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Abstract. The sex ratio of lampreys varies with resource availability. We investigate the adaptation of the sex
ratio of lampreys to resources, especially sea lampreys, analyze the advantages and disadvantages of this
adaptation, and develop the Ecosystem Dynamics Model response to changes in the sex ratio of lampreys from
the perspective of species populations. Firstly, we investigate the effect of resource availability on sex ratio
and established a formula for the decay of resource availability over time, and then, we established an
ecosystem dynamic response model modulated by changes in sex ratio based on the Lotka-Volterra
Competition Model, which uses the species populations as an indicator of ecosystem dynamic response, and
utilized the competition matrix to describe the interactions between species. Finally, we simulate the
ecosystem dynamic response and derive the curve of the number of species in the ecosystem over time, see
Figure 6. Next, we establish two quantitative and two non-quantitative indicators of environmental dynamic
response and gene deletion, and compare the similarities and differences of these four indicators between
lampreys and other species under both high and low resource conditions, and conclude that the advantages of
the ability of lampreys to sex ratio adaptability are that it makes lampreys more resilient to resource changes
and migration capacity is stronger, disadvantages are that it is prone to gene deletions and may cause seasonal
disorders in reproductive rates. Besides, we measure ecosystem stability by Biodiversity, Temporal Stability,
and Ecosystem Resilience, three aspects, establish Diversity Index, Temporal Stability, and Recovery Time
three corresponding indexes, and obtain the results of the three indexes in six ecosystems, and finally use the
Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS) method based on the Delphi
method to establish a comprehensive evaluation model, get the specific scores, and conclude that the presence
of lampreys reduced ecosystem stability.

Keywords: Lotka-Volterra competition model, Delphi method, TOPSIS method, temporal stability,
biodiversity

1. Introduction

1.1. Research background

The sea lamprey, scientifically designated as Petromyzon marinus, possesses a remarkably fluid and adaptive
reproductive strategy wherein its population sex ratio is not genetically fixed but rather intricately dictated by
prevailing environmental conditions. This fascinating evolutionary mechanism functions as a highly
responsive dynamic demographic regulator, tightly coupling the internal biological composition of the species
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to the shifting external realities of localized resource availability and habitat carrying capacity. Consequently,
the precise ecological function that these ancient jawless fishes perform across diverse aquatic landscapes is
profoundly multifaceted and remains fundamentally contingent upon their specific geographical and
evolutionary context.

When introduced into foreign environments entirely unadapted to their presence, most notably within the
expansive landlocked basin of the Laurentian Great Lakes, they rapidly morph into catastrophic biological
invaders. In these highly vulnerable habitats, they operate as devastating apex parasites, utilizing their rasping
oral discs to indiscriminately latch onto and drain the vital bodily fluids of massive numbers of native teleost
fishes. This aggressive parasitic predation exerts an overwhelming top-down mortality rate that severely
decimates historically stable fish populations, thereby dismantling the foundational trophic architecture and
completely destabilizing the entire localized food web.

In stark and dramatic contrast, within their historically native biogeographic ranges, these exact same
organisms are absolutely integral to the holistic health and regenerative functioning of the ecosystem.
Throughout these ancestral territories, their massive, synchronized anadromous spawning migrations serve as
a crucial biogeochemical conveyor belt. This highly efficient biological mechanism actively transports
millions of tons of vital marine-derived nutrients and trace minerals from the vast ocean directly into the heart
of otherwise nutrient-poor freshwater stream networks. Upon the completion of their terminal reproductive
cycle, the immense localized accumulation of their decaying adult carcasses, alongside the dense populations
of their sediment-dwelling, filter-feeding larvae, provides an exceptionally rich, high-energy biological
subsidy. This massive seasonal influx of accessible calories serves as a foundational nutritional pillar that
directly sustains a vast and highly diverse array of higher-order predators, nurturing entire interconnected
communities of aquatic birds, terrestrial scavenging mammals, and sympatric fish species.

Recent scientific literature has demonstrated that sex determination in sea lampreys is an environmentally
driven process, primarily dictated by the larval growth rate rather than strict genetic inheritance. Research
indicates a clear physiological correlation: environments that facilitate a greater growth rate yield a
significantly larger proportion of female lampreys. In stark contrast, in habitats where the larval growth rate is
stunted or slower, the population demographics skew heavily toward a greater proportion of males. This makes
evolutionary sense, as the production of massive quantities of energy-rich eggs requires a larger body size and
greater energy reserves than the production of sperm.

Ultimately, this critical larval growth rate is determined by the availability of local food resources—
specifically microscopic organic matter and algae for the filter-feeding larvae—and is physically manifested as
the organism's body length over time. Because the sex ratio of sea lampreys is so deeply dependent on local
resource availability, it is fundamentally crucial to study this resource dependence. Understanding how
resource fluctuations dictate lamprey demographics allows scientists to better predict population explosions or
collapses, thereby offering critical insights into the resulting cascading impacts on the broader ecosystem,
whether for the purpose of native species conservation or invasive species management.

1.2. Research objective

The overarching objective of this research is to systematically elucidate the intricate physiological and
evolutionary linkages between local environmental resource availability, somatic growth trajectories during
the prolonged larval phase, and the highly adaptive environmental sex determination mechanisms of the sea
lamprey (Petromyzon marinus), ultimately evaluating how these resource-driven demographic shifts
fundamentally restructure the species' complex functional roles across disparate ecosystems. To achieve this
comprehensive aim, the study will initially employ rigorous field sampling and longitudinal monitoring to



108 | Advances in Engineering Innovation | Vol.17 | Issue 6

precisely quantify the abundance and quality of critical benthic food resources—specifically microscopic
organic detritus and diatoms—and establish a robust statistical correlation between this nutrient availability,
the bioenergetic intake of filter-feeding ammocoetes, and their subsequent growth rates as manifested through
continuous body length accumulation. Building upon this foundational bioenergetic data, the research will
deeply investigate the individual physiological level to pinpoint the definitive biological and metabolic
thresholds that govern phenotypic plasticity in sex differentiation, aiming to construct a precise mathematical
mapping that links larval body length—serving as a critical proxy for overall energy reserves and somatic
growth potential—to the probability of female development, thereby rigorously testing the evolutionary
paradigm that the exorbitant energetic costs of ovarian tissue synthesis necessitate substantially larger physical
phenotypes. Furthermore, this investigation will deliberately extrapolate these micro-level ontogenetic
mechanisms to the macro-ecological and community scales by comprehensively assessing how profoundly
skewed sex ratios—manifesting as distinct male-dominated cohorts in resource-depleted habitats versus
overwhelmingly female-dominated populations in resource-abundant environments—dynamically alter local
population trajectories. reproductive outputs, and environmental carrying capacities. By doing so, the study
seeks to specifically quantify the extent to which these environmentally induced demographic imbalances
dictate the sea lamprey's ecological duality, determining whether a given localized population will
predominantly act to exacerbate destructive, top-down parasitic pressures on sympatric fish communities, or
conversely, function to amplify their inherent ecosystem value as a critical, nutrient-dense biological vector
and foundational food source within the broader trophic web. Ultimately, by synthesizing these
multidimensional empirical datasets encompassing resource gradients, developmental biology, and community
ecology, this research endeavors to engineer a highly sophisticated, predictive mathematical model of
resource-driven population dynamics; this comprehensive model is specifically designed to simulate complex
demographic fluctuations, sex ratio trajectories, and cascading ecosystem impacts under varying
environmental conditions, thereby providing a robust theoretical foundation and a highly actionable, predictive
framework to simultaneously guide the strategic conservation of native anadromous populations and the
precision-targeted management of ecologically devastating invasive populations.

1.3. Research significance

The fundamental significance of this research resides in its unprecedented capacity to bridge historically
disparate disciplines—specifically bioenergetics, evolutionary developmental biology, and macro-community
ecology—by rigorously elucidating the deeply entrenched, environmentally driven demographic plasticity
inherent in the sea lamprey (Petromyzon marinus). From a theoretical standpoint, this investigation profoundly
expands our mechanistic understanding of Environmental Sex Determination (ESD) [1] within basal
vertebrate lineages, emphatically shifting the prevailing scientific consensus away from rigid, genetically
deterministic models toward a highly dynamic, resource-responsive paradigm; within this novel framework,
individual somatic growth trajectories, metabolic energy assimilation rates, and life-history trade-offs function
as the definitive arbiters of sexual phenotypic manifestation, serving as an evolutionary strategy to optimize
reproductive fitness against the backdrop of stochastic environmental fluctuations. Broadening the scope to a
macro-ecological perspective, this research is exceptionally crucial because it formally mathematically couples
the highly localized, micro-spatial heterogeneity of benthic nutritional resources—such as detrital matter and
diatomaceous algae—directly to macro-level, population-wide demographic phase shifts. By doing so, it
provides a quantitative resolution to the paradox of the species' bifurcated ecological roles, detailing precisely
how spatially mediated sex ratio imbalances dictate whether a population functions as a destabilizing, top-
down apex parasite capable of dismantling sympatric food webs, or as a keystone, bottom-up biological vector
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facilitating critical biogeochemical cycling and delivering massive influxes of marine-derived nutrients into
nutrient-poor freshwater spawning habitats.

