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Summary

As one of the oldest vertebrates, the sea lampreys has unique mechanisms of gender
differentiation.In order to examine the advantages and disadvantages of the lampreys’
ability to change its sex ratio according to resource availability, we develop two main
models, the Population Growth Model Induced by Sex Ratio and the 3-R Index Model of
Ecosystem Stability.

Firstly, we develop a Population Growth Model based on differential equations,
which mainly considers the factors of sex ratio, migration and inter-organism interac-
tions of the lampreys. In terms of the induced factors and effects of sex ratio, we use the
Least Squares Method to fit a functional relationship between the larval growth rate and
food density of the lampreys, then establish a sex logistic function to determine the effect
of larval growth rate on the sex differentiation of the lampreys. Lastly, we consider the
effect of sex ratio on the growth rate. In terms of interactions among creatures, we mainly
consider the parasitic relationship between lampreys and host-fish in the ocean and the
predation relationship between lampreys and plankton in the river, and integrate the im-
proved Logistic Model and the Lotka-Volterra Equations to establish differential equa-
tions for biomass of different species over time. Finally, Finite Volume Method (FVM) is
used to solve the numerical solution of the PDE.

For problem 1, given the same initial conditions and using a population growth model,
consider the trends in biomass of different species when the lampreys can change the sex
ratio and when it cannot change the sex ratio, respectively, and then analyse the impact
of the lampreys on the larger ecosystem. (result:Figure 8-11)

For problem 2, we adjust the model parameters to simulate the impacts of harsh en-
vironments on the ecosystems of lampreys, such as human killings, famine and habitat
destruction, and find that lampreys can adjust the sex ratio, which is an advantage against
harsh environments, but has a serious "time lag effect".

For problem 3, we establish a 3-R index model to measure ecosystem stability. Firstly,
we use three quantitative indicators to measure the stability of ecosystems( Resistance,
Resilience and Recovery) and then we perturb the ecosystems at a specific moment to
change the sex ratio, and then calculate the 3-R Index with the help of the change of
Shannon Index before and after the perturbation to get the effect of the sex ratio on the
stability of ecosystem. (result:Figure 17)

For problem 4, we extend the model by adding more species to the analysis, intro-
ducing competitive factors and analysing the advantages of sex change in lampreys over
other different types of creatures. (result:Figure 19)
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1 Introduction
1.1 Background

Historically, the sea lamprey has been considered a prized ingredient and favored by
many. Zoologically, the sea lamprey is one of the oldest surviving vertebrates and is a key
species in the study of vertebrate origins and evolution. From an ecological point of view,
the sea lamprey is a carnivorous ectoparasite and can change its sex ratio in response to
changes in the external environment, which is crucial to the stability of the ecosystem.

Figure 1: sea lamprey (https://baijiahao.baidu.com/)

Since the invasion of sea lampreys into the Great Lakes beginning in the 1950s, with
impacts on the ecology and fisheries of the Great Lakes, there is an urgent need for re-
search on the ecosystem impacts of sea lamprey sex ratio in support of real-life control
and protection of sea lampreys [1], [2].

1.2 Restatement

Considering the background information and limiting conditions identified in the prob-
lem statement, we are supposed to address the following issues:

¢ Build a model to determine the effects on the ecosystem of a sea lamprey population
that can change its sex ratio.

* Analyze the advantages and disadvantages of the sea lamprey population in the sur-
vival of the ecosystem.

¢ Develop a model to determine the impacts on ecosystem stability based on the sex
ratio of sea lampreys.

¢ Estimating the impact of sea lampreys on other species in ecosystems containing
populations of sea lampreys with variable sex ratio.

1.3 Our Work

According to the requirements, our work is as follows:
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Figure 2: the flow chart of our work

Assumptions and Justifications

To simplify the problem and make it convenient for us to simulate real-life conditions, we
make the following basic assumptions, each of which is properly justified:

Assumption 1: The sea lamprey feeds on plankton in rivers and parasitizes large fish
in the ocean.

Justification: Juvenile sea lampreys have immature organ development and do not

have the conditions for parasitism, and generally feed on tiny plankton, such as al-
gae and small invertebrates[3]. The majority of sea lampreys in rivers are juvenile
individuals, so it is approximated that sea lampreys feed on plankton in rivers.

Assumption 2: Neglect the effects of water temperature, climate and other external
environmental factors on the abundance of sea lamprey species.

Justification: Sea lampreys live primarily in waters of temperate and boreal climate
types. They are usually found in temperate oceans, rivers and lakes, especially in
areas where the water is clean, moderately warm and well oxygenated. Because of
their ability to adapt to different water temperature ranges, sea lampreys can ignore
the effects of environmental climate factors[4].

