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Abstract: This article combines mathematical modeling, simulation, and multi-objective evaluation methods to solve
five key problems in agricultural ecosystems. Firstly, an Agricultural Ecosystem Dynamics Simulation (AEDSM)
model was constructed based on the Lotka Volterra equation. By dividing the ecological process into four stages (forest
ecological stage, conventional agricultural production stage, initial ecological restoration stage, and ecological
restoration stage), it accurately depicts the evolution of the ecosystem. This modeling method enables us to understand
the complex interactions between species and environmental factors that vary over time. Secondly, in order to analyze
the impact of integrating two native species into the ecosystem, this article uses the established AEDSM model for
simulation. By comparing the simulation results of introducing and not introducing these species, the changes in species
interactions and population dynamics can be clearly observed, providing insights for biodiversity management. In order
to explore the stability of ecosystems during herbicide removal, a comparative simulation scenario was established in
the AEDSM model. Finally, in order to evaluate the impact of farmers adopting organic farming methods on the
ecosystem, this paper developed a multi-objective evaluation model for organic agricultural ecosystems. This model
integrates factors such as market incentives, technological support, and conversion costs. Using weighted scoring and
scenario analysis methods, evaluate different organic agriculture scenarios from aspects such as crop yield, biodiversity,
and economic costs. Sensitivity analysis is also applied to identify key parameters that can guide decision-making in
organic agriculture practices.

Keywords: Agricultural ecosystem; Lotka Volterra equation; Organic agriculture; Ecosystem stability; Multi objective
evaluation

1 INTRODUCTION

Agricultural ecosystem is a complex system with both production function and ecological characteristics, and its
dynamic evolution and stability mechanism have always been important directions in ecological research [1].
Ecosystem stability refers to the ability of an ecosystem to maintain its core structure and function when disturbed by
external factors, mainly including resistance, resilience and temporal stability [2]. In order to analyze the species
interaction, population dynamics and succession process of agricultural ecosystems more accurately, this paper
constructs a dynamic simulation model of agricultural ecosystems to provide theoretical support for the optimization
and sustainable management of ecological agriculture.

2 Agricultural Ecosystem Dynamics Simulation (AEDSM) Model

In agricultural ecosystems, the interactions between biological populations and environmental factors have a crucial
impact on their dynamic changes. This article will construct a mathematical model based on the Lotka Volterra equation
in four time stages to accurately describe the evolution process of ecosystems.

2.1 Ecological Characteristics

Producer: Original forest producer (such as trees), whose Lotka Volterra equation is:

dT T

d =I”TT(1—K )_ZaiTCiT_7HTHT_aTWeVVe (1)
T i

Among them, 7, is the intrinsic growth rate of trees, which sharply decreases or even becomes negative due to

deforestation; K, is the environmental capacity, significantly reduced; ¢, is the predation coefficient of leaf

feeding insects and other predators on trees, while C; is the number of these predators; ), is the damage

coefficient of herbicides on trees, and H r is the intensity of herbicide use in deforested areas; @y is the

competition coefficient between weeds and trees, and We is the number of weeds.
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Deforestation leads to a sharp decline or even negative values, greatly reducing environmental capacity, and causing the
disappearance of a large number of predators (such as insects that feed on leaves). However, this has not stopped the
sharp decline in tree numbers.

At this time, the equation for the newly planted crop (taking wheat W as an example) is:

dT T
_:rTT(l__)_zaiTCiT_yHTHT_aTWeVV; 2

7, has relatively high artificial planting management; K, depends on agricultural resources; ,BSW is the
promotion coefficient of soil fertility S on wheat growth; ¢, is the predation coefficient of aphid A on wheat;
Vuw is the damage coefficient of herbicides on wheat, and 1}, is the intensity of herbicide use for wheat fields;

Qe 1s the competitive coefficient between weeds and wheat.

Junior consumer: Taking aphid A as an example, the equation is:

dA A
E:”AA(I_K_A)"'ﬂWAW_aLAL (3)

"4 is the intrinsic growth rate of aphids, which is relatively high; K is the environmental carrying capacity of aphids;

ﬂWA

is the promotion coefficient of wheat for aphid growth; @4 s the predation coefficient of ladybug L on

pA pA

aphids; is the killing coefficient of insecticides against aphids, is the intensity of insecticide use against
aphids. The new crop resources have increased the ,BWAW term, resulting in a higher intrinsic growth rate 7, of
aphids, which have begun to reproduce in large numbers. However, due to habitat changes, species such as the Seven

Star Ladybug L , which originally preyed on aphids, have decreased in number, leading to a decrease in ¢, ,L

