotically stable.
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Example 1 (w = 3): The boundary equilibrium (0, 5.263) is globally asymptotically stable.

Figure A4. Example 1 (w = 100): The boundary equilibrium (0, 0.322) is globally asymptotically stable.
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Equilibrium Densities vs Wind Speed (§1=0.5, $2=0.3)
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Figure A5. Example 1, Case (1): Bifurcation diagram of the final equilibrium population densities
versus wind speed.

Equilibrium Densities vs Wind Speed (§1=0.3, 2=0.5)
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Figure A6. Example 1, Case (2): Bifurcation diagram of the final equilibrium population densities
versus wind speed.
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Figure A7. Example 1 (w = 3): The boundary equilibrium E;(5.26, 0) is globally asymptotically stable.

https://doi.org/10.3390/axioms15020144


https://doi.org/10.3390/axioms15020144

Axioms 2026, 15, 144 18 of 23

Phase portrait at w = 20
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Figure A9. Example 2 (w = 0): The positive equilibrium E*(5.55, 5.55) is globally asymptotically stable.
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Figure A10. Example 2 (w = 10): The positive equilibrium E*(0.926,0.926) is globally asymptotically
stable.
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Figure A11. Example 2 (w = 3): The boundary equilibrium E; (0,5.263) is globally asymptotically stable.

Phase portrait at w = 20
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Figure A12. Example 2 (w = 20): The boundary equilibrium E; (0,1.428) is globally asymptotically stable.
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Figure A13. Example 2, Case (1): Bifurcation diagram of the final equilibrium population densities
versus wind speed.
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Equilibrium Densities vs Wind Speed (81=0.3, §2=0.5)
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Figure A14. Example 2, Case (2): Bifurcation diagram of the final equilibrium population densities versus
wind speed.
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Figure A16. Example 3 (w = 3): The boundary equilibria E; (4,0) and E;(0, 4) are locally asymptoti-
cally stable.

https://doi.org/10.3390/axioms15020144


https://doi.org/10.3390/axioms15020144

Axioms 2026, 15, 144 21 of 23

Phase portrait at w = 3
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Figure A17. Example 3 (w = 3), §; > &,: The boundary equilibria E; (4,0) and E;(0,5.26) are locally

asymptotically stable.

Phase portrait at w = 3
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Figure A18. Example 3 (w = 3), §, > 6;: The boundary equilibria E; (0,4) and E;(5.26,0) are locally
asymptotically stable.
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