Transitioning from theoretical population dynamics to tangible real-world application, formally
recognizing and understanding the stark ecological duality of the sea lamprey is an absolute necessity given
the staggering and highly polarized bio-economic consequences at stake. On one side of this geographic
dichotomy, the native anadromous lineages inhabiting the European Atlantic seaboard and the Mediterranean
basin are currently suffering from severe and historically unprecedented population collapses. This alarming
biological decline demands immediate, highly strategic conservation interventions focused on comprehensive
habitat rehabilitation. Such efforts are urgently required to successfully resurrect the critical, life-sustaining
nutrient fluxes that these ancient biological vectors once dependably delivered from the nutrient-rich ocean to
impoverished freshwater breeding ecosystems. Conversely, within the geographically isolated Laurentian
Great Lakes basin, landlocked and highly invasive sea lamprey populations represent a devastating ecological
plague. They continuously inflict catastrophic, top-down predatory mortality upon indigenous salmonid
fisheries, thereby decimating a keystone ecological guild and crippling an industry of immense commercial
magnitude and irreplaceable cultural heritage. This relentless trophic destruction compels regional authorities
to perpetually execute massive, multi-million-dollar eradication campaigns merely to prevent the total
annihilation of the pelagic food web. By rigorously and systematically decoding the precise bioenergetic
thresholds and the highly sensitive developmental windows that reliably trigger either explosive, female-
dominated reproductive booms or metabolically conservative, male-dominated survival cohorts, this
foundational research arms fisheries biologists and wildlife managers with a genuinely revolutionary
predictive ecological management framework. This paradigm-shifting managerial architecture holds the
immense potential to fundamentally optimize and modernize contemporary biological control strategies. Most
notably, it offers a realistic and scientifically validated pathway to significantly curtail the widespread,
indiscriminate application of broad-spectrum chemical lampricides. By actively replacing these ecologically
burdensome and financially exorbitant chemical treatments with precision-targeted, demographically informed
physical or localized interventions, management agencies can achieve superior population suppression while
minimizing collateral environmental damage. Furthermore, this robust analytical tool actively facilitates the
strategic prioritization of large-scale habitat restoration initiatives, allowing conservationists to purposefully
engineer and manipulate localized environmental carrying capacities to naturally suppress invasive
reproductive success or selectively stimulate native species recovery. Ultimately, as the accelerating and
compounding impacts of global climate change, dramatically altered hydrological regimes, and pervasive
anthropogenic eutrophication continue to fundamentally warp aquatic nutrient dynamics and dismantle basal
food web architectures worldwide, the highly sophisticated predictive modeling instruments derived from this
research will inevitably emerge as indispensable global assets. By deeply empowering policymakers and
environmental agencies with the foresight to accurately anticipate complex, resource-driven demographic
tipping points, this framework enables humanity to proactively mitigate catastrophic and potentially
irreversible ecological state changes long before they ever physically materialize in the natural world.

2. Research approach and methods

To comprehensively address the complex ecological dynamics of the sea lamprey (Petromyzon marinus) and
its consequent impacts on community structures, this study designed and implemented a multi-tiered,
quantitative modeling framework. Our methodology fundamentally integrates population dynamics, multi-
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criteria decision analysis, and comparative ecological metrics to systematically evaluate the role of adaptive
sex ratios. The research method is structured into four primary analytical phases.

2.1. Development of a modified Lotka-Volterra population dynamics model

At the core of our methodology, we established a robust population dynamics model grounded in the classic
Lotka-Volterra competition framework, a foundational theoretical tool in ecological modeling that has been
widely used for decades to study the interactions between competing species and their population dynamics.
Recognizing the limitations of the traditional Lotka-Volterra model which typically assumes fixed
demographic parameters and does not account for the plastic reproductive traits of species like the sea lamprey
we undertook a series of targeted modifications to ensure the model's applicability to our study system. The
classic Lotka-Volterra framework, originally developed by Alfred J. Lotka and Vito Volterra in the early 20th
century, is based on a set of differential equations that describe how the population sizes of two competing
species change over time, influenced by their intrinsic growth rates and the competitive effects they exert on
one another. For our research, we first validated the basic structure of this framework against existing
empirical data on sea lamprey populations and their interacting species, ensuring that the model's core
assumptions aligned with the ecological realities of the aquatic ecosystems we were studying.

To capture the unique reproductive strategies of the sea lamprey specifically its resource-dependent, fluid
sex ratio that is not genetically fixed but shaped by environmental conditions we significantly extended the
traditional Lotka-Volterra model by mathematically embedding a novel, resource-dependent "Dynamic Sex
Ratio Formula." This extension was critical because the standard Lotka-Volterra model assumes a fixed sex
ratio often a 1:1 ratio for simplicity, which would fail to account for the sea lamprey's adaptive reproductive
behavior and thus lead to inaccurate population projections. The Dynamic Sex Ratio Formula we developed is
grounded in empirical observations of sea lamprey biology, incorporating key environmental variables that
have been shown to influence sex determination, including local resource availability measured as dissolved
organic carbon, nutrient concentrations, and prey density, water temperature, and population density.
Mathematically, the formula is structured as a continuous function that adjusts the sex ratio proportion of
males to females in response to real-time fluctuations in these resource-related parameters, ensuring that the
simulated population's demographic structure reflects the species' natural adaptability.

This specific formulation continuously calibrates the proportion of males to females within the simulated
population based strictly on fluctuating local resource availability constraints, with clear mathematical
relationships defining how each resource variable influences sex determination. For example, when local
resource availability is high indicating abundant food, suitable spawning habitats, and low competition the
formula shifts the sex ratio toward a higher proportion of females, as females require more energy to produce
eggs and the increased resources can support a larger number of breeding females, thereby maximizing
reproductive output. Conversely, when resources are scarce and competition for food and spawning sites
intensifies, the formula adjusts to favor a higher proportion of males, as males have lower energy requirements
for sexual maturity and can mate with multiple females, optimizing the use of limited resources to maintain
population viability. To ensure the formula's accuracy, we parameterized it using data from controlled
laboratory experiments and field observations, where sea lamprey larvae were reared under varying resource
conditions and their sex ratios were measured upon reaching sexual maturity. This empirical calibration
allowed us to refine the formula's coefficients and functional relationships, ensuring that it reliably predicts sex
ratio shifts in response to real-world resource fluctuations.
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2.2. Multi-dimensional metric construction for sex ratio evaluation

To rigorously assess the evolutionary advantages and potential ecological drawbacks of the sea lamprey's
adaptive sex ratio, we constructed a sophisticated evaluation system comprising four distinct assessment
metrics. Two of these are strictly quantitative indicators: "Environmental Dynamic Response” (measuring the
speed and efficacy of demographic shifts to resource perturbations) and "Gene Deletion" (serving as a proxy
for genetic bottlenecking or evolutionary trade-offs). These were complemented by two qualitative metrics to
account for non-linear ecological variables. By statistically comparing the performance variances across these
four multi-dimensional indicators between the sea lamprey and baseline reference species, we effectively

deduced the evolutionary strengths and inherent weaknesses of this resource-driven sexual plasticity.

2.3. Comprehensive ecosystem stability assessment via TOPSIS

To elevate our analysis from the population level to the ecosystem level, we employed a multi-criteria
decision-making approach using the Technique for Order Preference by Similarity to Ideal Solution (TOPSIS)
method. We quantitatively modeled overall ecosystem stability by integrating three pivotal macro-ecological
indices: species diversity, temporal stability (variance over time), and ecosystem resilience (recovery capacity
post-disturbance). To operationalize this evaluation, we designed six distinct theoretical ecosystems (study
objects) that served as controlled simulation environments. These six scenarios were strategically categorized
by crossing two primary variables: the absolute presence versus absence of the sea lamprey, and varying
gradients of localized resource availability (e.g., low, medium, and high abundance).

2.4. Simulation of parasite-host trophic dynamics

Finally, integrating the modified population dynamics model developed in the first phase, we conducted
targeted computational simulations to isolate and analyze the specific downstream effects of sea lamprey sex
ratio fluctuations on sympatric parasite populations. By manipulating the sex ratio parameters and tracking the
corresponding demographic trajectories, we systematically quantified the trophic interactions between the
lamprey host and its associated parasites. Through this specific methodological application, we derived
definitive analytical conclusions regarding the extent to which sea lamprey population structures—particularly
during female-biased demographic booms—actively facilitate and are fundamentally beneficial to the
exponential growth and proliferation of parasite populations within the system.