Secondary consumers: such as the Seven Star Ladybug L , equation is:

dL
Z:_ LL+ﬂALA_§pL1pA “)

7, is the mortality rate of ladybugs in the absence of food and suitable environments; [3,, is the promotion
coefficient of aphids on the growth of ladybugs; & o 1s the damage coefficient of insecticides to ladybugs. Due to the

initial distribution changes of food aphids and the loss of their own habitats, —7, L dominates and the population

sharply decreases. However, this has not stopped the sharp decline in tree numbers [3,4].
2.2 Conventional Stage of Agricultural Production

The agricultural ecosystem is gradually stabilizing, but it faces a series of challenges. Due to the continuous planting of
crops, soil fertility continues to decline, as crops continue to absorb nutrients from the soil and replenishment is often
insufficient. The problem of pests persists, as they have adapted to the agricultural environment and may gradually
develop drug resistance. Meanwhile, farmers use herbicides and insecticides to ensure crop yields, which not only
control weeds and pests but also have negative impacts on other organisms in the ecosystem. In addition, weeds grow
vigorously and compete with crops for soil nutrients, water, and sunlight resources.

Producer: The growth of crops (such as corn C) is affected by multiple factors, and the equation is:

dLc Le
- = rLcLC (1 - K_) + ﬁCLcC - aFLcF - 5plp (t)LC - aLcWe We (5)

Le

As time goes by, soil fertility S decreases due to continuous planting, the effect of ,BSCS weakens, and pest A
continues to pose a threat. At the same time, the intensity of herbicide use 1, (¢) has the potential to cause damage to
maize, which is reflected in 7,1, (t)C .

1, (t) is the intensity of herbicide use that varies over time; (y, is the competition coefficient between weeds We
and corn, reflecting the competition of weeds for corn growth resources; 7, is the coefficient of indirect damage to

corn caused by pesticide drift, while F. is a pesticide related factor that may affect corn (such as the diffusion effect

of pesticide use in surrounding areas).
Primary consumer: The equation for pests (such as locusts AAA) is:
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dLc Le
7 = rLCLC (1 - K_) + ﬁCLcC - aFLcF - 5plp (t)LC - aLCWe We (6)
Le

The intensity of insecticide use is controlled by controlling the number of locusts. Although predators such as frogs

a T, o K, .
L Le is the intrinsic growth rate of locusts; =~ ¢ is the

. . . F
exist, their numbers are limited, and ¢ i1s small.
environmental capacity of locusts; B CLe  is the promotion coefficient of corn on locust growth; ~ £ is the predation

coefficient of frogs on locusts; 7 is the killing coefficient of insecticides against locusts, while Ip @) is the
intensity of insecticide use that varies over time. Although weeds are generally not the main food source for locusts,
they may compete with them in terms of space and other aspects.

Secondary consumer: The equation for Frog F' is

dF
E:_FFF_'_ﬂLcFLc_aBFB_é/p[p(t)F_thlh(t)F_aFWeWe Q)

ﬁWA

coefficient of wheat w on aphid growth; @i s the predation coefficient of ladybug L on aphids; @s4 s the

"4 is the intrinsic growth rate of aphids; K s the environmental capacity of aphids; is the promotion

(24
predation coefficient of bat B on aphids; " is the predation coefficient of woodpecker ~ 7 on aphids;

Although weeds are not the main food source for aphids, there may be competition in terms of habitat and other aspects.

Woodpecker Wp regression, along with bat B , increases predation pressure on aphids, as demonstrated by apB
and " P respectively
The equation for third level consumer: Bat B is:

dB

Z:_FBB-FﬁABA-FﬂFBF (8)

The number of aphids A and frogs F , which are food sources, has changed due to ecological restoration, affecting
the growth of bats. 7, is the mortality rate of bats in the absence of food and suitable environments; f3,, is the

promotion coefficient of aphid A4 on bat growth; [, is the promotion coefficient of frog F on bat growth; ¢ pd

is the damage coefficient of insecticides to bats, and [ » (t) is the intensity of insecticide use; Vs 1s the potential

damage coefficient of herbicides on bats, as herbicides may indirectly affect bat survival by affecting their food sources
or habitat environment.

2.3 Early Stage of Ecological Restoration

Producer: Taking soybean Sgy as an example, the equation is

dSoy Soy
= rSay SOy(l - K_) + ﬂSSoyS - aASuyA + ﬂBSoyB - thuylh (t)SOy - aSayWe We (9)

Soy

Bat B regression, f BSoyB reflects its promoting effect on soybean reproduction, pest A quantity is affected by
new returning species, and changes in o, SoyA term affect soybean growth.