Assumption 3: Chemical agents such as steroids can directly alter the sex ratio of sea
lampreys, but not their birth and death rates.
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Justification: Chemicals such as steroids can induce sex change in juvenile sea lam-
preys, and since most sea lampreys are in their juvenile years, it can be assumed that
the use of steroids can directly change the sex ratio of sea lamprey populations.

e Assumption 4: It is assumed that sea lampreys die immediately after spawning or
oviposition.

Justification: Studies have shown that most sea lamprey females and males stop
feeding after mating and wait for a natural death[5]. During this time, sea lampreys
have no impact on other organisms or the ecosystem, so it can be assumed that sea
lampreys die immediately after spawning or oviposition.

¢ Assumption 5: The ecosystem in which the lamprey is found has sufficient producers
to supply the survival of organisms at the bottom of the food chain.

Justification: Since the oceans have a very high biodiversity, it can be assumed that
producers provide sufficient external nutrients to the ecosystem we construct.

3 Notations

Table 1: the list of notation

Symbol Meaning

M, the biomass of the male sea lampreys living in river

M, the biomass of the male sea lampreys living in different locations in ocean
Ni,ore the biomass of male lampreys migrating from the sea to the river
N, ... the biomass of male lampreys migrating from the river to the sea
Rale the biamass of males differentiated from the newborn larvae of lampreys
P(t) the biomass of plankton in the river at moment ¢

H; the biomass of host-fish that are parasitized at moment ¢

4 Model I : Population Growth Model Induced by Lam-
preys Sex Ratio

41 Model Overview

According to the physiological activities and ranges of the sea lamprey, the life cycle of
the sea lamprey is divided into three stages: the juvenile stage of metamorphosis in the
river, the adult stage of survival by migrating to seawater, and the reproductive stage of
migrating to the river. We focus on the effects of sea lamprey sex ratio, two migrations
and biotic interactions on the abundance of different species in the community.

When considering the sex ratio of the sea lamprey, we first use the least squares
method to fit the relationship between the growth rate of the newborn sea lamprey and
the concentration of food, and define the sex logistic function to determine the relation-
ship between the sex ratio and the concentration of food, and then consider the effect
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of the sex ratio on the reproduction of the sea lamprey. When considering the two mi-
grations of the sea lamprey, the population migration models in rivers and seawater at
different times are established based on the characteristics of its two migrations. When
considering the interactions between organisms, differential equations for the population
of different species in the St. Lawrence River and the Gulf of St. Lawrence over time are
presented based on the intraspecific (reproduction, intraspecific competition) and inter-
specific (including interspecific competition, parasitism, and predation) relationships of
the sea lamprey at different stages.

Finally, the numerical solution of the system of partial differential equations is ob-
tained using the finite volume method, and the changes of different species in a specific
water area over time are obtained in communities that could change the sex ratio of the
sea lamprey and those that could not change the sex ratio of the sea lamprey, all other
things being the same, and it is analyzed that the sex ratio could be varied in a positive
way for the ecosystem.

4.2 Model Buliding

The sea lamprey has a complex life cycle. Juvenile lampreys are hatched in freshwater
rivers, and after metamorphosis and development into adults, they migrate to seawater
to continue to survive, and then migrate back to freshwater rivers to spawn during the
reproduction period.

Migration2:
River=QOcean Ocecm:bRiver
Larvae Juveniles Adults!

Year O Year1 Year 2 Year 3 Year 4 Year 5 Year 6 VYear 7

Figure 3: the life history of the sea lampreys

The Gulf of St. Lawrence is an important site for adult lampreys, and we focus on
the survival of the species in waters ranging from 59° to 63.5° W longitude and from
46° to 50.5° N latitude. For simplicity of study, although in reality the range studied
by the model is a spherical quadrilateral, we assume that spatial locations are divided
equally by latitude and longitude, which in turn can be abstracted into planar rectan-
gles with horizontal and vertical coordinates in a planar rectangular coordinate system
according to latitude and longitude. All calculations of the shortest spherical distance be-
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tween two points represented using latitude and longitude in the model are transformed
using Haversine’s formula [6] as shown below:

0 — 0 -
d = 2 arcsin \/sin2 ( ! 5 2) + cos &1 cos 5 sin? (a1 5 052)

where d denotes the shortest spherical distance and 41, d2, a4, ay are the latitude and lon-
gitude of the two points, respectively.

Figure 4: abstracting a spherical quadrilateral into a planar rectangle

The St. Lawrence River is home to juvenile and reproductive lampreys, and since
species and environmental changes within the St. Lawrence River are not significant [7],
and the succession of communities within the river is similar, we consider this portion of
the water as a whole.