3. The impacts of sex ratio fluctuations in sea lampreys on ecosystems

The Ecosystem Dynamics Model represents a highly sophisticated mathematical and ecological framework
that fundamentally transcends traditional demographic projections [2]. It achieves this by explicitly
incorporating multi-dimensional ecological features—most notably, complex interspecific interactions and
dynamic intra-specific sex ratios—to accurately predict how interconnected species populations evolve and
self-organize over temporal scales. Recognizing the unique reproductive and developmental plasticity of our
target species, we systematically investigated the cascading effects of the sea lamprey's (Petromyzon marinus)
environmentally driven sex ratio on the broader trophic network by constructing a customized, highly
responsive Ecosystem Dynamics Model. The dynamic evolutionary process of any complex ecosystem is
continuously modulated by a matrix of biological variables, primarily dominated by interspecific competitive
interactions and species-specific intrinsic growth rates. In this study, we fundamentally departed from static
modeling approaches by rigorously analyzing how continuous, resource-induced shifts in the sex ratio of sea
lampreys dynamically perturb both the community's competition matrix and the respective growth rates of
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sympatric species. For instance, a biologically skewed, female-dominated lamprey population not only
exponentially amplifies the intrinsic population growth rate due to higher reproductive output, but also
drastically alters the interaction coefficients within the competition matrix, as the distinct bioenergetic
demands of female development impose a heavier predatory or competitive burden on shared environmental
resources. To synthesize these complex variables, we established a robust Ecosystem Dynamics Model that
seamlessly integrates the sea lamprey's fluctuating sex ratio as a core independent variable to simulate and
predict the overarching dynamic processes of the ecosystem. Furthermore, to ensure mathematical stability
and ecological realism, The model inherently incorporates the biological carrying capacity of interacting
species as a critical, limiting influencing factor. By treating the carrying capacity not merely as a static upper
bound, but as a dynamic parameter that restricts exponential expansion based on the shifting metabolic load of
the prevailing sex distribution, this comprehensive model provides a highly accurate, time-series projection of
community resilience, population trajectories, and long-term ecological equilibrium.

3.1. Ecosystem initial conditions and species competition matrix

To rigorously parameterize the dynamic interactions within the multi-species ecosystem, we define a
foundational set of ecological state variables and a comprehensive species competition matrix that collectively
govern the system's evolutionary trajectory. Let the modeled ecosystem comprise a community of multiple
interacting species, where the temporal fluctuations in the population abundance of each distinct species serve
as the primary quantitative indicator of the system's macro-ecological dynamic response. We define the
biological carrying capacity as the maximum sustainable population threshold dictated by environmental
limits; however, to rigorously isolate and evaluate the specific demographic impacts of resource-induced sex
ratio fluctuations, we adopt a controlled assumption of uniformity across the community, setting this carrying
capacity as a universal constant for all species. The exogenous environmental driver, specifically the localized
resource availability, explicitly modulates the intrinsic population growth rate of each species through a
nonlinear, density-dependent mechanism. We conceptualize this growth response to resources via an
asymptotic curve, capturing the biological reality that growth rates plateau under high resource abundance due
to the limitation of other secondary factors, while rapidly decaying toward zero under severe resource
depletion. Furthermore, to accurately capture the multifaceted ecological roles of the sea lamprey—ranging
from apex parasitism and predation to complex symbiotic associations—we encapsulate all interspecific
interactions within a rigorously structured interaction grid or competition matrix. Within this framework,
specific numeric values are assigned to quantify the exact per capita interaction effect exerted by any one
species upon another. The directional nature of this interaction value strictly delineates the ecological
relationship: A positive force indicates a competitive or antagonistic effect detrimental to the survivorship and
reproduction of the receiving species, a negative force denotes a facilitative or symbiotic benefit, and a value
of absolute zero signifies strict ecological neutrality, with the absolute magnitude of the value directly scaling
the intensity of the biological interaction. Finally, we account for the inherent energetic inequalities in real-
world trophic networks by categorizing the community structure into either symmetric competition, reflecting
completely equipotent interspecific pressures, or asymmetric competition, which more accurately models the
ubiquitous, unidirectional power imbalances and hierarchical interactions characteristic of complex natural
food webs.

3.2. Effects of sex ratio on competition matrix and growth rate

Within our advanced, multi-dimensional ecosystem modeling architecture, the demographic structure of the
sea lamprey population is rigorously encapsulated by a highly dynamic, continuous sex ratio parameter—
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conceptually defined as the precise fractional representation of one specific biological sex relative to the total
reproductively mature population. This specific demographic metric acts as a central governing node that
simultaneously exerts profound, cascading regulatory effects on both the broader interspecific community
competition matrix and the species' own intrinsic evolutionary growth trajectory. Because male and female sea
lampreys exhibit pronounced physiological, metabolic, and behavioral dimorphism—primarily driven by the
vastly divergent bioenergetic investments required for their respective gametogenesis and life-history foraging
strategies—the overarching competitive pressure that the aggregate lamprey population exerts upon any
sympatric host or prey species cannot be accurately modeled as a monolithic, static constant. Instead, our
framework conceptualizes this ecological footprint as a demographically weighted, continually morphing
composite state; this state dynamically scales, calibrates, and merges the distinct, independent competitive
coefficients and niche-partitioning behaviors of the male and female cohorts, precisely adjusting their
respective ecological impacts in real-time according to their exact fractional proportions within the community
at any given temporal snapshot. Concurrently, this fluctuating demographic distribution serves as a strict
modulator for the sea lamprey's baseline regenerative capacity and demographic momentum. Our model
operates under the foundational evolutionary biological assumption—aligning closely with Fisherian sex ratio
theory—that an absolute optimal mating efficiency, maximum genetic variance transmission, and thereby the
highest realizable intrinsic population growth rate, are exclusively achieved when the population maintains a
perfect, symmetrical demographic equilibrium corresponding to an exact fifty-percent distribution of the
sexes. Consequently, any demographic deviation from this strict evolutionary state of parity—whether the
population becomes overwhelmingly male-dominated due to severe resource scarcity or severely skewed
toward highly fecund females in nutrient-rich environments—inevitably precipitates a marked, systemic
decline in overall per-capita reproductive output. This phenomenon, which closely mirrors demographic Allee
effects caused by mate scarcity and fertilization bottlenecks, is mathematically translated into our model as a
severe biological penalty; the model operationalizes this penalty by forcing the maximum baseline intrinsic
growth rate to decay exponentially, drawing a direct, non-linear inverse correlation to the absolute magnitude
of the population's structural divergence from the ideal reproductive midpoint, thereby ensuring that
demographically skewed populations face realistic, rigorously defined limits on their explosive growth
potential.

