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Abstract. Balancing agricultural productivity with ecological health remains a 

major global challenge amid surging food demand and ecosystem pressures. This 

study developed the Dynamic Farmland Food Web (DFFW) model, adapting the 

Lotka-Volterra framework to simulate crop-pest-predator interactions, integrat-

ing pesticide impacts and seasonal variations. Results show modern herbicides 

reduce non-target species by >60%, destabilizing ecosystems and triggering eco-

logical cascades. Strategic reintroduction of keystone species (e.g., bats) restores 

balance via natural pest control. Organic farming enhances biodiversity but en-

tails short-term economic trade-offs, necessitating policy incentives (e.g., subsi-

dies) for adoption. Linking theoretical modeling to practice, the DFFW model 

provides actionable strategies for sustainable agriculture, targeting dual goals of 

food security and ecological resilience. 

Keywords: Lotka-Volterra Model, Agricultural Ecosystem, Food Web, Organic 

Agriculture 

1 Introduction 

Agriculture’s expansion has transformed landscapes, replacing forests with farmland 

and triggering soil degradation and biodiversity loss. While chemical pesticides boost 

crop yields, they disrupt ecosystems—non-target species decline, pests develop re-

sistance, and long-term soil health deteriorates. For example, in India’s Punjab region, 

intensive cotton farming with herbicides reduced earthworm populations by 70%, 

weakening soil structure and nutrient cycling[1].  

Our research tackles this dilemma by developing a dynamic model to predict eco-

system responses under different management strategies. We focus on three questions: 

1 The relationship between pesticides and ecological stability. . 

2 Can reintroduced species (such as bats and ladybugs) restore balance without using 

pesticides. 

. 

3 The applicability of organic agriculture compared to inorganic agriculture. . 
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2 Methodology 

2.1 Dynamic Farmland Food Web (DFFW) Model 

Our models are based on The Lotka - Volterra model, also known as the Lotka - 
Volterra predator - prey model, was independently proposed by Alfred Lotka in 1925 
and Vito Volterra in 1926.This model is a classic one in ecology for describing the 
interactions between species, providing a basic framework for understanding the dy-
namic changes in predator - prey systems and revealing the phenomenon that popula-
tion numbers exhibit periodic fluctuations. To evaluate ecosystem health, we combine 
the Analytic Hierarchy Process (AHP) and Entropy Weight Method (EWM)[2]. This 
hybrid approach quantifies stability through indicators like population variability and 
recovery time. For example, a coefficient of variation (CV) above 0.3 signals high in-
stability, while recovery times under 30 days indicate resilience. And show in table 1. 

Aggregation of Equations: 

𝐶𝑃 

gP gS gL𝑃𝐿  (2) 

gB cS𝐵𝑆 

gS cS𝐵𝑆 

gE 𝐸 

gL gL gB𝐿𝐵 

Table 1. Notations used in this paper 

Symbol Description   

𝑟 The growth rate of organisms  
𝐾 The maximum carrying capacity of organisms  
𝐵 The number of bat  
𝑆 The number of sparrows  
𝑐  The competition coefficient between bats and sparrows  
gs The growth rate of food obtained by sparrows from cotton bollworms  
gB The growth rate of food that bats obtain from cotton bollworms  
gP The growth rate of food that cotton bollworms obtain from cotton  
𝑑  The predation rate of bats on cotton bollworms  

Based on the model established above, we used Matlab programming to solve it and 
obtained the quantitative relationships among organisms. The following figure 1 allows 
for an intuitive comparison of the quantitative relationships among organisms.  
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Fig. 1. Quantitative Relationships among Organism 

2.2 Species Stability Assessment (SSA) 

To evaluate ecosystem health, we combine the Analytic Hierarchy Process (AHP) and 
Entropy Weight Method (EWM). This hybrid approach quantifies stability through in-
dicators like population variability and recovery time. For example, a coefficient of 
variation (CV) above 0.3 signals high instability, while recovery times under 30 days 
indicate resilience. 