After the above analysis, we can set M; to be the biomass of the male sea lampreys
living in the St. Lawrence River and F} to be female, which are both functions of time ¢.
Let M,, F;, be the biomass of sea lampreys living in different locations in the St. Lawrence
Lake, and they are functions of time ¢, longitude xz, and latitude y.

4.2.1 Migratory Sub-model

There are two important migrations in the life cycle of the sea lampreys. The first occurs
from March to April each year, during the northern hemisphere spring, when large num-
bers of adult-bodied lampreys of varying ages (mostly 5-7 years old) migrate upstream
from the ocean to freshwater rivers for subsequent mating and spawning [8]. The second
time is in May to June each year, when most of the larvae undergo a long metamorphosis
into adults (mostly 3-5 years old) and migrate toward the ocean for more food[9].

N e =0(t = t1) - my - / Mydxdy (1)
(z,y)

No,e =0(t —t2) - mo - My 2)

Nijopare =0(8 — 1) -y - // Fydzdy 3)
(z,y)

N2 emare =0(t = t2) - - Fy (4)
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where N, is the biomass of lampreys migrating from the sea to the river at moment ¢, N,
is the biomass of lampreys migrating from the river to the sea at moment ¢t and m,; and m,
are the migration rates of the two migrations, respectively. The reason the first equation
needs to be integrated over spatial variables is that adults in all seas have the potential to
migrate, and ¢ in the above equation can be expressed as:

5(t)_{1 if t=0 )

0 others

4.2.2 Predisposing Factors and Effects of Sex Ratio

Sea lampreys typically spawn in spring nesting habitats, and the gonads of larvae can
remain histologically undifferentiated for extended periods of time. Field studies have
shown that sex determination in sea lampreys is directly influenced by larval growth
rates, with slower growth of larvae in non-productive environments allowing for more
male-biased larvae and faster growth in productive environments allowing for more female-
biased larvae[10]. Therefore define the sex logistic function:

1
V) =T —em (6)

In the above equation 7(v) denotes the probability of differentiating into a female when
the growth rate of the larvae is v, where a and /3 are corrections for the growth rate.

In more studies it has been shown[11] that the larval growth rate of sea lampreys is
primarily related to the density of edible plankton, and that if the density of plankton is
p, then the relationship is:

v=A-e+ M (7)

Based on the literature [11] and related research data, we use the least squares method
for parameter fitting to obtain A = —0.76, u = —0.02, M = 0.67. The R? = 0.9804 indicates
that the fit is very good, and also shows that the growth rate of lampreys larval growth
rate gradually slows down with the increase of food concentration.

Mating and spawning in lampreys usually begins after the spring migration, and
their mating system is predominantly polygynous, with eggs fertilized in vitro, and the
biomass of males is usually more dominant [12], which means that the birth rate of lam-
preys tends to receive constraints from a smaller number of eggs. Therefore, when mea-
suring the birth rate of lampreys, it is only necessary to consider the number of females
during mating. Let R4 and R emae be the biomass of males and females differentiated
from the newborn larvae of lampreys at moment ¢, and c be the number of viable larvae
that can be produced by one female per unit of time, then we can get the effect of sex ratio
on birth rate:

Rmale =c- leemale(]‘ - 77) (8)
Rfemale =cC- leemalen (9)
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4.2.3 Population Growth Model in River

According to the results of related studies [3], juvenile sea lampreys growing in rivers
tend to be non-parasitic and feed mainly on tiny plankton, such as algae and small inver-
tebrates. Therefore, the main consideration is the variation in the abundance of plankton
and sea lampreys.

Plankton

Plankton consists mainly of phytoplankton (diatoms, green algae and cyanobacteria)
and plankton (ciliates, rotifers). One part of the plankton survives by converting sun-
light and carbon dioxide into organic matter through photosynthesis, and the other part
survives by feeding on other plankton. Regardless of that type of survival, the growth
of plankton is characterized by resource limitation and density dependence, so that its
growth can be described by a logistic model. In addition to this, plankton will be preyed
upon by sea lampreys, so the change in the biomass of plankton in the river can be ex-

pressed as:

dr P
E:TP'P'(l—K—P)—5P'(M1+F1) (10)
where P(t) = p(t)Viier/m denotes the biomass of plankton in the river at moment ¢, rp
denotes the growth rate of plankton, Kp denotes the environmental holding capacity of
plankton in the St. Lawrence River, and dp denotes the predation effect of lampreys on

plankton.
Lamprey in the river

Surviving in rivers are usually juvenile lampreys and adult lampreys that migrate
during the breeding season. Since adult lampreys no longer obtain food after mating and
die within a short period of time, this portion of the river is present for a shorter period of
time, and we ignore the effect of this portion of the river on the number of species in the
river. The natural enemies of lampreys have strong food substitution, so we only consider
the predation effect of natural enemies on lampreys, and do not consider the changes in
the number of natural enemies. Therefore, the change in the biomass of lampreys in the
river is:

dM

= =01 My = No . + Rinate (11)
dF:

d_tl = _51 ' F]- - sze'mu,le _'_ Rfemale (12)

where §; denotes the predation effect of human activities and other natural enemies on
lampreys, the second term of the equation denotes the effect of migration from the river
to the ocean, and the third term denotes the spawning effect of adult lampreys migrating
from the ocean to the river.