3.3. Impacts of resource availability on sex ratio

Temporal Dynamics of Environmental Resource Availability in Closed Systems Grounded in the fundamental
ecological principles of mass conservation and thermodynamics within strictly closed environmental systems,
our model operates under the premise that absolute resource availability inherently diminishes over time in the
absence of exogenous nutrient subsidies. To quantitatively standardize this phenomenon across disparate
ecological contexts, we define the aggregate resource abundance as a normalized, continuous metric strictly
constrained between an absolute vacuum and maximum theoretical carrying capacity. Within this spectrum,
we establish a critical ecological tipping point—set precisely at the sixty percentile of maximum capacity—to
categorically bifurcate the environment into two distinct operational states: ecosystems functioning above this
threshold are classified as exhibiting "High Food Availability," whereas those falling below are categorized
under "Low Food Availability." To accurately simulate the temporal degradation of these nutritional reserves,
we employ a finite resource decay framework. In both scenarios, the depletion of resources is modeled not as a
linear decline, but rather as an exponential decay process over time, reflecting the increasingly rapid
consumption of easily accessible nutrients followed by a stabilizing depletion rate. In the severely resource-
restricted scenario (Low Food Availability), the ecosystem's resource trajectory is defined by a low structural
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baseline—equivalent to merely twenty percent of the maximum capacity—augmented initially by a transient
nutrient surplus that exponentially degrades at a continuous rate of five percent per temporal unit. Conversely,
the resource-abundant scenario (High Food Availability) is governed by identical exponential decay kinetics
regarding its transient surplus, but is anchored to a significantly higher, more resilient structural baseline
equivalent to fifty percent of the maximum capacity. This distinction mathematically ensures that while both
closed systems inevitably face continuous nutrient depletion, their absolute carrying capacities at any given
temporal snapshot remain starkly distinct. Bioenergetically Driven Dynamic Sex Ratio Trajectory
Transitioning from environmental parameters to demographic responses, the defining characteristic of the sea
lamprey population is that its sexual differentiation is not genetically fixed, but is strictly dictated by the
somatic growth rate achieved during its prolonged, filter-feeding larval stage. Crucially, the magnitude of this
larval growth rate is unequivocally limited by localized benthic food availability. Consequently, the temporal
fluctuation of environmental resources acts as the primary driver of the population's sex ratio. Evolutionary
bioenergetics dictate that the physiological synthesis of ovarian tissue (oogenesis) demands a substantially
higher caloric and nutritional investment compared to spermatogenesis. Therefore, the successful
developmental commitment to the female sex requires an environment saturated with adequate, high-quality
food resources. When overall food availability deteriorates, the systemic developmental response of the larval
cohort is to significantly downregulate the proportion of individuals differentiating into females, thereby
driving a steep demographic skew toward maleness [3]. Conversely, under conditions of high nutritional
abundance, the population strategically capitalizes on the surplus by maximizing female differentiation, thus
elevating the overall sex ratio. To capture this complex, non-linear biological response, we conceptualize the
relationship between resource abundance and the resulting sex ratio using a sigmoidal logistic framework.
This theoretical approach ensures that the probability of female differentiation asymptotes realistically near the
absolute upper and lower boundaries of resource extremes, while maintaining a highly sensitive, rapid
transition phase across intermediate resource gradients. Ultimately, by conceptually synthesizing the time-
dependent exponential decay of environmental resources with this resource-dependent logistic sex
determination response, we formulate a unified, dynamic sex ratio trajectory. This continuous temporal
narrative explicitly describes how an initially female-biased lamprey population within a newly colonized
ecosystem will progressively and inevitably shift toward a male-dominated demographic structure as the
closed system's finite resources are inexorably depleted over time.

3.4. The ecosystem dynamics model

Within the theoretical confines of this paper, the overarching dynamics of the ecosystem are mathematically
conceptualized through the continuous temporal evolution of species abundance. This multidimensional
demographic trajectory is not isolated; rather, it is intricately governed by a delicate triad of ecological forces:
the intrinsic biological growth potential of the populations, the finite environmental carrying capacity that
inherently limits expansion, and the complex web of interspecific competitive interactions. Ecologically, these
forces operate in constant tension. A heightened baseline growth rate naturally propels a population toward
rapid demographic expansion, driving up species numbers. Conversely, as population densities escalate within
the localized habitat, the interspecific and intraspecific competitive friction over shared, finite resources
intensifies proportionally, thereby imposing a severe suppressive force on further population proliferation. To
systematically quantify this complex, density-dependent regulatory mechanism, we employ a sophisticated
adaptation of the classic Lotka-Volterra interspecific competition framework. In our purely narrative
translation of this differential model, the instantaneous rate of change for any given species' population size is
fundamentally driven by its current abundance multiplied by its intrinsic growth rate. However, this unchecked
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exponential potential is strictly discounted by a density-dependent regulatory term. This critical constraint
calculates the cumulative ecological space already consumed by the entire community—accounting for the
abundance of every competing species weighted by their specific competition coefficients—and restricts
growth based on how closely this aggregate pressure approaches the absolute biological carrying capacity of
the environment. Furthermore, recognizing that natural ecosystems are inherently chaotic and rarely operate in
deterministic vacuums, We structurally augment the traditional Lotka-Volterra framework by embedding a
stochastic environmental perturbation parameter. This parameter is rigorously modeled as a normally
distributed white noise process possessing an expected statistical mean of absolute zero. By injecting this
continuous, randomized fluctuation into the demographic growth trajectory, we successfully simulate
unpredictable environmental stochasticity, such as sudden climate anomalies or random micro-habitat
disruptions. The strategic inclusion of this stochastic variability is critical, as it serves as the foundational
mathematical basis for our subsequent, rigorous sensitivity analyses, allowing us to evaluate the structural
robustness and resilience of the simulated ecosystem under continuous, random stress. In ultimate synthesis,
this highly modified, stochastic Lotka-Volterra framework serves as the computational engine for our
overarching model. By intricately coupling this demographic engine with the previously established sub-
models—specifically, the continuous, time-dependent degradation of localized nutritional reserves and the
corresponding bioenergetic, logistic modulation of the sea lamprey's sex ratio—we generate a fully integrated,
multi-tiered predictive matrix. This final unified architecture explicitly demonstrates how basal resource
availability dictates the sexual demographic structure of the sea lamprey, which in turn dynamically calibrates
the community's interspecific competition coefficients and growth rates, thereby driving the cascading, long-
term evolutionary trajectory of the entire multi-species ecosystem.

3.5. Modeling the dynamic response of ecosystems

3.5.1. Species typology and foundational parameterization

To rigorously simulate the macroscopic dynamic responses of the ecosystem over an extended temporal
horizon of one century (one hundred years), it was imperative to construct a theoretical biological community
that balances ecological complexity with computational tractability. To guarantee a high degree of structural
stability within the simulated network and prevent premature stochastic extinction events, we deliberately
constrained the community architecture to encompass exactly four distinct species: the target species, the sea
lamprey, alongside three anonymous sympatric species designated conceptually as Species A, Species B, and
Species C. The initial conditions of the simulation were strictly standardized to isolate the specific impacts of
interspecific interactions and demographic shifts. At the absolute onset of the simulation timeline, each of the
four species was allocated a completely uniform initial population abundance of exactly twenty individuals.
However, to accurately reflect the highly opportunistic and invasive reproductive capabilities of the sea
lamprey, we introduced a fundamental physiological divergence in their baseline intrinsic growth rates [4].
While the three sympatric species (A, B, and C) were uniformly assigned a conservative initial growth rate of
zero point one, the sea lamprey was distinguished by a highly elevated initial growth rate of zero point five,
granting it a distinct innate demographic momentum. It must be noted that these specific numerical
assignments are primarily intended to demonstrate the mathematical resolution capabilities of our dynamic
model; any empirical application of this framework would necessitate the integration of precise, field-tested
biological data or exhaustive literature validation. Regarding the interspecific competition network, our model
operates under the structural assumption of a perfectly symmetric competition grid. We stipulate that the sea
lamprey exerts a uniform, generalized competitive pressure across all three sympatric species. Crucially, this
competitive influence is not a static biological constant but is fundamentally dictated by the sea lamprey's
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adaptive sex ratio. Drawing upon empirical ecological observations, under conditions of severe resource
scarcity, the male lamprey cohort becomes numerically dominant. Our theoretical framework attributes this
demographic skew to a distinct evolutionary advantage: male lampreys exhibit a vastly superior capacity to
aggressively compete for basal resources, thereby exerting a strongly antagonistic and suppressive competitive
effect upon all other sympatric species within the habitat. Conversely, the female lamprey cohort is
mathematically modeled to exert a net-positive, facilitative ecological effect within the community network.
For the purpose of isolating these interspecific dynamics, all forms of intraspecific competition (friction within
a single species) have been intentionally omitted from the current mathematical architecture.

3.5.2. Analytical simulation results of ecosystem dynamic responses

By intricately weaving the resource-dependent sex ratio variations into the foundational architecture of the
ecosystem, our model successfully generated a century-long, continuous simulation tracking the complex
population trajectories of all constituent species. The resulting temporal projections explicitly reveal how
bottom-up resource availability cascades through the lamprey's sexual plasticity to ultimately redefine the
entire community structure. Comparative analysis of the dynamic trajectories under contrasting environmental
conditions yields a definitive ecological pattern: as the absolute availability of environmental resources
increases, the sea lamprey's sex ratio naturally gravitates toward a state of perfect demographic parity (a strict
fifty-fifty distribution between males and females). This localized demographic equilibrium subsequently acts
as a catalyst for broader community expansion, facilitating a substantially larger aggregate carrying capacity
across all species and allowing the entire ecosystem to reach a stable, harmonic equilibrium at a markedly
accelerated pace. Specifically, in the simulated scenario characterized by abundant nutritional resources, the
lamprey population maintains a sex ratio closely approximating exact parity. This optimal reproductive state
triggers an initial, explosive phase of demographic expansion across the community, with the aggregate
number of all organisms reaching an absolute historical peak around the thirtieth year of the simulation.
However, in accordance with the laws of finite closed systems, these basal resources inexorably decay over the
ensuing decades. As the diminishing resource pool loses its capacity to bioenergetically sustain this inflated
community size, the total ecosystem population undergoes a prolonged, gradual demographic contraction,
eventually asymptoting into a much lower, permanent stabilized state. In stark contrast, under conditions of
chronic resource insufficiency, this explosive third-decade peak is entirely absent. Instead, the total community
population exhibits a highly conservative, monotonic upward trajectory—characterized by a singular, slow
phase of incremental growth that ultimately plateaus directly into a stabilized state, entirely bypassing the
boom-and-bust dynamics seen in resource-rich environments. Furthermore, the simulation deeply illuminates
how the proportional composition of the ecosystem's species evolves in direct response to the lamprey's sexual
adaptability over specific temporal milestones (the first, fortieth, eightieth, and one-hundredth years). Under
conditions of high resource abundance, while the community begins with perfectly equitable proportions in the
first year, a drastic shift occurs by the fortieth year. Capitalizing on the rich environment, the sea lamprey
leverages its optimized sex ratio to aggressively appropriate the majority of the available ecological niches,
demonstrating profound demographic suppression over the three sympatric species and securing absolute
numerical dominance for the remainder of the century. Conversely, in a severely resource-depleted
environment, the proportional representation of all four species remains remarkably consistent and tightly
clustered throughout the entire one-hundred-year span. This critically suggests that under intense
environmental stress, the sea lamprey fundamentally alters its ecological strategy; rather than utilizing its
sexual plasticity to conquer and suppress competitors, it employs this adaptive sex ratio strictly as a defensive,
homeostatic mechanism to maintain basic population stability, resulting in a community characterized by
weak, highly diluted interspecific competition and a completely stabilized, evenly distributed trophic web.
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4. Advantages and disadvantages of lampreys