Primary consumer: Aphid A equation becomes

dA A

o rA( _K_) + By W —a Loy, B-oy, W,=05,,1,(0)A4-a,We (10)
4

7, is the intrinsic growth rate of aphids; K is the environmental capacity of aphids; ﬂWA is the promotion

coefficient of wheat W on aphid growth; «,, is the predation coefficient of the seven spotted ladybug L on

aphids; «p, is the predation coefficient of bat B on aphids; @, » is the predation coefficient of woodpecker Wp

on aphids; O A is the killing coefficient of insecticides against aphids, and [ » (¢) is the intensity of insecticide use
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over time; 4, is the competition coefficient between weeds and aphids in terms of living space or other resources.
Woodpecker W, regression, together with bat B , increases the predation pressure on aphids, which is reflected

through o, B and ay, W, respectively
P

The equation for secondary consumer: Bat B is:

cj{—f=—r38+ﬂABA+,BFBF (11)

The number of aphids A and frogs F', which are food sources, has changed due to ecological restoration, affecting
the growth of bats.

7y is the mortality rate of bats in the absence of food and suitable environments; [3,, is the promotion coefficient of

aphid A4 on bat growth; Prp s the promotion coefficient of frog £ on bat growth; ¢ 4 1s the damage

coefficient of insecticides to bats, and [ » (t) is the intensity of insecticide use; 7, is the potential damage

coefficient of herbicides on bats, as herbicides may indirectly affect bat survival by affecting their food sources or
habitat environment.

2.4 Ecological Restoration Stage

The ecosystem has entered a relatively stable mature state, with a high level of biodiversity, forming a complex and
stable food web. Harmonious coexistence of crops and wild plants, achieving a balance in resource utilization. The
hunting and competition relationships among various consumers are stable, and the ecosystem has strong self-regulation
ability, which can better cope with external disturbances such as short-term climate change and small-scale pest
outbreaks. However, although the residual effects of herbicides and insecticides used in the early stages have been
reduced, they may still exist. Weeds, as a part of the ecosystem, compete with other plants for resources.

Producer: Multiple crops and wild plants coexist. Taking rice R, as an example, the equation is:

dR R
o ’”RR(I_K_)"'ZﬁjRSj _ZakRCk +ZﬁlRS1 Vi (OR =6, P()R — 0ty We (12)
R k ]

S ; represents favorable factors such as different soil nutrients, C, is a variety of consumers, S, is a variety of

beneficial organisms (such as bees, bats, and other pollinators), and various parameters are relatively stable, achieving

ecosystem balance.

z p R S ; represents the promoting effect of different soil nutrients and other favorable factors S ; (such as mineral
J

content such as nitrogen, phosphorus, potassium, soil acidity, etc.) on rice growth, and [ R is the corresponding

promoting coefficient. ZakRC . represents the predation or damage effects of various consumer C, (including
k

primary consumers such as pests, secondary consumers such as predatory insects, etc.) on rice, and &, is the

corresponding damage coefficient. Z BrS, represents the promoting effect of various beneficial organisms (such as
]

bees, bats, and other pollinators) S ; onrice reproduction, and ﬁlR is the corresponding promoting coefficient. ;.

is the potential damage coefficient of herbicides on rice.
Primary consumers: The number of pests remains stable within a certain range, such as the aphid 4 equation:

dA A
E = rAA(l _K_) + ZﬂmAPm - ZanACn - §pAP(t) _aAWeVVe (13)
A m n

P refers to various producers, while C, refers to various predators, achieving a balance between predation and prey

relationships. "4 is the intrinsic growth rate of aphids, which reproduce rapidly and typically have a high value. K,

is the environmental capacity of aphids, limited by factors such as food resources and living space. Z PP, refers
to the food provided by various producers (including crops and wild plants) to aphids, and their impact on aphid
populations.

Secondary consumers: The number of each species is stable, for example, the O equation for owls is:
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do
E =10+ ZIBPOCP - é/pOP(t)O =7t ()0 (14)
P

C » is its food source (such as field mice), and at this time, the food web relationship of the ecosystem is stable, with

stable energy flow and material cycling. 7, is the mortality rate of owls when they lack food. z p pOC , Tepresents
P

the promoting effect of its food source C , (such as primary consumers like field mice) on the growth of owls, and

p y0 18 the corresponding promoting coefficient. ¢ y0 1s the damage coefficient of insecticides on owls, as owls are

located at a higher position in the food chain and insecticides may affect them through other consumers. The ecosystem
has strong self-regulation ability and can better cope with external disturbances such as short-term climate change and
small-scale pest outbreaks [5,6].