4.2.4 Population Growth Model in Ocean

Most lampreys in the ocean are adult lampreys, which basically live a parasitic life, attach-
ing themselves to larger fish with their disc-like mouths and then sucking blood through
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Figure 5: biological relationships of the lampreys

their teeth and sucker-like mouth structures. Therefore, in the ocean, we mainly consider
changes in the abundance of host-fish (e.g., salmon, cod, bass, etc.) and lampreys. Unlike
organisms in rivers, biomass in the ocean is a ternary function of longitude, latitude, and
time, so not only do we have to consider interspecific competition and parasitism among
organisms, but also dispersal and enemy avoidance strategies of different species in their
spatial locations.

Host-fish

Existing studies have demonstrated that [13], parasitism may reduce host density and
induce extinction of the host population. Let the biomass of host-fish be H = H(z,y,t),
and divide the hosts into those that are parasitized, H; = H;(z,y,t), and those that are
not, H, = H,(x,y,t), then the change in the population should be expressed as follows:
H;,=H,(x,y,t),and H, = H,(z,y,t). Then the change in the biomass of host-fish should
be expressed as:

8Hu H 82H 62H
5 =rpH (1 — K_H) — dH, — BH,(M> + F>) + D( 972 + 2 ) (13)
OH; PH | PH

— BH,(My + Fy) — (d+ a)H; + D( ) (14)

ot 0x? * Oy?
where r denotes the growth rate of the host and Ky denotes the environmental hold-
ing capacity of the host-fish; in this equation, newly born fish are unparasitized individu-
als, regardless of whether or not the parent is parasitized. d denotes the natural mortality
rate of healthy hosts, and a denotes the effect of host mortality due to parasitism. D de-
notes the dispersal efficiency, reflecting the free dispersal of fish across spatial locations.

Lamprey in the ocean

Changes in the population of lampreys in the ocean are mainly considered to be af-
fected by mortality, migration and spatial dispersal caused by predation by humans or
natural enemies, and the following results can be obtained:
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M,  O2M. OH OH
Winate = —02My — 6 (t — t1) muMs + E ( 2 4 2) G(=—+—-) (15

ox? 0y? oxr Oy
aMQ _ Wmale if (m,y) 7é (x07y0) (16)
at Wmale + N2male if (l‘, y) = (ZE(), yO)
PF, 0*F, OH OH
Wiemate = —02Fy — 0 (t —t1) miFo + E ( 52 + 3y ) + G(a—x + 8_y) (17)
@ _ ermale if (l’, y) 7& (an yO) (18)
ot ermale + NQfemaze if (33, y) = (an yo)

where J, denotes the mortality rate of sea lampreys, E denotes the diffusion coeffi-
cient of lampreys in the sea, and GG denotes the tracking coefficient of sea lampreys. The
tirst term in the expression of I denotes the effect of human activities and predation by
natural enemies, the second term denotes the effect of migration of sea lampreys from the
sea to the river, the third term denotes the free dispersal of sea lampreys in the sea, and
the last term denotes that sea lampreys always move towards the place where there are
more hosts. Synthesizing the above analysis, the above system of differential equations is
plotted in the following flow chart:

ed(t —t1)my ﬂ'(m ) Fodzdy |
it Reproduction ——> Die

Lamprey

1 1 !
O — t)maM,
+ T T n
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Figure 6: biomass dynamics in ecosystem
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4.3 Model Solution

During the modeling process, many parameters to be determined were generated, and
in order to determine the specific values of these parameters, we review a large num-
ber of literature and online resources [13]-[16], estimation of the parameters used in the
model The finite volume method(FVM) is a numerical method for solving systems of
partial differential equations that transforms a continuous PDE problem into a discrete
algebraic problem by discretizing the continuous solution domain into a finite number of
subregions (elements), applying numerical integration in each control volume, and thus
transforming the continuous PDE problem into a discrete algebraic problem.