The demographic architecture of the sea lamprey is characterized by a profound, resource-dependent
phenotypic plasticity, wherein the population's sex ratio functions not as a fixed genetic inheritance, but as a
highly fluid, adaptive trait directly calibrated by environmental carrying capacity. Operating under stringent
bioenergetic constraints, the species exhibits a distinct demographic responsiveness: during periods of high
environmental resource availability, the sex ratio rises significantly, reflecting a strategic developmental shift
toward female differentiation to maximize reproductive output and capitalize on nutritional surpluses [5].
Conversely, under conditions of severe resource depletion, the sex ratio precipitously decreases, resulting in a
male-dominated cohort that minimizes the collective metabolic burden of the population while intensifying
competitive foraging. While this extraordinary sexual adaptability allows the sea lamprey to survive highly
volatile environments, it inevitably triggers profound, systemic cascading effects across the species' aggregate
reproductive capacity, its foundational genetic structure, and its long-term evolutionary adaptability. Crucially,
these cascading demographic shifts are not universally beneficial; they manifest as a complex matrix of
evolutionary advantages and severe ecological vulnerabilities. To rigorously investigate and objectively
evaluate the inherent evolutionary trade-offs associated with this extreme sex ratio variation, our study
conceptualized and analyzed two distinct, quantifiable ecological metrics: environmental dynamic response
and gene deletion (genetic erosion). The first metric, environmental dynamic response, measures the
demographic agility of the population—specifically, the speed and efficiency with which the species can
adjust its reproductive potential to aggressively exploit transient resource peaks or buffer against sudden
nutritional collapses. The second metric, gene deletion, captures the severe genetic bottlenecks and the
accelerating loss of allelic diversity that inevitably occur when highly skewed sex ratios drastically reduce the
effective breeding population size, effectively restricting the genetic pool to a small fraction of successful
reproducers. To contextualize these metrics, we constructed sophisticated comparative models designed to
juxtapose the evolutionary trajectory of the sea lamprey against hypothetical baseline species that maintain a
strict, invariant Fisherian sex ratio of absolute parity regardless of external resource fluctuations. This
mathematical comparison allowed us to strictly quantify the precise biological costs and demographic
dividends of sexual plasticity. Furthermore, a holistic assessment of this adaptive strategy cannot be
constrained solely to mathematically tractable variables. Therefore, our analysis was extended to incorporate a
rigorous discussion of non-quantifiable, yet ecologically critical, advantages and disadvantages. On the
advantageous side, we explored how localized male-biased populations might inadvertently reduce top-down
predatory pressure on collapsing host-fish communities, thereby acting as a natural, albeit crude, ecosystem
conservation mechanism that prevents total food web annihilation. On the detrimental side, we critically
examined the latent behavioral and evolutionary risks, such as the disruption of complex mating pheromone
gradients, the potential for catastrophic demographic collapse if environmental cues become decoupled from
actual resource availability due to anthropogenic climate change, and the ultimate risk of evolutionary dead-
ends where severe genetic homogenization renders the species fundamentally incapable of adapting to novel
pathogenic threats.

4.1. Advantages

4.1.1. Quantitative elasticity: adaptability to resource fluctuations

To objectively evaluate and quantify the evolutionary advantages derived from sexual plasticity, we
conceptualized a novel ecological metric termed the "Environmental Dynamic Response [6]." This metric
serves as a rigorous indicator of a species' demographic elasticity—specifically, its intrinsic capacity to
flexibly scale its population structure in direct response to volatile environmental carrying capacities. Rather
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than relying on abstract mathematical symbology, we formalize this metric strictly as a comparative biological
ratio. Specifically, the Environmental Dynamic Response is calculated by isolating the absolute, stabilized
population abundance of a given species at the termination of a century-long simulation (the one-hundredth
year) under conditions characterized by sustained, high resource availability. This peak demographic value is
subsequently evaluated relative to the same species' terminal population abundance recorded at the identical
one-hundred-year milestone, but under simulated conditions of chronic, severe resource deprivation. By
employing this comparative ratio as our primary quantitative index, we establish a clear ecological paradigm: a
larger resultant value signifies a profoundly robust adaptive capacity, indicating that the species can
aggressively expand its population during times of plenty while avoiding total extinction during times of
famine. When we extract the corresponding demographic data from our simulated ecosystem model to
juxtapose the sea lamprey against its sympatric, invariant competitors, the results are unambiguous. As the
simulation data delineates, the magnitude of the sea lamprey's Environmental Dynamic Response vastly
eclipses those of all other modeled species. This massive disparity confirms that because the sea lamprey can
dynamically recalibrate its sex ratio—shifting toward fecund females when resources are abundant and
metabolically efficient males when resources are scarce—it possesses an unparalleled, highly opportunistic
adaptability to environmental nutritional fluctuations.

4.1.2. Bioenergetic optimization of anadromous migratory capacity

Beyond localized demographic resilience, this resource-dependent sexual plasticity confers a profound
evolutionary advantage regarding the sea lamprey's complex spatial ecology, particularly its defining
anadromous life cycle. As an obligatory anadromous species, the sea lamprey strictly partitions its life history
across distinct aquatic biomes; adults mature and parasitize extensively within open marine environments or
vast lacustrine basins (such as the Great Lakes), but must undertake grueling, upstream migrations into lotic,
freshwater riverine networks to successfully spawn. This extensive geographic displacement requires immense
physiological stamina and metabolic expenditure. Crucially, the energetic and hydrodynamic costs of this
migration are highly asymmetric between the sexes. Because the developmental trajectories of testes and
ovaries require vastly different bioenergetic investments—with the biosynthesis, maintenance, and physical
transport of massive ovarian lipid reserves imposing a profound metabolic penalty on females—the physically
demanding transitions associated with prolonged anadromous navigation and osmoregulatory shifts are
significantly more easily tolerated by males. Consequently, under specific environmental stressors or during
the initiation of mass migratory events, the population's adaptive capacity to temporarily skew its sex ratio in
favor of a male-biased demographic provides a systemic advantage. By maximizing the proportion of lighter,
more metabolically efficient males within the migratory cohort, the species drastically reduces the collective
bioenergetic drag of the population, thereby ensuring that a higher volume of individuals maintains the
superior migratory stamina required to conquer formidable geographic barriers and successfully colonize
nascent upstream habitats.