 

Fig. 2. Comprehensive stability score 

We stipulate that when the total score of the species stability scores of all species is 
higher than 0.5, the ecosystem is considered stable. From the above figure 2, we can 
observe that the ecosystem clearly became unbalanced after the removal of herbicides. 



 

78             J. Wang et al.

3 Results& Case Validation 

3.1 The Hidden Cost of Herbicides 

The Hidden Ecological Costs of Herbicides When herbicides are discontinued in farm-
land, cotton initially exhibits growth advantages due to reduced competitive pressure. 
However, a chain reaction of ecosystem collapse ensues promptly. Ecological simula-
tions based on food web models reveal that the System Stability Index (SSA) plummets 
to 0.43 within 12 weeks, falling below the critical ecological safety threshold of 0.5. 
This numerical change reflects the disruption of interspecies interactions within the 
ecological network. The population of ladybugs, the primary natural enemies of aphids, 
experiences an 80% decline within three months. Population dynamic models indicate 
that the cessation of herbicide use leads to the proliferation of weeds, which provides 
oviposition habitats for ladybugs. However, the excessive predation pressure during the 
initial aphid outbreak exceeds the population's recovery capacity. Pest outbreaks exhibit 
nonlinear characteristics, with the density fluctuations of cotton bollworm larvae ex-
panding threefold compared to periods with herbicide use, making it difficult for con-
ventional monitoring methods to capture population inflection points. 

Field validation data from the Australian cotton belt highly correlate with the simu-
lation results. Surveys in New South Wales from 2018 to 2020 show that in unsprayed 
cotton fields, the coverage of invasive weeds such as Ambrosia artemisiifolia and Dig-
itaria sanguinalis surged from 15% to 22.5% within two years, reducing the light inter-
ception rate of cotton by 18%. Changes in the weed community trigger secondary eco-
logical problems. For example, previously suppressed Amaranthaceae plants become 
overwintering hosts for the sweetpotato whitefly, increasing the pest population base 
by 40% in the following year. Although farmers attempted mechanical weeding, its cost 
was 2.3 times higher than chemical control, and tillage disturbances led to a 12% in-
crease in the loss rate of surface soil organic matter. 

This mirrors real-world cases: in Australia’s cotton belt, herbicide-free fields saw a 
50% rise in invasive weeds within two years[3].  

3.2 Bats as Ecosystem Engineers 

By constructing a ternary model incorporating interactions among bats, pests, and 
plants, it was found that the reintroduction of bats can enhance the stability of cotton 
field ecosystems by 27%. As facultative pollinators and nocturnal predators, insectivo-
rous bats can consume lepidopteran pests equivalent to 60% of their body weight per 
night. Their echolocation system is 35% more efficient in capturing adult cotton boll-
worms than chemical traps. In terms of pollination services, species of the Glossophaga 
genus contribute 19% to the pollination of cotton stigmas, increasing the boll setting 
rate by 9%. Combining the pest control effect, this ultimately achieves a 12% increase 
in yield. 

A field experiment in Kerala, India (2019 - 2021) provides a typical case. After in-
stalling bat roosting boxes in 50 hectares of experimental fields, the SSA index steadily 
increased from the critical value of 0.41 to 0.62, reaching a moderately stable level. 
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Soil biological monitoring shows that the input of bat guano increases the nitrogen con-
tent in the surface soil by 15% and the earthworm density by 22%, indirectly promoting 
root development. The main root length of cotton increased by 18% compared to the 
control fields[4]. In terms of economic benefits, pesticide procurement costs decreased 
by 37%. However, the initial investment of $2,500 per hectare poses a significant bot-
tleneck for widespread adoption. Notably, after the establishment of the bat population, 
the pest density in adjacent non-experimental fields also decreased by 12%, demon-
strating the spillover effect of ecological regulation. 