In the modeling of different species populations over time, longitude and latitude,
the waters from 59° to 63.5° W longitude and from 46° to 50.5° N latitude are equally
divided into 15*15 subregions, and time is divided according to 1 day, i.e., Az = 0.5, Ay =
0.5, At = 1d. By programming, we obtain the distribution of host-fish at ¢ = 360,t =
3600, t = 18000 :

nsor | L I L L 1T ]
\J\l\l
N49® T 580
= 460
N4g° d 340
N47° uE ? Z2
N46° \ﬁ gji/ ﬂ% 7 j =
S & F FF S & &
Initial Period: 360days Adjustment Period: 3600days Stabilization Period: 18000days

Figure 7: schematic diagram of the FAM for solving PDE

4.4 Results of Problem I

In order to investigate the effect of the ability of lampreys to change sex ratio on the larger
ecosystem, the changes in the abundance of different species over time are modeled when
lampreys populations could and could not change their sex ratio, given the same initial
value conditions. In order to make the model more general, the given initial values do
not necessarily make the community in a stable state.

In the following, we set the male ratio of lampreys at p = 0.56,p = 0.67,p = 0.78,p =
0.82 at the initial moment and plot the changes of relative biomass of different species
over time.

f Lamprey

iomass of

B
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Figure 8: sex ratio can be changed (left) and cannot be changed (right) at p = 0.56.
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Figure 9: sex ratio can be changed (left) and cannot be changed (right) at p = 0.67.
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Figure 10: sex ratio can be changed (left) and cannot be changed (right) at p = 0.78.
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Figure 11: sex ratio can be changed (left) and cannot be changed (right) at p = 0.82.
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Based on the results above, we can get that lampreys sex ratio can change the impact
on the ecosystem:

Enhance the ability of lampreys themselves to resist the harsh environment.Except
for the different initial sex ratio, the initial conditions are exactly the same, and it can be
seen from all the diagrams on the left that the biomass of lampreys all went through the
process of decreasing and then increasing to reach a stable process after 4000-5000 days.
This shows that when food resources are unfavorable for their reproduction, lampreys
can resist the harsh external environment by changing their sex ratio and thus adjusting
the population size.

Able to maintain the stability of the host-fish and plankton population. From the
comparison of (8), it can be seen that lampreys are able to control their own overpro-
liferation by changing their sex ratio when the host is insufficient, thus stabilizing the
host population. From the comparison of (11), it can be seen that lampreys can restrain
the overproliferation of plankton by changing the sex ratio, thus making the biomass of
plankton stable.

Utilizing feedback to regulate the ecosystem. Effectively regulate the interspecies
relationship of the ecosystem and maintain the stability of the ecosystem.

4.5 the Results of Problem II
4.5.1 Advantages: strong resistance to harsh environments

In order to prove that the lampreys population has a strong resistance to harsh environ-
ments, the parameters in the model are adjusted to simulate the harsh environments that
the lampreys might suffer in real life, so as to analyze the anti-disturbance ability of the
lampreys population.

(1) Encounter natural disasters, resulting in a sudden decrease in the plankton pop-
ulation. It is assumed that at t = 7000, which makes P change to 0.75P.

Adjustment Period Recovery Period
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Figure 12: plot of biomass of different species over time(p — 0.75p)
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It is found that the lampreys population don’t change significantly, and there is only a
slight change at about 10000 days, but it recover quickly. This indicates that the lampreys
population can well resist the damage caused by famine.

(2) Deterioration of the living environment or increased hunting by humans has led
to an increase in the natural mortality rate of lampreys. Suppose we start from ¢ = 6000
and adjust 41, 2 to become 26, 26,.
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Figure 13: plot of biomass of different species over time(d1 — 261, 52 — 202)

It is found that the biomass of lampreys species gradually decline after the increase
in mortality rate until the new stable population reach equilibrium. This suggests that
lampreys will not go extinct when their living environment deteriorates or when they are
subjected to anthropogenic hunting, but will maintain a lower number of individuals to
continue the reproduction.

(3)Human use of sexual inhibitors or destruction of the original habitat leads to a
decrease in the fecundity of lampreys. Assuming c changes to 0.5¢ starting from ¢ = 5000,
the number of larvae that a female can produce per unit of time changes from c to 0.5c.
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Figure 14: plot of biomass of different species over time(c — 0.5¢)
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Similar to the previous scenario, lampreys do not become extinct when fecundity is
affected, but rather maintain a low number of individuals to continue the reproduction.

4.5.2 Disadvantages: time lag in adjusting the sex ratio

Observing the pictures in the model results, it can be found that although the lampreys
population can reach a relatively stable state in the end, it adjusts the time slowly, and
even comes close to extinction in (8). The possible reason for this is that the lampreys
population only adjusts the sex ratio of fertile juvenile lampreys according to the current
food density, but juvenile lampreys need to become adults before they can participate in
reproduction to affect the birth rate, which has an obvious time lag effect. In the event of
drastic long-term changes in the environment, lampreys are likely to become extinct due
to the time lag effect and the failure to adjust the population size in a timely manner.