2.5 The Solution of AEDSM Model

Assuming that this article wants to simulate the ecosystem changes during the T year of the conventional stage of
agricultural production, the total time is divided into N time steps. The calculation formula for time step h is

T
h= W . For example, setting T=20 years, N=2000, Then h=0.01 years. The size of the time step has a significant

impact on the calculation accuracy and efficiency. The smaller h, the higher the calculation accuracy, but the greater the
computational complexity; On the contrary, the larger h, the higher the computational efficiency, but the accuracy may
decrease.

2.5.1 Initialize variables

The Lotka Volterra equation for corn

dcC C
E:rCC(I_K_C)+IBSCS_aACA_Vh]h(t)C (15)

For example, in the nth time period, given C,, calculate according to the fourth-order Runge Kutta method:
Calculate ki:

C
k, :hX[”ccn(l_?n)"‘ﬂscs_aAcA_7/h1h(tn)cn] (16)
Calculate ka:
i C, +I;1 h k 17
ky,=hx[r.(C, + HIl-—)+ BscS —a,cA-y,1,@,+-)(C, +—)] {1
2 K. 2 2
Calculate kj:
k,
Koo Gt h k, (18)
ky=hx[r.(C, +-2)(1-——2)+ Bo.S—a, . A-y,1,(t, +=)C, +-2)]
2 K. 2 2
Calculate k4:
C,+k,
k, =hx[r.(C,+ k)1 —K—) +PeeS—a, A—y, 1, +h)(C, +k;)] (19)
C
Update C ,,:
C,.=C, +%(k1 +2k, + 2k, +k,) (20)

Similarly, for the equations of locusts and frogs, the calculation and update should also follow the steps of the
fourth-order Runge Kutta method mentioned above.
2.5.2 Update parameters and variables
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As time progresses, some parameters may change. For example, soil fertility S will gradually decrease due to
continuous planting, assuming that its decline follows a linear function S ,;, =S, —AS', where AS is the decrease

in soil fertility at each time step, which can be confirmed based on the soil nutrient consumption model.
Meanwhile, update the quantities of each species based on the equation forms of each stage. For example, when

entering the next time step, calculate C,,, using variables suchas C,.S,. A, and updated parameter values from

the previous time step.

2.5.3 Repeat iteration

Repeat the above steps continuously until all time steps have been calculated. In this way, the changes in the number of
species such as corn, locusts, and frogs over time during the entire simulation period can be obtained, as shown in
Figure 1.
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Figure 1 Ecosystem Dynamics: Changes in Soil Quality and Species Populations over 100 Years
3 SPECIES ECOLOGY BASED ON CELLULAR AUTOMATA
3.1 Basic Setting of Cellular Automata

Cellular space: Abstracting agricultural ecosystems into a two-dimensional grid, with each cell representing a specific
spatial area, such as a small unit of farmland. Each cell has its unique coordinate (i,;) , where

i=12,..,.M,j=12,.,.N,Mand N represents the number of rows and columns in the grid.

Cellular state: The state of each cell is represented by a vector S =(B,P,,....,P,), where P represents the number or
density of different species. On the basis of the previous model, assuming that the existing species include maize C,
aphid A, frog F, and bat B, and the two newly introduced native species are N, and N,, S=(C,4,F,B,N,,N,)

is considered.

Neighbor rule: The common Moore's neighbor rule is adopted, which means that the neighbors of a cell include 8
adjacent cells in its top, bottom, left, right, and four diagonal directions. For boundary cells, periodic boundary
conditions (treating the mesh as circular) can be used to avoid boundary effects.

Time discretization: Divide time into discrete time steps ¢ = 0,1,2,..., and update the cell state according to rules within

each time step. Cellular automata can effectively simulate the spatial distribution and dynamic changes of species in
ecosystems [7,8].

3.2 Ecological Role and Equation Construction of New Species

New species N, (assumed to be herbivores)
The new species N, feeds on corn and is also preyed upon by frogs and bats. The differential equation of its quantity

change is:
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dN,

N,
— 1
_erNl(l_K_)+ﬂCNlC_aFN1F_aBNIB 21
Nl
Among them, Ty, is the intrinsic growth rate of N, reflecting its reproductive ability in an ideal environment; K N,
is the environmental capacity of N, , determined by factors such as the resources within the cell; PCN, is the

promotion coefficient of corn on N, growth, reflecting the relationship between N, and corn as a food source; «,,
1

and o v, are the predation coefficients of frogs and bats on N, , respectively.
New species N, (assumed to be carnivorous beneficial birds)
The new species N, mainly preys on aphids, while it may also be preyed upon by bats. The differential equation of its

quantity change is:

Ny oy Ny(1-22

" KN2)+ﬁAN2A—aBNzB (22)

Among them, Yy, is the intrinsic growth rate of N,, K N, is the environmental capacity of N,, S N, is the

promotion coefficient of aphids for N, growth,and « BN, is the predation coefficient of bats for N, .