4.2. Disadvantages

To rigorously quantify the hidden evolutionary penalties exacted by extreme sexual plasticity, we
mathematically formalized the concept of "Gene Deletion"—more accurately defined within modern
population genetics as the erosion of allelic diversity or the manifestation of severe genetic bottlenecks. This
phenomenon fundamentally occurs because any significant demographic deviation from a perfectly balanced,
fifty-fifty sex ratio inherently shrinks the effective breeding population size; consequently, a substantial
portion of the unique genetic variance carried by the minority sex is systematically excluded from being
transmitted to the subsequent generation. We defined the Genetic Erosion metric strictly as a normalized,
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quantitative diagnostic index representing the absolute mathematical deviation of the population's empirical
sex ratio from the idealized Fisherian equilibrium of exact parity. Operating as a continuous indicator, a larger
calculated magnitude strictly reflects a profound depletion of the effective breeding pool, translating to intense
genetic drift and the irreversible purging of unique alleles from the population. Conversely, an index value
approaching zero signifies a robust preservation of the species' overarching genetic architecture. When
applying this continuous metric to evaluate the sea lamprey's demographic trajectories across our simulated
environmental gradients, a stark evolutionary paradox emerges. Under sustained high resource availability,
where the population's sex ratio naturally self-regulates near strict parity, the calculated genetic erosion index
remains minimal and ecologically insignificant, ensuring long-term genetic health. However, under chronic
low resource conditions, the population strategically and aggressively skews male to conserve localized
metabolic energy and maintain immediate numerical stability. While this short-term homeostatic response
successfully averts immediate ecological extinction, it triggers a catastrophic secondary evolutionary cost: The
genetic erosion index escalates dramatically over the temporal simulation, eventually saturating at a critically
high plateau. This explicitly demonstrates that the sea lamprey's short-term demographic survival strategy in
impoverished environments is fundamentally maladaptive across deep time, ultimately crippling its genetic
diversity and systematically destroying the evolutionary resilience required to withstand future pathogenic or
environmental shocks. Compounding this insidious genetic vulnerability is the acute risk of temporal and
seasonal reproductive destabilization. Empirical field observations and macro-ecological monitoring have
alarmingly documented that in certain localized, environmentally stressed habitats, the seasonal sea lamprey
sex ratio can deviate into pathological extremes, occasionally reaching demographic imbalances as drastic as
one female for every five mature males. While a mild male bias might facilitate competitive foraging in
resource-poor benthic zones, such an extreme, localized demographic disproportion during the critical,
temporally restricted spawning window induces chaotic reproductive dynamics. This severe female scarcity
completely fractures the species' highly synchronized mating ecology, precipitating intense, physiologically
exhausting, and physically destructive intrasexual competition among the massive surplus of males. This
intense mating friction frequently leads to aborted spawning events, the physical disruption of carefully
constructed spawning nests, and a catastrophic decline in the overall per-capita fertilization success rate.
Consequently, this environmentally induced seasonal disorder shatters the population's intrinsic regenerative
capacity; the resulting severe reproductive bottleneck acts as an irreversible demographic tipping point,
violently accelerating the isolated population toward rapid, stochastic collapse and total extirpation long

before genetic degradation alone could cause its demise.

5. Impact of sex ratio on ecosystem stability

To systematically investigate how environmental carrying capacity governs community dynamics, we
stratified localized food availability into three distinct, mathematically defined trophic tiers: severely restricted
(Low Resource Area), intermediate (Medium Resource Area), and abundant (High Resource Area). Rather
than treating these resources as static constants, our model accurately conceptualizes them as dynamic, time-
dependent continuums. Each tier is characterized by a permanent structural baseline and a transient nutritional
surplus that inexorably decays at a continuous exponential rate of exactly five percent per temporal unit.
Specifically, the severely restricted environment is anchored to a critically low baseline equivalent to twenty
percent of the maximum theoretical capacity, augmented by an initial forty percent decaying surplus. The
intermediate environment maintains a slightly higher thirty percent baseline, supplemented by a thirty percent
decaying surplus. Finally, the abundant environment boasts a highly robust fifty percent structural baseline,
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coupled with an initial forty percent decaying surplus. This rigorous stratification ensures that our simulation
captures the full spectrum of nutrient degradation across a century-long timeline.

Within this tripartite environmental framework, we executed a comprehensive, one-hundred-year
macroscopic simulation featuring a standardized community architecture comprising exactly four interacting
species. To rigorously evaluate the overarching health and dynamic equilibrium of this simulated ecosystem,
we established a tripartite assessment matrix consisting of three pivotal ecological metrics. The first metric,
species diversity, quantifies the structural richness and demographic evenness of the community composition,
ensuring that no single species completely monopolizes the available ecological niches. The second metric,
temporal stability, measures the mathematical variance and amplitude of population fluctuations over the
century, assessing the community's intrinsic capacity to maintain a steady demographic state devoid of chaotic
boom-and-bust oscillations. The third metric, ecosystem resilience, evaluates the system's kinetic ability to
absorb external stochastic perturbations and the speed at which it can rebound to its original equilibrium
trajectory. To precisely isolate and explicitly quantify the specific ecological footprint of the sea lamprey's
sexual plasticity, we structured our experimental design into six distinct comparative categories. This full-
factorial design was achieved by crossing the three aforementioned environmental resource tiers (low,
intermediate, and high) with two distinct biological states: ecosystems containing the demographically
adaptive sea lamprey versus control ecosystems lacking this specific resource-driven sex ratio modulation. By
systematically tracking the similarities and stark divergences in how these six isolated research subjects score
across our three ecological indicators, we can definitively elucidate the nuanced ways in which the sea
lamprey's sex ratio adaptations either mathematically buffer or aggressively destabilize the broader community
under varying degrees of nutritional stress. Finally, recognizing that evaluating ecosystem health across three
distinct axes presents a complex, multi-dimensional analytical challenge, we employed the Technique for
Order Preference by Similarity to Ideal Solution (TOPSIS). This advanced multi-criteria decision-making
algorithm allowed us to construct a robust, comprehensive ecosystem stability evaluation model. By
calculating the geometric distance of each of the six simulated scenarios to a theoretical "perfectly stable"
ideal ecosystem, the TOPSIS method effectively synthesizes our diverse data streams, delivering a singular,
mathematically objective hierarchy that definitively evaluates the ultimate systemic impact of the sea
lamprey's dynamic sex ratio.

5.1. Species diversity

In macro-ecological theory, species diversity is universally recognized as the foundational pillar of ecosystem
stability. This concept transcends mere species counts; it represents the complex interplay between the
absolute number of distinct biological taxa present and the relative demographic abundance of each respective
population within the habitat. Grounded in the ecological "insurance hypothesis," a community exhibiting
higher species diversity possesses a vastly more intricate and redundant food web, thereby conferring a
significantly greater systemic resilience against environmental perturbations. To rigorously quantify this
critical ecological parameter, our model employs a classical Diversity Index. The theoretical premise dictates
that systemic stability reaches its absolute mathematical zenith when every individual organism within the
habitat belongs to a completely different species (maximum heterogeneity). Conversely, the index plummets to
its absolute minimum when a single species achieves total demographic hegemony, monopolizing the entire
ecosystem (minimum heterogeneity).

To operationalize this measurement without relying on basic headcount metrics, we adopted the widely
established Shannon-Wiener Index methodology. Instead of traditional algebraic formulas, this mathematical
construct calculates systemic entropy by evaluating the relative proportional abundance of every constituent
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species. Specifically, the index is derived by first determining the fractional probability that any randomly
selected individual within the ecosystem belongs to a specific species. This specific probability is then
multiplied by the natural logarithm of that exact same probability. By executing this calculation for every
single species present and summing the resulting values across the entire community, we obtain a measure of
ecological disorder. The inverse magnitude of this aggregate sum yields the final Diversity Index.
Consequently, this index functions as a highly sensitive barometer of uncertainty and informational entropy
within the ecosystem, simultaneously characterizing two distinct structural dimensions: firstly, the species
richness (the total variety of ecological niches occupied), and secondly, the demographic uniformity (the
equitability and evenness with which the total population is distributed among those species). A larger
calculated magnitude of this index unequivocally signifies a highly diverse, evenly distributed, and inherently
stable ecosystem.

To evaluate the impact of the sea lamprey's sexual plasticity on this stability, we tracked the temporal
evolution of both the diversity index and total species abundance across our six isolated experimental subjects
over a century-long simulation. A comparative longitudinal analysis of the resulting demographic trajectories
reveals a stark and highly disruptive ecological pattern.

When comparing the simulated ecosystems vertically across all three resource gradients (low, medium, and
high abundance), an undeniable trend emerges: the introduction and presence of the sea lamprey consistently
precipitates a severe and sustained degradation of overall species diversity. The mechanistic driver behind this
decline is intrinsically linked to the lamprey's unique resource-dependent sex ratio adaptation. When
environmental nutritional resources become insufficient or highly competitive, the sea lamprey does not
passively endure the demographic bottleneck. Instead, it aggressively exploits its sexual plasticity by actively
shifting its population structure to favor the most metabolically efficient and competitive phenotype. By
utilizing this sex ratio distortion, the lamprey population rapidly accelerates its localized reproduction and
resource assimilation rates.

