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Abstract

Plant-herbivore-natural enemies of herbivores interaction is one of the basic interactions that drives of the
ecosystem yields. In this interaction, plants are the primary food source for herbivores while natural enemies
of herbivores depends on herbivores for food and on plants for shelter. Harvesting of every species which is
common in many habitat may affect the population densities of the species and even the entire ecosystem.
Therefore, conservation and maintenance of the harvested species is critical for ecosystem balance. In this
paper, a model of plant-herbivore-natural enemies interactions with the constant effort harvesting of every
species was developed and analyzed. The positive invariant set, the conditions of existence and locally
asymptotically, stability of the equilibria were determined using the stability theory of ordinary differential
equations. The results shows that the species being harvested would become extinct if harvesting effort
exceeded a threshold value for the given population. While maintaining the coexistence of populations in the
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ecosystem requires sensible harvesting practices. Therefore, it is fair to choose a reasonable harvesting effort
to allow all species to coexist in order to govern the species’ dynamic behavior. The insights of the solutions
of this study are of great essence to ecologists and policy developers in environmental conservation. The
authorities to pay attention to the minimum number required based on the area coverage in deciding when to
harvest and also be cautious to the amount and effort of harvesting in view of conserving the species and the
environment.

Keywords: Ecology; harvesting; extinction.

2010 Mathematics Subject Classification: 53C25, 83C05, 57N16.

1 Introduction

Ecology is the study of how different species including humans relate to their surroundings [1, 2]. The diverse
behaviors displayed by these species in the ecosystem has sparked great interest in the formulation of dynamical
models to illustrate the interaction of the species and their environment [3]. The concept of ecosystem was
introduced by Jones et al. [4] who defined ecosystem engineers as species that generate, significantly modify,
maintain, or destroy the resources (other than themselves) that are available to other organisms by generating
physical change in living and non-living elements.

The biomass, productivity, and population size of each species within an ecosystem are all affected by interactions
between species. Since no species can survive on its own and all species depend on one another for survival[2].
For instance, the ecosystem is affected by the consumption of plants by herbivores and herbivores by predators.
Similarly, plants, herbivores and natural enemies are harvested from ecosystems by other factors including human
activities. As a result, for an ecosystem to function properly, all species must exist. The equilibrium of the
entire ecosystem will shift if one type is abundant or scarce, according to [5, 6].

The biological process of herbivory involves a species (herbivore) feeding on plants or their byproducts. This
is one of the fundamental interactions between species in an ecosystem that shapes the natural habitats found
in all ecosystems [7, 8]. All food chain start with energy source that is the sun. These energy is then captured
by plants. Thus the living part of the food chain always starts with plant life. Herbivores cannot make their
own food so they must eat plants while natural enemies of herbivores such predators consumers the herbivores
[9, 10]. Therefore, plant herbivore and natural enemies of herbivores interactions may have an impact on
ecosystem characteristics such as primary productivity and diversity of food webs among others [9].

Most species including plants, herbivores and natural enemies of herbivores have been harvested and mined from
the ecosystem. Harvesting involves elimination of the species from the ecosystem [1, 2]. For instance, through
forest fire, deforestation where plants are cleared for farming, settlement and charcoal burning. On the other
hand, herbivores and natural enemies of herbivores can be harvested through migration and natural calamities
like fire and drought or through human activities on the system such as hunting and poaching.

Harvesting of species have been incorporated in the interaction of the plant-herbivore models for instance, in[11].
However, the models did not incorporate the natural enemies of herbivores such as carnivores. In addition
[5, 3, 12] did not incorporate harvesting of species. On the other hand [13], formulated a tritrophic interaction
model with volatile compounds in plants this incorporated plants, herbivores and natural enemies of herbivores.
However, the model assumed harvesting of species that is common in the ecosystem which is resulting in the
unpredicted collapse of many harvested species.

