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Abstract: The invasive sea lamprey Petromyzon marinus poses a significant threat to aquatic 

ecosystems, particularly in the North American Great Lakes, due to its density-dependent sex 

determination mechanism. While traditional models have addressed population dynamics, 

they often overlook the nonlinear impacts of sex ratio variation on reproduction efficiency 

and ecosystem stability. This study develops a sex ratio-integrated multispecies Lotka-

Volterra model to quantify how adaptive sex ratio dynamics in sea lampreys influence host-

parasite interactions and energy flow. By incorporating a sex ratio factor into a tri-trophic 

system, we coupled nonlinear differential equations solved via the fourth-order Runge-Kutta 

method, with genetic algorithms optimizing parameters such as environmental carrying 

capacity and parasitic efficiency. Sensitivity analyses revealed threshold effects of sex ratio 

imbalance on genetic diversity, host resistance, and ecosystem oscillations. Results 

demonstrated that male-biased populations (η≥ 0.7) exhibit suppressed growth due to intra-

sex competition and reduced female fecundity, aligning with logistic saturation. Conversely, 

female-biased ratios (η = 0.1) amplified host-parasite synchronization, increasing parasitic 

efficiency by 40% and destabilizing ecosystem equilibrium. Furthermore, parameter α 

modulated oscillation damping, while β regulated cycle periodicity, highlighting the 

nonlinear coupling between sex ratio dynamics and ecosystem resilience. These findings 

provide a mechanistic understanding of sex ratio adaptability in invasive species management 

and underscore the importance of integrating sex-specific traits into ecological models to 

predict ecosystem stability under anthropogenic and environmental stressors. 

Keywords: sex ratio dynamics, Lotka-Volterra model, sensitivity analysis. 

1. Introduction 

Sea lampreys, as invasive parasitic species, pose a significant threat to ecosystem stability in 

watersheds like the North American Great Lakes due to their unique sex differentiation mechanisms 

and complex life cycles. Johnson et al. found that sea lamprey sex ratios are closely linked to larval 

growth rates: high-density populations, driven by intense resource competition, tend to favor male 

dominance, while low-density populations are more likely to develop female-biased sex structures 

[1]. This dynamic sex ratio not only impacts the species’ reproductive efficiency but may also disrupt 

ecosystem functional balance through cascading effects on resource competition, parasitic 

relationships, and energy flow. Robinson et al. revealed that the Great Lakes’ fisheries have suffered 

severe economic losses due to explosive sea lamprey population growth, necessitating quantitative 
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models to elucidate the regulatory mechanisms of sex ratios on ecosystem stability and inform 

science-based management strategies[2]. 

Traditional studies have primarily employed classical ecological models to investigate sea lamprey 

population dynamics. Berkson et al. used the Logistic equation to describe population growth under 

resource limitations [3], while Reichenbach’s team expanded the Lotka-Volterra model to simulate 

predator-prey and competitive interactions [4]. Johnson et al. experimentally validated the association 

between larval growth rates and sex differentiation thresholds, providing critical biological evidence 

for modeling sex ratio dynamics [5].However, existing studies exhibit notable limitations,Cerrato et 

al. noted that most models treat populations as homogeneous units, failing to quantify the differential 

impacts of sex ratios on reproductive rates [6].Zhu and Chao highlighted that traditional Lotka-

Volterra frameworks, confined to two-species predator-prey systems, struggle to capture nonlinear 

effects of sex ratio changes on host-parasite networks and energy flow [7]. 

To address these challenges, this study proposes a multi-species dynamic model integrating a sex-

regulation factor. By incorporating a sex ratio factor into an extended Lotka-Volterra framework, we 

construct a three-species dynamic system encompassing sea lampreys, host fish, and parasites to 

quantify the effects of sex ratios on reproductive efficiency and competitive intensity. To solve the 

nonlinear differential equation model, we employed the fourth-order Runge-Kutta (RK4) method and 

combined it with genetic algorithm optimization for critical parameters such as environmental 

carrying capacity and parasitic efficiency, enhancing the model’s adaptability to complex ecosystems. 

Furthermore, sensitivity analyses explored threshold effects of sex ratio imbalances on population 

genetic diversity, host resistance, and energy flow rates, providing theoretical foundations for 

fisheries management. This research offers novel insights into how sex ratio changes influence 

ecosystem stability and functionality. 

2. Methodology and model development 

2.1. Logistic growth model with environmental constraints 

Sea lampreys are an ancient group of extant jawless vertebrates, often regarded as invasive species 

due to their predation on commercially valuable fish species [8]. As predators, sea lampreys prey 

exclusively on a single fish species. Their population dynamics are primarily influenced by prey 

availability and sex ratio fluctuations. Predator populations are assumed to have sufficient prey 

availability. The following mathematical model was established: 

The Lotka-Volterra predator-prey model involves two species, where predators consume prey, and 

prey obtain resources from other organisms in their environment [9]. To describe sea lamprey 

population growth under resource limitations, the Logistic equation is applied. The model 

incorporates the environmental carrying capacity (K) and intrinsic growth rate (r): 

 
𝑑𝑃

𝑑𝑡
= 𝑟𝑃(1 −

𝑃

𝐾
) (1) 

Here, K represents the carrying capacity of the ecosystem, while r is determined by the dynamic 

equilibrium of birth and death rates. The Runge-Kutta method is a critical explicit iterative technique 

for solving nonlinear ordinary differential equations. In the solution of the Lotka-Volterra equations, 

the fourth-order Runge-Kutta (RK4) method was employed. 
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2.2. Extended Lotka-Volterra model with sex ratio factor 

The population size of sea lampreys is significantly influenced by sex, with the probability of sexual 

development determined by the developmental rate during the juvenile stage. It is notable that when 

sea lampreys undergo sex reversal, the population size remains largely unchanged, only affecting the 

overall reproductive rate of the population [10,11]. Therefore, by integrating all aforementioned 

models, the Lotka-Volterra equations were extended and improved. A sex ratio factor η was 

introduced to construct a three-species dynamic system incorporating predator-prey-parasite 

interactions. 