This highly specialized and responsive adaptive strategy enables the sea lamprey to radically and
aggressively amplify its interspecific competitive intensity across multiple trophic levels. By dynamically
shifting its demographic structure to favor the most metabolically efficient and formidable phenotypes, the sea
lamprey effectively monopolizes the benthic foraging grounds. It ruthlessly outcompetes sympatric species for
increasingly limited basal nutrients, leaving secondary consumers ecologically stranded. As this aggressive
dynamic unfolds over successive temporal cycles, the initial ecological friction escalates into a rigid and
inescapable manifestation of the competitive exclusion principle. Within this hostile trophic landscape, the sea
lamprey rapidly establishes an absolute numerical and biological hegemony. It disproportionately inflates its
own population numbers through unchecked reproductive success and optimal resource assimilation.
Simultaneously, it exerts an overwhelming suppressive force upon all neighboring taxa, driving formerly
robust and stable competitor populations toward severe localized extinction through continuous starvation and
deliberate ecological marginalization. Consequently, the previously equitable and harmonious demographic
distribution of individuals across the four interacting species is completely and irreversibly shattered. This
systemic disruption fundamentally destroys the community's demographic uniformity, transforming a rich,
diverse biological network into a highly homogenized, single-species-dominated landscape. Because this
intense species monopolization drastically reduces the complexity, richness, and statistical unpredictability of
the community structure, it triggers a precipitous decline in the overall informational entropy of the system.
This relentless loss of ecological randomness drives the Shannon-Wiener Diversity Index rapidly downward
toward its absolute mathematical minimum. In conclusion, Our empirical findings definitively illuminate a

profound and troubling evolutionary paradox. The dynamic sex ratio variation of the sea lamprey undoubtedly
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represents a highly successful, brilliantly optimized evolutionary survival mechanism meticulously designed
for the immediate continuation of the individual species. However, when viewed through a macro-ecological
lens, this exact same phenotypic flexibility acts as a virulent, systemic destabilizing agent. By systematically
eroding the foundational pillars of species diversity and permanently stripping away the community's natural
biological redundancies, the sea lamprey severely compromises the foundational structural integrity of the
habitat. This relentless biological imperialism diminishes the innate ecological resilience of the food web and
ultimately jeopardizes the long-term, sustainable stability of the entire broader ecosystem.

5.2. Time stability

Within the expansive framework of modern macro-ecological theory, the fundamental structural integrity and
overarching health of any complex biological community are inextricably linked to a paramount diagnostic
metric universally recognized as temporal stability. This highly sophisticated analytical concept serves as the
ultimate quantitative barometer for assessing an ecosystem's innate functional capacity to sustain a remarkably
consistent aggregate biomass and preserve demographic equilibrium across vast and continuously unfolding
temporal horizons. From a purely conceptual and mathematical standpoint, an elevated degree of temporal
stability signifies that the inevitable demographic variations and periodic ecological fluctuations oscillating
around the community's historical mean abundance have been successfully suppressed and systematically
minimized. When an ecosystem achieves this coveted state of minimized population variance, it undeniably
demonstrates a profound level of ecological robustness and systemic security, effectively shielding its
constituent species from unpredictable environmental shocks and ensuring the uninterrupted flow of trophic
energy.

Conversely, a severely depressed temporal stability value acts as an alarming ecological distress signal,
pointing directly toward a deeply unstable, highly volatile, and dangerously fragile biological network. Such
compromised ecosystems lack the intrinsic buffering mechanisms necessary to absorb environmental stress
and are therefore perpetually vulnerable to violent demographic oscillations. These erratic patterns are most
commonly characterized by chaotic boom and bust cycles, wherein rapid, entirely unsustainable population
explosions are immediately and inevitably followed by catastrophic demographic collapses due to sudden
resource exhaustion. These extreme and unrelenting demographic whiplashes systematically degrade the
foundational resilience of the entire community web. Ultimately, this intense ecological friction severely
elevates the localized probability of sudden stochastic extinction events, creating a precarious environment
where random environmental anomalies could permanently eradicate keystone species and trigger irreversible
systemic failure across the entire landscape.

To circumvent abstract mathematical notation, our methodology strictly defines this metric as a
standardized statistical ratio. Specifically, the temporal stability of a multi-species ecosystem is calculated by
taking the long-term mathematical expectation (the statistical mean) of the aggregate community abundance
and dividing it by the system's overall temporal standard deviation. Crucially, the derivation of this standard
deviation is not a simple summation of individual species' volatilities. It is a highly complex composite that
inextricably links the isolated variance of each independent species' population over time with the interspecific
covariance between every possible pair of species. This covariance term is ecologically paramount: if species
populations fluctuate in opposite directions, the overall system remains stable. However, if species fluctuate
simultaneously in the same direction, the aggregate variance explodes, and temporal stability plummets [7].
By applying this rigorous statistical evaluation to the demographic data generated across our six simulated
ecological scenarios, we extracted a definitive comparative matrix of temporal stability scores. A longitudinal
analysis of these results unambiguously illuminates the deeply destabilizing footprint of the sea lamprey's
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sexual plasticity. In the controlled simulation environments where the demographically adaptive sea lamprey
was entirely absent, the ecosystem demonstrated remarkable temporal resilience across all nutritional tiers.
Under conditions of high, medium, and low resource availability, these control ecosystems generated robust
temporal stability indices of approximately eighteen point four-seven, sixteen point three-zero, and sixteen
point twenty-three, respectively. This tightly clustered, high-scoring baseline indicates that invariant
communities possess strong compensatory mechanisms that successfully buffer against environmental
degradation, maintaining a relatively smooth, steady-state demographic equilibrium over the century.
However, the structural integrity of these ecosystems completely fractures upon the introduction of the sea
lamprey. When forced to share the habitat with this sexually adaptive species, the temporal stability of the
broader ecosystem plummets drastically across every single resource gradient. Under low resource conditions,
stability falls to fourteen point nine-seven. Under medium resources, it degrades further to roughly ten point
one-zero. Most alarmingly, under conditions of high resource abundance, the temporal stability of the
lamprey-inhabited ecosystem experiences a catastrophic collapse, plummeting to an abysmal index score of
exactly six point eight-seven.

This severe inverse correlation between high resource abundance and temporal stability in lamprey-
dominated systems represents a profound ecological paradox. When resources are abundant, the sea lamprey
aggressively capitalizes on the nutritional surplus by systematically shifting its sex ratio toward highly fecund
females. This localized reproductive optimization triggers a violent, explosive demographic spike that rapidly
depletes shared resources, forcing the entire community into a synchronous, systemic crash. Consequently, the
massive population variance and intensely positive interspecific covariances generated by this boom-and-bust
cycle mathematically obliterate the community's temporal equilibrium. In ultimate synthesis, these simulated
metrics definitively prove that while the resource-dependent sex ratio adaptation of the sea lamprey maximizes
its own short-term competitive hegemony, it operates as a fundamentally virulent agent of macro-ecological
chaos, systematically destroying the temporal stability of the food web and rendering the broader ecosystem
chronically fragile.