In this paper, plant-herbivore-natural enemies of herbivores model with harvesting of every species is taken
into account. In this study, plants serve as food for herbivores and other plants are harvested. On the other
hand, herbivores serve as food to natural enemies while others are harvested through different ways such natural
calamities and human activities. In addition, natural enemies of herbivores are also harvested though human
activities and natural calamities. The objective of this paper is to develop and analyze a mathematical model
of plant-herbivore-natural enemies of herbivore interaction with harvesting of every species.
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This paper is structured as follows. In Section two, we present the model. Positivity and boundedness of solutions
of system are given in Section three. Dynamical behavior of the system and impact of harvesting is investigated
in Section four. In Section five, we discuss numerical simulations of the model to verify the theoretical results
obtained graphically and this paper ends with conclusion presented in the last section.

2 The Mathematical Model

In this study, different types of population densities with constant effort harvesting at time t are considered.
The plant population denoted by S(¢), the herbivore population is denoted by H(¢) and Y (¢) natural enemies
of herbivores population. The model is governed by the following system of ordinary differential equations:

ds S bH

@ = SR g ekl
dH mbS 8Y

Y- m e B
dt [l—i—aS ¢ 1+ upH a2F%]
ay pBH

With initial conditions given by S(0) >0, H(0) >0 and Y (0) >0

Where, r is the intrinsic growth rate of plants population, K is the environmental carrying capacity, b is the
plant-herbivores consumption rate and a is the preventive measures taken by plants to protect themselves from
invasion. The term, m and p are corresponding conversion rates of what is eaten to newborns by herbivores
and natural enemies of herbivores respectively. The parameters ¢ and d are the removal rate of herbivores and
natural enemies of herbivore in the habitat respectively. The term € is the enhanced attraction rate of natural
enemies of herbivores towards plant population and p is the preventive measures taken by herbivores to protect
themselves from natural enemies.

FEi > 0, EF2 > 0, E3 > 0 express the harvesting capabilities of plants, herbivores and natural enemies of
herbivores respectively. The terms qi1 F1S, goF2H and g3E3Y represents the harvest of respective species
where q1, g2 and g3 represents catch efforts coefficient of plants, herbivores and the natural enemies herbivores
respectively.

The assumption of this model are as follows:

(i) Herbivores feed on the plants and natural enemies feed on the herbivores only.

(ii) Plant population grows bounded by the carrying capacity of the environment in absence of herbivores
and harvesting.

(iii) The species interaction and consumption are assumed to be of the same type in any ecosystem. The only
difference could be due to different kingdom or families which is typical for ecological systems.

The first equation in (2.1) represents plant population which grows logistically in the absence of herbivores and
harvesting which eventually reaches the carrying capacity of the environment. Herbivores consumes plants at

the rate 225 | The second equation in (2.1) represents the average herbivore reproduction rate at the rate

1+aS
Tji g . This reflect the fact that herbivores reproduce more when food is available and in the absence of plants,

the herbivores goes to extinction. The third equation in (2.1) represents the average number of natural enemies
of herbivores in the habitat. The natural are attracted to plant population and they depend on herbivores as
food. In addition, removal rates among herbivores and natural enemies of herbivores may be caused by various
events such as scarcity of food, nutrients, water, grass or forest fire, migration etc.
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3 Model Analysis

3.1 Invariant Region

It is crucial to demonstrate positivity and boundedness of the solutions of the system of equation (2.1) since
the variables indicate biological population densities. Positivity denotes population survival, and boundedness
denotes a growth limitation brought on by natural resource constraints. For the model to be mathematically
and biologically well posed, the state variables S(t), I(t), H(t) and Y (¢) at all time must be non-negative.
This is shown by the lemma as follows:

Lemma 3.1. (Positivity) All solutions [S(t), H(t),Y (t)] of the system of equation (2.1) starting in (So, Ho, Yo) €
RS remain positive for all t > 0.