5 Model II : the 3-R Index Model Based on Changes of
Ecosystem Stability under the Influence of Lampreys’ Sex
Ratio

5.1 Model Overview

The sex ratio of sea lampreys acts in the ecosystem and affects the stability of the ecosys-
tem. Ecosystem stability refers to the ability of an ecosystem to maintain its structure
and function in the face of external perturbations (e.g., natural disasters, climate change,
human activities, etc.). The aim of the model in this study is to quantitatively assess this
effect.

In Model I, we obtain a dynamic relationship between the sex ratio of sea lampreys
and the biomass of other species in the ecosystem. Based on this, in order to measure
its impact on the stability of the ecosystem, we first select the indicators used for mea-
surement (3-R Index: Resistance, Resilience, Recovery) and then quantify the indicators.
Then we construct the internal variable S of the ecosystem using Shannon Index [17],
and further analyze the stability of the ecosystem from three aspects by establishing its
relationship with the sex ratio of lampreys.

5.2 Model Buliding
5.2.1 Selection of Indicators to Measure Ecosystem Stability

Ecosystem stability refers to the ability of ecosystems to maintain their structure and
function in the face of natural and anthropogenic disturbances. This stability is a key
characteristic of ecosystem health and sustainability and is essential for the provision of
ecosystem services (e.g., food supply, water regulation, carbon storage, etc.).Indicators of
ecosystem stability include resistance, resilience, recovery, persistence, tolerance, etc.[18].

Resistance: The ability to resist changes in system variables in response to a perturba-
tion.
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Resilience: The rate at which a system variable returns to its reference condition fol-
lowing a perturbation.

Recovery: The ability to fully return to the reference condition after a perturbation.
Persistence: The length of time a system maintains a certain reference condition.

Tolerance: The ability of a system to tolerate perturbations, independent from the
degree of change and the rate of return after a perturbation.

Resistance, resilience and recovery are chosen as indicators of ecosystem stability be-
cause they can comprehensively reflect the response and recovery capacity of ecosystems
in the face of disturbance. Resistance reflects the initial stability of an ecosystem, resilience
reflects the rapid recovery ability of an ecosystem, and recovery reflects the long-term
stability and adaptability of an ecosystem. Considering these three indicators together
allows for a more comprehensive assessment of ecosystem stability and provides a scien-
tific basis for ecological protection and environmental management.

5.2.2 Quantification of indicators

When constructing a quantitative model of an indicator, we need to follow the following
points:[19]

(a) It should be dimensionless and normalized and it should be a monotonic function
of stability;

(b) It should be bounded for all possible values, and no values tending to infinity can
occur;

(c) It should be applicable to all types of ecosystem and system variables.

On this basis, we develop quantitative models of resistance, resilience, and recovery
for system variables [18], respectively.

Resistance (Rst)

2 X |SR—S)(|

Resistance =1 —
Sk + |Sr — Sx]|

(19)

where Sp, is the reference value of the system variable and S is the value of the system
variable at the standard time period X after the perturbation occurrence time ¢p.

Considering the stochasticity and variability of the system under study, Si should
be chosen as the mean value for a longer stabilization time. For this particular period of
time X, ecology often makes the assumption that Sx = Sy[18], where S is the value of the
system variable at the maximum deviation from the reference value. Thus, the resistance
model equation becomes

2 X ’SR — So‘
Sk + |Sr — Sol

Resistance =1 — (20)
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Resilience(Rsl)

2 X |S R — So|
|Sr — So| + |Skr — Sy
where Sg ,S, are as above , t; is the time at which the maximum deviation is observed

and Sy is the value of the system variable after a standardised period of time Y following
to.

1 (21)

Resilience =

Recovery(Rc)

2 X ’S R — S R’|
SR + |SR - SR’ |
where Sg, is as above and S is the value of the system variable at the reference condition
after perturbation.

(22)

Recovery =1 —

tp to(tp+x) tosy

0]

Figure 15: meanings of 3-R represented in the image

It is worth noting that all three of the above equations take values between -1 and 1.
Resistance = 1 corresponds to no change. The closer the resistance is to 1, the better
the resistance of the ecosystem. Resilience = 1 corresponds to full resilience. The closer
the resilience is to 1, the more resilient the ecosystem is represented. Recovery = 1 cor-
responds to its original state. The closer the recovery is to 1, the more recoverable the
ecosystem is.