3.3 Habitat Maturity and Species Regression Mechanism
Habitat maturity function: Define habitat maturity H(z) to describe the development of edge habitats over time. A

max

simple linear function AH = L(z <T ) canbeused, where T is the total time steps required for the habitat
T max

max

H(t)=1

Species regression rule: At each time step t, generate a random number » €[0,1] for each cell (7, j).If r<<H(¢),

to fully mature. When ¢>T

max ’

there is a chance for new species to appear in the cell [9,10]. For new species N, and N, , the occurrence

probabilities p, and p, can be set respectively. If the random condition is met and 7”1<pNI (where 7 is
another random number), then N, appears in the cell with an initial quantity of N, ; Similarly, if nL<p v, occurs,

N, appears in the cell with an initial quantity of N, .

3.4 Rules and Solutions for Updating Cellular States

At each time step, the fourth-order Runge Kutta method is used to update the number of species within the cell by
combining the states of the cell and its neighbors. Taking cellular (i, j) as an example:

Corn C
dC C
o FCC(I_K_)+ﬂSCS — A=y, 1, (OC—acyWe =y ,c B = Py, N, (23)
c
Aphid A
dA A
—:rAA(l——)+ﬂCAC—05FAF—é'plp(l‘)A—0£AN2N2 (24)
dt K,
Frog F
dF
E =1, F+ B A+ B L—ayB- gp]p OF =y, L,(OF _aFWEVVe gy, N, (25)
BatB
dB
Z:—FBBJFﬂABAJrﬂFBFJF%N,N]+0‘3N2Nz (26)

New species N,
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dN N,
: ZVN[Nl(l_K1 )+ﬂCNlC_aFN1F_aBNlB (27)
Ny
New species N,
dN N
: :rzvzjvz(l_K2 )+ﬂAN1A_aBN2B (28)
N,

Then, follow the steps of the fourth-order Runge Kutta method (calculate k1‘ k2\ k3\ k4 and update state) to

update the number of each species within the cell.

3.5 Model Simulation and Analysis

Initialization: Set an initial time of ¢ =0, allocate an initial quantity for each species in each cell, and use literature
data

The simulation process of determining model parameters (such as intrinsic growth rate, environmental capacity,
interaction coefficient, etc.): Starting from ¢ = 0, update the states of all cells at each time step according to the above
rules until the preset total number of time steps is reached.

The response of ecosystems under different parameter settings (such as different probabilities of new species emergence,
interaction coefficients, etc.) is shown in Figures 2 and 3.

Average Population Dynamics Over Time

Average Population
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- Aphid (A)
Frog (F)
Bat (B)

New Species 1 (N1)

New Species 2 (N2) |

T T T
0 25 50 75 100 125 150 175 200
Time Steps

Figure 2 Average Population Dynamics Over Time
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Corn (C) (Step 0) New Species 1 (N1) (Step 0) New Species 2 (N2) (Step 0)

New Species 1 (N1) (Step 50) New Species 2 (N2) (Step 50)

Corn (C) (Step 200) Aphid (Step 200) Bat (B) (Step 200) New Specie:

-

Figure 3 Spatial Species Distribution Dynamics Over Time Steps
4 CONCLUSIONS

This article successfully constructed and validated a comprehensive dynamic simulation model for agricultural
ecosystems. The model results indicate that through rational management of pollinators, pests, and ecological
restoration measures, agricultural productivity and ecological sustainability can be effectively improved. This study not
only provides new insights into the interactions between different components in complex ecosystems, but also provides
a scientific basis for developing more effective agricultural management strategies. Future research can further explore
the applicability of the model in different regions and agricultural systems, as well as how to translate the model results
into practical ecological agriculture practices.

I understand that you are exploring the practice of organic agriculture, which is a challenging but meaningful path.
Organic agriculture not only helps protect the environment, but also improves soil quality, enhances biodiversity, and
ultimately produces healthier and safer food. Here, I would like to provide you with some suggestions and strategies,
hoping to help you walk more steadily and further on this path. Enhancing ecosystem stability helps to improve
agricultural productivity and ecological sustainability simultaneously.
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