3.3 Organic Farming’s Double-Edged Sword 

Organic farming systems, by eliminating synthetic inputs, increase the farmland biodi-
versity index (Shannon-Wiener) by 65% and the total biomass by 45% compared to 
conventional farmland. Specifically, the richness of arthropod communities increases 
by 32%, and the biomass of soil animals such as earthworms increases by 55%. How-
ever, the problem of initial yield loss is significant. Longitudinal data from organic 
cotton fields in Bavaria, Germany (2015 - 2020) show that the average yield in the first 
three years was 22.7% lower than that of conventional farming[5]. This is mainly due to 
the lack of immediate control measures during aphid outbreaks and the mismatch be-
tween the release rate of organic fertilizers and the peak nutrient demand of cotton. 

Long-term positive ecological feedback gradually emerges over a five-year moni-
toring period. The soil organic matter content increased from 1.8% to 2.43%, and the 
cation exchange capacity increased by 19%, resulting in a 15%, 18%, and 12% increase 
in the available nutrient concentrations of nitrogen, phosphorus, and potassium, respec-
tively. The premium pricing mechanism for agricultural products plays a crucial role in 
this process. Cotton certified by the European Union organic standards sells at a 45% 
higher price than ordinary cotton, offsetting the initial 18% loss in output value. The 
effectiveness of policy interventions is demonstrated through control groups. Farms 
receiving government subsidies (€80 per mu) shortened their organic conversion period 
by 1.2 years, and farmers participating in integrated pest management training restored 
yields 30% faster than those without training. Cost-benefit analysis shows that when 
organic farming continues for more than five years, the value of ecosystem services 
(such as carbon sequestration and biological control) can account for 22% of the total 
farm income, forming a virtuous cycle between economic and ecological benefits. 

4 Policy Recommendations 

Transitioning to sustainable agriculture requires balancing ecology and economy. 
Three strategies stand out: 

1 Dynamic Herbicide Limits: Regulate pesticides based on real-time ecosystem 
scores. The EU’s Farm to Fork strategy uses IoT sensors to monitor fields and adjust 
herbicide quotas automatically. 

. 



Subsidizing Biodiversity: Funding bat habitats or ladybug farms can rebuild food 
webs. Denmark’s subsidy of $120 per hectare for bat boxes increased pollination rates 

by 15%. 

2 Supporting Farmers: Training programs on pest management and subsidies for or-
ganic certification reduce transition risks. In India’s Kerala State, tax rebates covered 
30% of farmers’ initial costs, accelerating adoption. 

. 
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5 Model Further Discussion 

5.1 Strengths 

We developed the DFFW model based on the Lotka - Volterra model and incorporated 
the interactions among organisms into it. This enables the model to adapt to food webs 
with multiple co-existing species and accurately describe the dynamic changes in bio-
mass. 

Our SSA model uses a combination of AHP (Analytic Hierarchy Process) and EWM 
(Entropy Weight Method) to determine the index weights. To some extent, this method 
compensates for the deficiency in EWM where the index weights change with samples 
or even overly rely on samples. Meanwhile, it reduces the subjectivity of the Analytic 
Hierarchy Process. 

5.2 Weaknesses 

Due to limited time, we only simulated the ecosystem of the hypothetical area within 
one year, which makes the model unable to reflect long - term change trends.  

The data used in the model is incomplete. Limited by objective conditions, we were 
unable to obtain data for all the required indicators, and these data inevitably contain 
missing values. 

5.3 Further Discussion 

When constructing the model, we assumed that the farmland system would not encoun-
ter any disasters during the research period. However, in reality, this assumption is dif-
ficult to hold true. Therefore, there may be certain deviations between the model's pre-
diction results and the actual situation. To improve the accuracy of the model, we can 
introduce a risk factor into it to assess the probability of disasters occurring. Once a 
disaster strikes, the farmland ecosystem will be damaged, and some organisms may 
face the risk of extinction, which may then lead to the collapse of the food web. 