5.2.3 Internal system variables

By solving Model I, we obtain the relationship between the sex ratio of the sea lampreys
and the biomass of each species, i.e., the population growth pattern under the influence
of the sex ratio of the sea lampreys, and thus analyze its influence on the stability of the
ecosystem. Shannon’s index is a comprehensive diversity measure, which not only con-
siders the richness of species, but also the evenness of species. This comprehensive nature
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makes the Shannon index more comprehensively reflect the characteristics of the ecosys-
tem, and the Shannon index has the sensitivity to detect the small changes of species in
the ecosystem, which can provide important information for the monitoring of the stabil-
ity of the ecosystem. In this model we choose the Shannon index as the system variable

S.
S=- ZPJOQ(]%‘) (23)

According to the conclusion of model 1, we can get the relationship between the sex ratio
of sea lampreys and S = f(p), which is brought into the quantitative formula of the 3-R
index, and we can get the effect of the sex ratio of lampreys on the ecosystem resistance,
resilience, and recovery (3-R).

5.2.4 Ecosystem disturbance factors

In order to solve the effect of the sex ratio of lampreys on the ecosystem, considering
a single variable, the external disturbances we chose should only change the sex ratio
of lampreys. In addition to receiving genetic control, the sex ratio of lampreys can also
be regulated by exogenous steroids [20], i.e., at moment ¢p, human intervention adopts
hormones to make the sex ratio of the lampreys change, and thus study its impact on the
stability of the ecosystem. We assume that the lampreys population respond immediately
by changing a particular sex ratio.

5.3 Results of Problem III

On the basis of model I, we make the perturbation of exogenous steroids to the ecosystem
at Day=5115, and get the changes of biomass of each species, and from that, we calculate
its Shannon index, and the results are presented in the following graph:

120 d host-fish biomass L

sea lampreys biomass

T T
Proportion of males
plankton biomass

1.08

=}
=}

percentage/%
[~ [
(=} (=}

Shannon Index/nat

IS
o

[oX<] 4

)
o

o

4 g 0.85
5000 10000 15000 0 5000 10000 15000

t/day tiday

o

Figure 16: Shannon Index and biomass of each species over time

We took the change in male sex ratio,Ap, as the independent variable, and the resulting
3-Rindicator calculated to measure ecosystem stability as the dependent variable, and the
results are presented in the figure below.
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Figure 17: 3-R Index - Ap

According to the results, we can see that the sex ratio of sea lampreys has little effect
on the recovery of the ecosystem (Rc), while the effect on the resilience of the ecosystem
(Rsl) is relatively large, and from the general trend, we can see that the resilience of the
sea lampreys is greater when there is a higher proportion of males in the population,
while the resistance (Rst) slightly decreases, which is a result of the unique characteristics
of the life cycle of the sea lampreys, the resistance of the environment to disturbances.
This is a result of the unique life cycle characteristics of the sea lamprey, its resistance
to environmental disturbance, and its ecological niche in the ecosystem. Environmental
influences that result in a higher proportion of males also affect the reproductive capacity
of lampreys populations, reflecting the interactions and adaptations between the species
and the ecosystem, a complex feedback mechanism that not only reveals the dynamics
within the species, but is also essential for maintaining the diversity of a complex and
diverse ecosystem.

6 Model Expansion

In Model 1, we have discussed the effects of the sex ratio of lampreys on the ecosystem.
Now, we are going to put two more different organisms into the ecosystem and explore
whether the sex ratio of lampreys provides some benefits to them. The two organisms
being considered are:

* A species of parasite, denoted A, which is in a competitive relationship with lam-
preys, and both parasitize the same host.

* A species of fish, denoted B, which is the main source of food for the host-fish.
We construct the food web of the ecosystem in which the lampreys are located, as shown
in Figure (18):

Now we can analyze their interactions more completely. Since we introduce the para-
site A and the fish B, we need to consider the competition between A and lampreys, the
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Figure 18: the food web of the ecosystem in which the lampreys are located

parasitism of A on the host, and the predation of B by the host, and build the correspond-
ing differential equations. For the sake of space, the specific formulas will not be listed
here. At the same time, we artificially reduce the female proportion of juvenile lampreys
during the period of 8000 < ¢ < 9000, and investigate the role of sex ratio change on
parasite A and fish B through this perturbation. Specific results are shown in Figure (19).

Adjustment Period Recovery Period

Figure 19: plot of biomass of different species over time(5 species)

As can be seen on the graph, initially, due to the interference of external factors, lam-
preys bring themselves into balance by changing their sex ratio. In the decreasing stage,
the competitive pressure from the parasites is reduced, which allows for more resources
to be accessed, which in turn increases the biomass. In the rising stage, the host-fish is
more affected and has a lower biomass. In turn, the probability of predation will decrease,
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thus favoring fish B. And a similar conclusion can be obtained from the graph after arti-
ficially altering the sex ratio of the larvae. Therefore, we can argue that variable sex ratio
in the lamprey population offer advantages to parasite A and fish B to some extent.