𝑑𝑥

𝑑𝑡
= 𝛼𝑥 − 𝛽𝑥𝑦 − 𝜆𝑥2 

 
𝑑𝑦

𝑑𝑡
= 𝜂𝑦(𝛿 − 𝑟 + 1) − 𝑘𝑦2 (3) 

𝑑𝑧

𝑑𝑡
= −𝑓𝑧 + 𝑔𝑦𝑧 

2.3. Multispecies competition model for sex differentiation 

Considering the hybrid non-anticipatory competition-mutualism coexistence-predator-prey model for 

sea lampreys [12], we establish the following framework: 
3

1

( )( 1,2,3)i
i i i j j

j

dx
x b a x i

dt =

= +  = (4) 

Adjusting the ratio of males to females in a population enhances its adaptive capacity to 

environmental perturbations, thereby improving overall reproductive success. Such adaptive 

strategies ensure population persistence across diverse environmental conditions, safeguarding future 

reproductive potential and survival. Furthermore, strategically optimizing sex ratios in response to 

dynamic environmental conditions confers significant survival advantages. This approach enables 

populations to more effectively navigate resource scarcity or abundance, thereby strengthening their 

resilience and competitive ability in the face of ecological challenges. 

3. Results 

3.1. Sex ratio effects on population dynamics 

As shown in the figure, it presents the general form of the Lotka-Volterra equations incorporating a 

stabilizing factor. The improved model in the final framework modifies the Lotka-Volterra equations 

to account for changes in the population growth rate of sea lampreys induced by sex ratio variations. 
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(a) High male proportion suppresses growth 

 

(b) logistic saturation curve 

Figure 1: Influence of sex ratio on population dynamics 

As shown in Figure 2(a), when the male proportion η ≥ 0.7, the population density of sea lampreys 

rapidly approaches the upper limit of environmental carrying capacity within the simulation period, 

with the growth rate declining to near zero. Thus, the analysis reveals that a high male ratio 

exacerbates intra-specific competition among males, reduces female oviposition rates, and ultimately 

results in a Logistic saturation curve. 

Furthermore, changes in the sex ratio not only influence population size but also promote 

synchronization of the parasite life cycle, creating more favorable reproductive conditions for sea 

lampreys. Simultaneously, these sex ratio shifts alter the distribution of ecological niches, intensify 

interspecific competition, and exert adverse effects on population growth and ecosystem stability. 

 

Figure 2: Population dynamics and ecosystem stability 

When η = 0.1, the population densities of host fish and parasites exhibit periodic oscillations. A 

40% increase in parasitism efficiency indicates that a female-dominated reproductive strategy 

accelerates the synchronization of host-parasite life cycles. This phenomenon validates the nonlinear 

coupling effect, wherein gender ratio imbalances amplify ecosystem fluctuations through parasitic 

linkages. 

3.2. Sensitivity analysis of key parameters 

In the Lotka-Volterra model, the parameters α and β govern the oscillation amplitude of the system. 

We investigated the oscillatory and smoothing characteristics of the Lotka-Volterra equations under 

varying α and β values. 
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(a) α=1.5 

 

(b) α=2 

 

(c) α=2.5 

 

(d) α=3 

 

(e) α=3.5 

 

(f) α=4 

Figure 3: Amplitude of α-smoothed oscillations 

 

(a) β=1.5 

 

(b) β=2 

 

(c) β=2.5 

 

(d) β=3 

 

(e) β=3.5 

 

(f) β=4 

Figure 4: β-Regulated cycle 

From the previous twelve images, it is clear that the alpha parameter is mainly a smooth function, 

with the increase of α, the range of the function's vibration is progressively approaching the origin, 

the end of the function's image is progressively flattening, and the vibration count is progressively 
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decreasing. β parameter controls the oscillating period and amplitude of the function, and also 

regulates the oscillating range of the function. 

4. Conclusion 

This study investigates the ecological impacts of sea lampreys on the North American Great Lakes 

ecosystem by constructing a multi-species dynamic model incorporating a gender ratio factor. By 

extending the traditional Lotka-Volterra model and integrating it with the logistic growth equation, a 

gender ratio factor η was introduced to simulate interactions among sea lampreys, host fish species, 

and parasitic organisms. The findings reveal that population density influences larval growth rates, 

thereby determining sex ratios: high-density conditions result in a male-biased population, which 

suppresses population growth rates, whereas low-density environments favor a female-dominated 

population, promoting synchronization of host-parasite life cycles. The model was solved using the 

fourth-order Runge-Kutta method, with parameters optimized via a genetic algorithm. Sensitivity 

analyses demonstrated that gender ratio imbalances significantly impact ecosystem stability and 

functionality. This research not only elucidates the critical role of sex ratio dynamics in population 

regulation but also provides theoretical foundations for fisheries management, emphasizing the 

necessity of incorporating sex differentiation mechanisms in ecological modeling. The findings 

contribute to the development of effective control strategies to mitigate the adverse ecological impacts 

of sea lampreys on aquatic ecosystems. 
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