Proof. The positivity of S(t), H(t),Y (t) can be verified as shown:

Let u =1 then du = dt. Substituting in each equation of system of equation (2.1) and integrating both sides
and introducing exponential in each case we obtain

S(t) = Soexpfot[r(l — %) — HZ*EI@) — @ E1]dv

H(t) = Hoexp fg[ mbS o BY 4y Eb)dv

14+aS 1+pH
Y (t) = Yoexp fot[eS + ffﬂl —d — gsEs]dv
Since S(0) = So > 0, H(0) = Hy >0 and Y(0) =Yy > 0 for all ¢ > 0 then Sy, Ho,Ys > 0. Hence int(R7)
is positively invariant set. O

Lemma 3.2. (Boundedness) All solutions of system of equation (2.1) lie in the region = [(S,H,Y)|S <
K.,nS+H+ %Y <(r+—akbi+ 1)E«] where w = min(%,n,o) and K. = Maxz(So, K)

w

Proof. Let S(t), H(t), Y(t) be any solution of system of equation (2.1) with positive initial condition (So,
Hy, Yp). Since 42 =rS(1 — £) is given as S(t) = W , by a standard comparison theorem [14]
we have

L/[/mt*}oos S K*

Let N(t) =nS+H+ (Y

=n(rS(1— ) — 25 — EiS) + H(225% —c— 125 — ¢2B) + 2(eSY + 2200 —d — g3 B5Y)
<n(rS(1—£) = qErS) — H(c+ ¢2B2) 4+ L(eSY —d — g3 E3Y

<(nr—q B+ S)S —nH — oY

<Sr—qBEi+{+1)S—S5—nH-oY

<(nr—qE1+ g +1)K. —wN

Then N(t) < (nr+ ¢ —qEir+ 1) &=

Therefore, 0 < N(t) < (nr + ¢ — i1 +1) K« for t sufficiently large so all solution of system of equation (2.1)

w
are bounded and enter the region O

3.2 Equilibrium Points

In order to find the equilibrium points or steady states of the model system, we set the right hand side of the
system of equations (2.1) equal to zero[2]. The following equilibrium points are clearly present in the system of
equation (2.1):

E. = (0,0,0), E, = (Kr=121 o 0) B, = (S,,H.,Y.) Where

1 H,
S* = ;(d-f— 23E3 — fqu* )S
L ki
Y= B - om mBn) g

10
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3.3 Local Stability

To examine the local stability of the equilibrium points E,, Ej,and FE. , the eigenvalues of the Jacobian matrix
of the system of equation (2.1) around the equilibrium points is determined. The Jacobian matrix of the system
of equation (2.1) at any given point J(S, H,Y’) is given by:

bS
om0 O

J(E)=| [Gtes)z 13as — ¢~ Gipmz — ©E2 T (3.1)
Y (15;“71{)2 — GYS ES + fqu —d— q3E3

Where, b11=7(1— %) - H G E
Evaluating the Jacobian matrix (3.1)at the population free equilibrium point Eo = (0,0,0) takes the form;

r—qiFEs 0 0
J(Eq) = 0 —c—q2F 0 (3.2)
0 0 —d — q3E3

Where the eigenvalues of J(Ep) are give by M1 =r — @1 E1, 2 = —(¢c+ q2FE2), and A3 = —(d + ¢z E3) which
are real. Clearly, Fy = (0,0,0) is stable for r < ¢1 F1 and unstable for r > ¢ E .

At equilibrium point Ep = (M, 0,0), the Jacobian matrix (3.1)takes the form:

—bK(r—q1 E})
-+ gk TFaRG—a B 0
_ mbK (r—q1 E1)
T(Bb) 0 Rt —C— 2B 0 (3.3)
0 " 0 er—eq1 E1—d—q3E3

T

—bK(r—q1 Eq)

The eigenvalues of J(Ep) are given by My = —r+qE1, A2 = TTeRG—gEr — ¢~ 2k, A3 = %

which are real. Therefore FEj, is locally asymptotically stable when " >qEr, er—eqiE1 —d—qg3FE3 <0 and
M < 0 otherwise unstable. This shows that the population of susceptible plants can grow logistically
up to the environmental carrying capacity in the absence of herbivores and when intrinsic growth rate of plants

is greater than the constant effort harvesting rate.
The Jacobian matrix (3.1) evaluated at the equilibrium point E. is given by