7 Sensitivity Analysis

During the modeling process, we have verified (see 5.3) that when the ecosystem is in
a period of stabilization and the sex ratio of lampreys is perturbed on a small scale, the
ecosystem can be allowed to equilibrate the interspecific relationship through its own
strong resistance. Therefore, the sex ratio p of lampreys is relatively stable.

On the other hand, the growth rate ry of the host-fish is more sensitive, and its per-
turbation may bring larger impacts to the whole ecosystem. In our model, ry = 0.026
, and in the following, we will increase and decrease 7y respectively to observe its ef-
fect on the ecosystem. In order to concisely illustrate the relationship between sex ratio,
lampreys population, plankton biomass and host fish, the effects of parasite A and fish
B on the system are not considered here for the time being. ry increases: we consider
the ry = 0.03 + 0.01k (k = 0,1,2,--- ,7)scenarios and count the Shannon index of the
ecosystems separately, as shown in table (2):

Table 2: Shannon Index corresponding to different ry
rH 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Shannon Index/nat 1.0344 0.9631 0.9377 0.9283 0.9187 0.9096 0.9044 0.8998

From the above table, it can be seen that the Shannon index of the system is gradually
decreasing as ry increases. In other words, the diversity of the ecosystem is decreasing.
Figure (7) gives a graph of the relationship between species whenry = 0.1. It can be seen
from the figure that when the system reaches stability, the biomass of host-fish has been in
a state close to the environmental capacity. This is mainly due to the drastic perturbation
in the initial stage that let to a sudden decrease in lampreys as well as a sudden increase
in host-fish, which eventually reach equilibrium through a series of interactions.

Decrease in r: When ry decreases, a slowdown in host-fish growth may lead to an
insufficient supply of food for lampreys, which in turn may lead to a disruption of the
system equilibrium. We investigate the maximum number of days that the ecosystem
could be sustained when ry = 0.02 4+ 0.001k(k = 0, 1,2, - - - 5), as shown in Table (3):

Table 3: Time of ecosystem collapse corresponding to different 7
TH 0.02 0.021 0.022 0.023 0.024 0.025
Time of ecosystem collapse/day 488 1736 3158 6225 > 24000 > 24000
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Figure 20: plot of ecosystem collapse over  Figure 21: plot of biomass of different
time(ry = 0.02) species over time(ry = 0.1)

8 Strengths and Weaknesses

8.1 Strengths

Modeling according to the complex life cycle of sea lampreys is close to the real life
course of sea lampreys.

The partial differential equation model is a natural description of the multivariate
system, which can accurately represent the changes of the species. And it has great
advantages in studying the initial sex ratio and the influence of special disturbing
ground in the system.

The numerical solution of the partial differential equation is solved by the finite vol-
ume method, which simplifies the time complexity of the model solution, is highly
efficient, and has a fast solution speed.

Multiple quantifiable indicators are chosen to innovatively measure ecosystem sta-
bility. When considering the influence of gender ratio on ecosystem stability, it can
comprehensively measure the anti-disturbance ability and recovery ability of the
ecosystem in the face of adverse environment, and show the long-term impact on
the ecosystem.

8.2 Weaknesses and Possible Improvement

Due to the complex interactions between organisms in ecosystems, it is difficult for
us to analyze the interactions between all species, and we can only select specific
species for analysis.

In the online literature and related resources, we get less data related to lampreys
species, so we had difficulty in obtaining more accurate and stable initial values, and
the parameter estimates may not be precise enough.



Team # 2424371 Page 24 of 25

9

Conclusion

This paper combines the Population Growth Model Induced by Lampreys Sex Ratio and
the 3-R Model Based on Changes of Ecosystem Stability under the Influence of Lampreys’
Sex Ratio , and obtain the following results:

When the lamprey can change the sex ratio through food concentration, he can ad-
just the population size and enhance the lamprey’s ability to withstand harsh envi-
ronments. When the biomass of hosts is insufficient, lampreys can control their own
reproduction, thus stabilising the biomass of hosts; when the biomass of plankton is
too high, lampreys can inhibit the excessive biomass of plankton, thus stabilising the
number of plankton. In conclusion, lampreys regulate the ecosystem through feed-
back by changing the sex ratio, effectively regulating the biomass of species in the
ecosystem.

The advantage of the lampreys population is that it has strong resistance to external
disturbances, while the disadvantage is that there is an obvious time lag in the pro-
cess of adjusting the birth rate and the biomass of species in the lampreys population.

The sex ratio of sea lampreys has little effect on ecosystem recovery (Rc), while it has a
relatively large effect on ecosystem resilience (Rsl). When sea lampreys had a higher
proportion of males in their population, they are more resilient, while resistance (Rst)
decrease slightly.

Sea lampreys that can change sex ratio are able to create favorable factors for para-
sites that compete with them, and for host food.
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