5.4 Sensitivity Analysis 

We conduct a sensitivity analysis of the DFFW model. To verify the stability of the 
model and determine whether it is affected by various factors, we preset a 10% fluctu-
ation of the cotton growth rate rc around 0.04. Then, we compare the cotton quantity 
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over time before and after the change with the original data, as shown in the figure 3. 
It can be seen that the change in rc has little impact on the overall environment, and the 
trend after the change is the same as the original one. When the value of the cotton 
growth rate undergoes a slight change, it does not affect the dynamic changes of our 
model, and the error is within an acceptable range. Therefore, we can consider our 
model to be stable and applicable to solving practical problems. 

 

Fig. 3. Changes in Cotton Quantity after the Alteration of 𝑟  

6 Application of Organic Agriculture 

Organic agriculture complies with organic - farming production standards. In produc-
tion, it does not adopt organisms and their products obtained through genetic engineer-
ing, nor does it use any chemically - synthesized pesticides, fertilizers, growth regula-
tors, feed additives, and other substances. Instead, it follows natural laws and ecological 
principles, coordinates the balance between planting and breeding industries, and 
adopts a series of sustainable agricultural technologies. 

In our system, organic agricultural technologies are applied to reduce the use of 
herbicides. Bats, which are both pollinators and secondary consumers, are introduced 
to balance the agricultural ecosystem. Natural enemies of pest populations (ladybugs 
and sparrows) are utilized to control the number of pests. We use the ecosystem analysis 
method to extract the number of each species in the DFFW model of organic agriculture 
and the DFFW model of conventional agriculture at 270 days for comparison.  
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Fig. 4. Comparison of Organisms in Organic and Inorganic Agriculture 

As can be seen from the figure 4, compared with conventional agriculture, the cotton 
yield in organic agriculture is relatively low, meaning the economic benefit of the ag-
ricultural ecosystem is lower. This is because the number of cotton bollworms in the 
organic - agriculture food web increases due to the discontinuation of insecticide use.  

However, the total biomass in the food web has increased significantly, representing 
the superiority of biodiversity in organic agriculture. This is because organic agriculture 
introduces natural enemies and other auxiliary species, providing habitats for different 
species. The reduction in the use of chemical agents ensures the safety of cotton in 
organic agriculture, allowing crops to grow in a healthy process, which is a long - term 
sustainable process.1 

7 Conclusion 

By deeply integrating ecological modeling with policy design, this study has meticu-
lously mapped out a comprehensive roadmap towards sustainable agriculture[6]. During 
the research process, we employed advanced ecological modeling techniques to accu-
rately simulate the impacts of different agricultural practices on various elements of the 
ecosystem, covering key areas such as soil quality, biodiversity, and water resource 
utilization. At the same time, a comprehensive analysis was conducted on existing and 
potential agricultural policies to evaluate their effectiveness and deficiencies in guiding 
agricultural production towards a sustainable direction. 

The study reveals critical insights: sustainable agriculture may require short-term 
yield sacrifices, but yields long-term benefits for soil health, biodiversity, and farmers’ 
risk resilience. For example, cutting chemical fertilizer/pesticide use initially lowers 
crop yields, but over time revives soil microbial communities, optimizes soil structure, 
enhances long-term fertility, and fosters favorable conditions for crop growth. In terms 
of biodiversity, diversified planting patterns and reduced interference from chemical 
agents can attract a wider variety of insects, birds, and other organisms to inhabit and 
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reproduce, enhancing the stability and complexity of the ecosystem[7]. This not only 
controls pest populations and reduces large-scale outbreak risks but also enhances eco-
system services like pollination and water quality. Farmers adopting sustainable prac-
tices gain scientific techniques, boosting resilience to climate change and market fluc-
tuations for stable agricultural development. 

Successfully transforming to sustainable agriculture hinges on policies aligning eco-
nomic incentives with ecological goals. The government can encourage farmers to 
adopt eco-friendly agricultural production methods, such as organic farming and eco-
logical breeding, through means such as financial subsidies and tax preferences[8]. Pro-
vide direct economic rewards to farmers for ecological protection to offset short-term 
losses, establish regional ecological compensation linked to ecosystem service value, 
and strengthen green organic product market access to boost farmer incentives. 
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