By Bz 0
Ba1 Bax Bos (3.4)
B31 Bsa Bss

Where B, = 7“(1 — &) — bH. q1E1

K (1+as.)?
B2 = —uisT*S*)
Ba = (17-:12?:)2
Bas = 1?_2%** —c— (pi%y —q@kE:
Bas = — 7
Bs1 = €Y
B3y = (1_‘1_)572**)2 — €Y, Sy
B3z = €eS. + ffﬁf* —d—gq3FEs

The characteristic equation at F. is

A3 4+ b1\ + boX + b3 = 0 where

b1 = —B11 — B2z — Bss

ba = B11B22 + B11B33 + B2 B33 — B12Ba1 — Ba3B3o

11
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b3 = —B11B22B33 — B12B23B31 4+ B12B21 B33 + B11B23B32

biba — b3 = (—B11 — Baa — Bss)(B11Baa + B11Bss + B22Bss — B12B21 — B23Bsa) + B11B22Bss + B12BasBs1 —
Bi12B21 B33 — B11B23B32

= —B11B22 B33 + B11B23Bss — B11(B11 B2z + B11Bss — B12B21) — Ba2(B11B22 + B11Bss + B2z Bss — B12Ba1 —
B33 Bs2) + B11B22B3s3 + B12Ba3Bsy — B12B21 B33 — B11B23Bsa

Now using the Routh-Hurwitz criteria, the coexistence equilibrium point will be stable if the equation A3 +
b1 A2 4+ bo\ + bz = 0 will satisfy the conditions by > 0,b2 > 0, bz > 0, biby > bz and have negative real parts.
Therefore, the interior equilibrium point FE. exists and it is locally asymptotically stable. This ensures the
coexistence of plant population, herbivore population and natural enemies of herbivores in the system.

4 The Effect of Harvesting Species

The aspects discussed here include; F1 which denote harvesting of plants, E2 denote harvesting of herbivores
and FE3 which denote harvesting of natural enemies of herbivores.

4.1 Harvesting of plant population

The increase in the harvesting effort FE;, decrease the quantity of plant population and not the quantity of
herbivores and natural enemies of herbivores. For instance, from stability analysis, at population free equilibrium
FE, , plant population will not be established when E > Ll . In the long run, extinction of plant population will
affect herbivore population which in turn affects the natural enemies leading to the collapse of the ecosystem.
For plant population to be established at Ej, then F; < ﬁ , this will enable plants to support other species
including herbivores and natural enemies of herbivores. For coexistence of all species the harvesting effort should
be strategically controlled such that

7 — % —q1E1 > 0 that is E1>%q:r

Therefore, optimal level of harvesting effort will be Tf{(;lr < Ei < qu

4.2 Harvesting Herbivores

Increase of harvesting effort E2 may decreases the quantity of herbivores and natural enemies of herbivores
not change the quantity of the plant due lack of food for natural enemies of herbivore to feeds on. In the long
run, overharvesting of herbivores results to extinction of the herbivores and the natural enemies of herbivores.
Therefore, for herbivores to be established and sustain the natural enemies, the harvesting effort should be
strategically controlled, that is,

mbS
1+aSs

—c¢— q2E2 > 0 implying

mbS, —c(1+q1)
Ey < @ (1t as.