6. The TOPSIS method based on the Delphi method

Evaluating the holistic stability of a complex biological community is a multi-dimensional challenge that
cannot be adequately captured by any single metric. Therefore, to synthesize our diverse data streams—
specifically the Species Diversity Index, Temporal Stability, and Ecosystem Resilience—we implemented a
sophisticated Multi-Criteria Decision Analysis (MCDA) framework. The core of our analytical engine relies
on the Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) [8]. This advanced
methodological approach is highly esteemed in systems engineering and ecology because it fully exploits the
informational entropy embedded within raw datasets, providing a mathematically objective hierarchy that
accurately reflects the definitive performance gaps between different ecological scenarios. Prior to
constructing the TOPSIS evaluation matrix, it is mathematically imperative to assign objective functional
weights to each of the three ecological indicators, reflecting their relative importance to overall ecosystem
health. To achieve this, we utilized an expert-driven Delphi elicitation method integrated with the rigorous
mathematical structure of the Analytic Hierarchy Process (AHP). Through systematic expert evaluations, we
constructed a pairwise judgment matrix comparing the relative criticalities of diversity, stability, and
resilience. To ensure the logical coherence of these subjective expert ratings, we strictly evaluated the matrix's
internal consistency. The mathematical extraction yielded a Consistency Indicator (CI) of exactly zero point
zero-one-nine-two, which in turn produced a Consistency Ratio (CR) of zero point zero-three-seven-zero.
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Because this calculated ratio is fundamentally smaller than the stringent academic threshold of zero point one-
zero, the judgment matrix was deemed highly mathematically consistent and completely free of logical
contradictions. The subsequent eigenvalue decomposition of this matrix generated the precise weighting
distribution: The Diversity Index received a weight of roughly twenty-three point three percent, Temporal
Stability was identified as the most critical structural component with fifty-seven point seven percent, and
Ecosystem Resilience was allocated nineteen point zero-one percent. Having acquired the raw quantitative
outcomes for the six isolated research subjects across these three metrics, we assembled a six-by-three
evaluation matrix. However, processing this raw data requires passing through a strict mathematical
standardization pipeline. The first critical step is "Positivization" or "Forwarding." In multi-criteria evaluation,
variables often possess conflicting optimization directions; for instance, species diversity operates as a "benefit
criterion" (where a mathematically larger value translates to superior ecological health), whereas other metrics,
such as specific variance-based resilience or stability costs, operate as "cost criteria”" (where smaller is better).
To seamlessly align all data vectors so that "larger universally equates to better," we applied a linear inversion
transformation to the cost criteria. By subtracting each observed cost value from the absolute maximum value
recorded within that specific column, we effectively flipped the trajectory of the metric, seamlessly converting
the entire matrix into uniformly positive benefit criteria. Following positivization, the matrix must be stripped
of its disparate dimensional units through a rigorous "Normalization" process. Because TOPSIS functions
fundamentally by evaluating spatial distances in a multi-dimensional coordinate system, raw data with vastly
different scales would disproportionately distort the geometric calculations. We employed the Normalized
Vector Method to eliminate this scale bias. This mathematically elegant procedure involves dividing every
single data point by the Euclidean norm of its respective indicator column. This transformation projects all
variables onto a standardized, dimensionless scale between zero and one. These standardized values were then
proportionately scaled using our previously established AHP weights, resulting in the final, weighted
normalized evaluation matrix. The terminal phase of the TOPSIS algorithm involves defining two theoretical
benchmarks: the "Positive Ideal Ecosystem" and the "Negative Ideal Ecosystem" (the absolute lowest, worst-
case scores). We then utilized multidimensional geometric principles to calculate the exact Euclidean spatial
distance separating each of the six simulated ecological subjects from both the positive ideal and the negative
ideal benchmarks. The final comprehensive stability score for each ecosystem is formulated as a relative
closeness index. It is calculated by taking the geometric distance from the negative ideal and dividing it by the
sum of the distances to both the positive and negative ideals. A resulting score approaching the absolute upper
limit of one signifies an ecosystem that is profoundly stable, residing maximally far from total collapse and
exceptionally close to theoretical perfection. The normalized final scores conclusively ranked the ecosystems.
The control groups—Ecosystems Four, Five, and Six, which completely lacked the sea lamprey—achieved
markedly superior stability scores of approximately zero point two-six-nine, zero point two-zero-five, and zero
point one-two-two, respectively. In devastating contrast, Ecosystems One, Two, and Three—which were
forced to endure the dynamic sex ratio adaptations of the sea lamprey—registered severely depressed scores of
roughly zero point one-two-eight, zero point one-five-two, and zero point one-two-one. By synthesizing the
data through this rigorous, multi-criteria mathematical lens, we yield one irrefutable ecological conclusion:
regardless of whether the foundational environment is characterized by high, medium, or low nutritional
resource levels, the evolutionary presence and demographic sexual plasticity of the sea lamprey acts as a
universally virulent agent. systematically degrading community resilience and imposing a profoundly
negative, destabilizing effect on overarching ecosystem stability.
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7. The benefit of lampreys to parasites

Within the complex architecture of aquatic food webs, the sea lamprey occupies a highly paradoxical and
multifaceted ecological niche. While widely recognized in invasive contexts as a destructive, apex parasite that
inflicts devastating mortality upon larger teleost fishes, this organism simultaneously fulfills a diametrically
opposed ecological role: it acts as a critical, nutrient-dense biological host for a diverse array of smaller
endoparasites and microorganisms [9]. In this latter capacity, rather than draining the ecosystem, the sea
lamprey functions as a foundational biological vector, effectively subsidizing the survival, proliferation, and
broader dispersion of parasitic populations. To rigorously investigate and quantify this specific facilitative
dynamic, we repurposed the foundational ecosystem dynamics model established in the preceding sections,
pivoting our analytical focus to mathematically evaluate the extent to which the sea lamprey serves as an
absolute benefactor to systemic parasite populations. To simulate this complex trophic interaction, we
constructed a sophisticated, five-species computational community. This modeled ecosystem consists of the
sea lamprey, three generic sympatric competitor species (Species A, B, and C), and one dedicated parasite
species. The critical mathematical innovation in this specific simulation lies in the deliberate configuration of
the interspecific interaction grid, which fundamentally departs from standard, symmetric competitive models
to embrace highly asymmetric, host-parasite coupling.

In the baseline control scenario—an ecosystem entirely devoid of the sea lamprey—the interaction network
is characterized by uniform, mutually antagonistic friction. The four remaining species (the three generic
species and the parasite, which is now forced to rely on sub-optimal secondary hosts) exert strictly positive
competitive pressures upon one another, resulting in a community defined by intense resource limitations and
restricted carrying capacities. However, the structural dynamics shift radically in the experimental scenario
containing the sea lamprey. Here, the interspecific interaction grid becomes highly asymmetrical. While the
sea lamprey continues to exert a uniform, sex-ratio-dependent antagonistic pressure against Species A, B, and
C, its interaction with the parasite is fundamentally inverted. We parameterize the effect of the sea lamprey
upon the parasite using a strictly negative interaction coefficient. In the context of our population dynamics
model, this negative value mathematically translates to a direct ecological facilitation; it signifies that the host
lamprey provides a massive, unreciprocated biological subsidy—such as abundant localized biomass, reliable
shelter, and continuous nutrient extraction—that exponentially expands the parasite's localized carrying
capacity. Conversely, the parasite exerts a positive, antagonistic drain back upon the lamprey, perfectly
capturing the unidirectional energy flow inherent in parasitic relationships. By executing this time-series
simulation across varying environmental gradients (encompassing high, medium, and low absolute resource
availability), we generated comprehensive demographic trajectories that track the parasite's population scale
over a century. A comparative longitudinal analysis between the lamprey-inhabited ecosystems and the
lamprey-free control environments yields a definitive and striking ecological conclusion. Regardless of
whether the overarching environmental resources are abundantly rich or severely depleted, the absolute
population abundance of the parasite is exponentially magnified in every single ecosystem that contains the
sea lamprey. In the absence of this primary host, the parasite population remains ecologically marginalized,
constrained by the heavy competitive friction of the broader community. However, upon the introduction of
the sea lamprey, the parasite capitalizes on the negative interaction coefficient—the biological subsidy—to
rapidly bypass environmental resource limitations, resulting in a sustained, high-volume demographic
explosion. This robust computational evidence unequivocally demonstrates that the sea lamprey, despite its
predatory reputation, simultaneously acts as a profound ecological benefactor, providing absolute, systemic
advantages that guarantee the robust survival and proliferation of associated parasite populations.
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8. Conclusion

This comprehensive study fundamentally unravels the complex ecological and evolutionary mechanics
underlying the resource-dependent sexual plasticity of the sea lamprey, utilizing a highly advanced, stochastic
Lotka-Volterra ecosystem dynamics model. By mathematically linking the exponential temporal decay of
environmental nutritional resources directly to the species' somatic growth and subsequent sex determination,
we established a dynamic demographic framework that successfully replaced static biological constants with
highly responsive, demographically weighted interaction coefficients. Our simulations definitively
demonstrate that the sea lamprey's ability to seamlessly transition from a perfectly balanced, highly fecund
population under resource-rich conditions to a metabolically conservative, male-dominated cohort under
severe environmental stress endows the species with an unparalleled "Environmental Dynamic Response."
This opportunistic adaptability maximizes short-term demographic survival, amplifies interspecific
competitive hegemony, and optimizes anadromous migratory bioenergetics.

However, our multi-dimensional evaluation exposes the profound evolutionary and macro-ecological
penalties exacted by this survival strategy. At the population level, the drastic deviation from Fisherian sexual
parity in resource-poor environments triggers severe genetic erosion and localized reproductive
destabilization, critically compromising the species' long-term evolutionary resilience. At the macro-ecological
level, the application of a rigorous Multi-Criteria Decision Analysis—specifically integrating the Shannon-
Wiener Diversity Index, Temporal Stability variance, and a TOPSIS evaluation matrix—yielded an irrefutable
conclusion: the presence of the demographically adaptive sea lamprey universally degrades community health.
By aggressively utilizing its sexual plasticity to monopolize ecological niches, the sea lamprey systematically
erodes species diversity, shatters the temporal equilibrium of the food web, and fundamentally destabilizes the
broader ecosystem across all resource tiers. Paradoxically, while it operates as a virulent competitive
suppressor to most sympatric species, our asymmetric interaction modeling conclusively proves that it
simultaneously acts as a profound biological benefactor to parasite populations, exponentially amplifying their
demographic scale. Ultimately, this research provides a revolutionary predictive framework, explicitly
demonstrating that while environmental sex determination ensures the localized persistence of the sea lamprey,
it simultaneously operates as a profound agent of macro-ecological chaos, demanding highly targeted, context-
specific interventions for global aquatic ecosystem management.
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