4.3 Harvesting Natural enemies of herbivores

Increasing the harvesting effort FEs can result in decrease of the quantity of natural enemies of herbivores
and increase in the quantity of herbivores. Increase of herbivore quantity will also affect the plant population
that acts as food to herbivores. This results in decrease of plant population due to increased consumption by
herbivores. This cycle continues over and over and some species may end up being wiped out. Therefore there
is need to control harvesting of each species for coexistence of all species, that is, For natural enemies harvesting
effort should be controlled such that

d+qsbs — 1Zf;ﬁ;* >0

12
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PBH. —d(1+pH.)
Es < Ty

5 Numerical Simulation of the Model

In this study, numerical simulations are performed by the use of MATLAB software using secondary data
obtained from [2, 13]. These simulations are performed to analyze the effect of harvesting of species effect on
the ecosystem where time is in years. where,r = 20, kK = 1000,a = 0.5 m =0.45, b=0.4, ¢c=011,p = 0.2,
d=0.02, 8 =0.03, o =0.1, ¢e =0.3. By assuming some parameters from perspective of practical problem
and changing different parametric values of ¢qi, q2, q3, E1, E2,FEs we obtain the graphs in Fig. 1, Fig. 2.
and Fig. 3.
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Along with g1 F1 increasing, and decreasing ¢2F> and g3 FEs the plants and herbivores begins to tend to 0 as
shown in Fig. 1. This leads to increase of natural enemies of herbivores population at first due to availability
of food(herbivores). When plant population becomes extremely small, the herbivores decrease and goes to zero
implying the herbivores dies out or some migrate away as they look for food hence extinction of herbivore at
that confined habitat. Similarly, the natural enemies of herbivores also die out or migrate to different habitat
looking for food due to decrease of herbivore. In long run, the susceptible plant population regenerates, grows
and eventually reaches the carrying capacity of the environment. This attract the herbivores who in turn attract
their natural enemies back in the same habitat and the cycle occurs again as seen in Fig. 2. The cycle occurs
again and again over time.

Along varying the values of ¢1E1, g2FE2 and g3FE3 the plants, herbivores and their natural enemies population
coexists without attaining the specific equilibrium at first. However in the long run, the system becomes stable
and the species coexists as shown in Fig. 3. The coexistence of the three species demands strategically
harvesting of species to avoid overharvesting or exploitation of species. Therefore, we can chose different
harvesting of each species to control their existence.

6 Conclusion
A mathematical model of plant-herbivore-natural enemies of herbivores interaction with constant effort harvesting
of every species was formulated. Plant population was assumed to observe logistic growth rate, initially it seems

to grow exponentially but eventually it grows only up to the carrying capacity of the environment. This is
biologically observable because the plant population in a certain land with enough water resource and nutrients

13
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in the soil and without herbivore interference can grow only as much as the land can hold. On the other hand,
feed on plants while natural enemies of herbivore feeds on herbivores.

Multiple equilibrium points were obtained that is F,, FE», and E.. Local stability conditions for equilibrium
points were obtained in terms of system parameters where FE, , E,, F. are locally asymptotically stable
under certain conditions. The equilibrium point E. guarantees coexistence plants, herbivores and their natural
enemies. The stability analysis showed that harvesting effort must be less than certain threshold value for all
species to be established and sustain each other. It also shows that the intrinsic growth rate of plants must be
greater than the harvesting rate of plant population for plants to get established.

Numerical analysis of the model was performed and showed that all the species depend on each other and coexist
as seen in figure 1, figure 2 and figure 3. The population densities increases when there is sufficient resources
whereas limited resources lead to extinction of the species in certain habitat. Excessive harvesting is a danger
to vegetation, herbivores and natural enemies of herbivores.

These results have implications for the management of game parks where the park area is confined but the
herbivore population and their natural enemies are allowed to increase and culling takes place at irregular
intervals. The herbivore population could affect the quality of the park. For examples in support of this
model revelations. First, the elephant population will increase rapidly in the parks, due to availability of
water supplementation and better vegetation which have provided a conducive environment for the elephant
population.

However, the increase in the population has fluctuated depending on food availability and drought for instances,
recently, due to prolonged drought in Kenya, many herbivore have died in many parks, including Nairobi National
Park. On the other hand, the antelope number has been reduced due to frequent droughts, increased predation
by lions and loss of habitat due to human invasion. The provision of artificial water-points within the antelope
range also resulted in extensive habitat degradation and competition with other herbivores. This affects their
natural enemies including lions and other predators. Therefore, policy makers and authorities to pay attention
to the minimum number required based on the area coverage in deciding when to harvest and also be cautious
to the amount of harvesting. The authorities in the game park should also be cautious on when to allow or ban
hunting depending on this threshold.

Disclaimer
This paper is an extended version of a repositorydocument of the same author. The repository document is
available in this link: http://erepository.kafuco.ac.ke/bitstream/handle/123456789/149 /Barasa%20Final %20

Thesis.pdf?isAllowed=y&sequence=1 [As per journal policy, repository article can be published as a journal
article, provided it is not published in any other journal]

Acknowledgement

We would like to express sincere gratitude to Almighty God for gift of life, and to all who contributed to the
success of this study, thank you and God bless you.

Competing Interests

Authors have declared that no competing interest exist.

14



Barasa and Apima; Asian Res. J. Math., vol. 19, no. 10, pp. 7-15, 2023; Article no. ARJOM.103187

References

1]
2]

[10]
[11]
[12]
113]

[14]

Murray JD. Mathematical biology: An introduction. Third Edition. Springer Verlag, Berlin; 2002.

Barasa KI, Apima SB, Wanjara AQO. Mathematical modeling of plants-pathogen-herbivore interaction
incorporating allee effect and harvesting. JAMCS. 2022;39(9).

Bandyopadhyay M, Saha T. Plant-herbivore model. J. Appl. Math and Computing. 2005;19(1-2):327-344.
Jones CG, Lawton JH, Shachak M. Organisms as ecosystem engineers. Oikos. 1994;69:373-386.

Asfaw MD, Kassa SM, Lungu EM. The plant-herbivore interaction with Allee effect. BIUST Research and
Innovation Symposium (RDAIS). Botswana International University of Science and Technology Palapye,
Botswana; 2017.

Asfaw MD, Kassa SM, Lungu EM. Effects of temperature and rainfall in plant-herbivore interactions at
different altitude. Ecological Modelling. 2019;460:50-59.

Crawley MS. The herbivore dynamics. In; Crawley M. S. ed. Plant Ecology. Second edition. Oxford;
Blackwell Scientific; 1997.

Khan MS, Samreen M, et. al. On the qualitative study of a two-trophic plant-herbivore model. J. Math.
Bio. 2022;85(34).

Cindy P, David W. Differentiated plant-defense strategies: Herbivore community dynamical affects plant-
herbivore interaction. 2022;13401.

Hauntly N. Herbivores and the dynamics of communities and ecosystems. Annual Review of Ecology and
Systematic. 1991;22:477-503.

Asfaw MD, Kassa SM, Lungu EM. Coexistence of threshold in the dynamics of the plant-, L'Dherbivore
interaction with Allee effect and harvest. International journal of Biomathematics. 2018;11(4):1850057.

Vijayalakshmi S, Gunasekaran M. Complex dynamics behavior of disease spread in a plant-herbivore system
with Allee effect. IJSR. 2015;11(6):74-83.

Arturo J, Nic-May, Eric JAV. Dynamics of tritrophic with volatile compounds in plants. Sociedad
Matimatica. 2020;16(29):3-31.

Birkhoff G, Rota GC. Ordinary differential equation. Ginn and Co. Boston; 1982.

© 2023 Barasa and Apima; This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (hitp://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and repro-
duction in any medium, provided the original work is properly cited.

Peer-review history:

The peer review history for this paper can be accessed here (Please copy paste the total link in your browser address
bar)

hitps: //www.sdiarticle5.com/review-history/103187

15


http://creativecommons.org/licenses/by/4.0

	Gallery_Proof_2023_ARJOM_103187 - Copy.pdf (p.1)
	Gallery_Proof_2023_ARJOM_103187.pdf (p.2-9)
	Introduction
	The Mathematical Model
	Model Analysis
	Invariant Region
	Equilibrium Points
	Local Stability

	The Effect of Harvesting Species
	Harvesting of plant population
	Harvesting Herbivores
	Harvesting Natural enemies of herbivores

	Numerical Simulation of the Model
	Conclusion


