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Abstract. As forest resources are continuously converted into agricultural land, the ecosystem
balance faces significant challenges, disrupting local biodiversity. To understand the evolutionary
process of agricultural ecosystems, a Dynamic-Multiple (DM) agricultural ecosystem model is
proposed. The Lotka-Volterra model is referenced, integrating natural processes and human
decision-making, to develop the DM model and examine the population biomass variations of four
species in the eastern Hubei Yangtze Plain. Biomass variation trends of different species under the
influence of five factors are identified. The DM agricultural ecosystem is maodified by introducing two
new species, snakes and mice. Re-analysis of biomass variations shows that the introduction of
shakes and mice significantly impacts bat biomass, with no notable effect on other species. The
model is further modified by incorporating Plant Growth-Promoting Bacteria (PGPB) and pollination
effects. PGPB is found to primarily influence crop biomass, while the pollination effect mainly affects
crop growth rate. When herbicides are removed during sowing in the third year, a significant decline
in crop biomass is observed, and the number of consumers tends to stabilize. The model is validated
through the above three cases.
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1. Introduction

In recent years, driven by the combined pressures of global population growth and increasing
agricultural demand, land-use patterns have undergone significant transformation. Critical natural
ecosystems, including forests and wetlands, are being rapidly converted into agricultural land at an
alarming rate. This trend is evident across multiple regions worldwide, with both its scale and pace
continuing to expand at an accelerating rate [1]. This change fractures complex ecological networks,
undermining biodiversity, perturbing biogeochemical cycles, and eroding the inherent resilience of
ecosystems [2]. Although agricultural expansion has underpinned global food security, it has
simultaneously precipitated ripple effects across species interactions—disrupting predator—prey
relationships, reshaping competitive hierarchies, and weakening mutualisms. A deeper mechanistic
understanding of how these interlinked processes regulate the stability and functioning of
agroecosystems is therefore essential to inform land-use strategies that reconcile high productivity
with long-term ecological integrity [3].

Early ecosystem models—exemplified by the Lotka—Volterra framework—have yielded critical
insights into predator—prey and competitive interactions [4]. Nonetheless, these formulations
typically fail to capture the dynamic interplay between intrinsic ecological processes and management
decisions that define agroecosystems [5]. Recent efforts have begun to bridge this gap by embedding
harvest periodicity and chemical controls [6] into population-dynamics models. Yet, integrated
treatments that concurrently encompass multispecies interactions, biological invasions, and
microbial-mediated functions—such as those conferred by plant growth—promoting bacteria
(PGPB)—remain scarce in the literature [7].

Anthropogenic activities exert profound influences on ecological dynamics [8]. For instance,
pesticide applications have been demonstrated to destabilize predator—prey equilibria, frequently
precipitating pest outbreaks [9], while episodic crop harvests generate resource pulses that reshape
consumer population trajectories [10]. Furthermore, the contribution of microbial symbionts—such
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as plant growth—promoting bacteria—to crop vigor and stress tolerance has garnered increasing
attention [11], yet their integration into multispecies modeling frameworks remains limited. Likewise,
pollination services—vital for approximately 75% of global food crops—are routinely represented in
oversimplified terms, despite mounting evidence for their dual role in bolstering both plant diversity
and yield [12]

The Dynamic-Multiple (DM) agricultural ecosystem model presented in this article integrates the
Lotka—Volterra framework with anthropogenic decision rules to simulate species biomass trajectories
across a suite of environmental and management regimes. In contrast to conventional approaches, the
DM model explicitly incorporates: (1) seasonal fluctuations in environmental carrying capacity; (2)
trophic effects arising from species reintroductions (e.g., snakes, mice); (3) synergistic plant-microbe
and pollination interactions mediated by PGPB and chiropteran visitors; and (4) ecological outcomes
following reductions in chemical inputs (e.g., herbicide withdrawal). Deployment of this model
within the Eastern Hubei Yangtze Plain—a landscape typified by intensive cultivation and simplified
food-web architectures—facilitates: (i) quantification of biotic—abiotic feedbacks governing
population stability; (ii) evaluation of cascading, top-down trophic controls; and (iii) appraisal of the
capacity of biological interventions to bolster agroecosystem resilience.

2. Establish of Dynamic-Multiple (DM)Agricultural Ecosystem Model

Conversion of forests to agricultural land has become pervasive worldwide, profoundly altering
the structure and function of previously intact ecosystems. Accurate ecosystem models are therefore
essential for elucidating and forecasting species dynamics, preserving ecological balance, and guiding
sustainable agricultural development amid this land-use transition. Hence, a Dynamic—Multiple (DM)
agricultural ecosystem model is presented that integrates both natural processes and human decision-
making. Mechanistic analyses reveal how these coupled factors drive ecosystem behavior, offering
insights into the interplay between anthropogenic activities and ecosystem resilience.

2.1. The Development of a Basic Ecosystem Framework
The overall basic ecosystem framework is illustrated in Figure 1.
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Figure 1. Basic ecosystem framework

Crops and weeds, as primary producers, engage in competitive interactions that are well captured
by the Lotka—\Volterra framework. For each species iii (crop or weed), the population dynamics under
interspecific competition are given by:

dP P+d,-P.
2 o)
Pi

Where Pi represents the number of plants of a single-species; rei is the intrinsic growth rate of this
species; Kpi Is the maximum environmental carrying capacity of this species, that is, the maximum
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number that the population of this species can stably reach when resources in the environment are
limited; dji is the competition coefficient, indicating the degree of influence of the competitor on the
population of this species. The larger dii is, the stronger the inhibitory effect of the competitor on the
growth of this species; P;j is the population number of the competitor.

Consumer communities exhibit classic predator—prey interactions. For a single prey species i
subject to predation by a consumer predator j, the prey and consumer dynamics are expressed as:

dc, -1, -C, G _f .C. 2
dt noP Cyi o

dC._. C,
Bor, -Cyl1-—2 |+g, f,-C, 3)

ni P
dt chj

Where Cpi represents the number of a certain prey species in the predator; Cpj denotes the number
of a certain prey species in the prey; rcpiis the growth rate of the prey in the predator; rcpj is the growth
rate of the prey in the prey; Kcpi is the maximum environmental carrying capacity of the predator; Kc
is the maximum environmental carrying capacity of the prey. fji is the capture efficiency of the
predator on the prey species; gj is the effect of the growth rate on the prey.

Consumer impacts on producer abundance are negligible given their relative densities; however,
insect herbivory still imposes direct damage on crop biomass. Accordingly, the instantaneous rate of
crop damage (DPC) is defined as:

DPC=7,-Cy P, @

Where yp is the damage coefficient of insects to crops.

In actual agricultural production, herbicides are commonly used to control the growth of weeds,
while pesticides are commonly used to control the damage caused by insects. The temporal inhibitory
effect of herbicide on weed and insect biomass is defined as:

PE=y,-R )

CE=y.-C (6)

Where PE and CE denote the effect on weed and insect, respectively; yp represents the control
coefficient of herbicides on weeds; yc is the control coefficient of pesticides on insects.

Crop harvest represents a critical component of agricultural practice with significant ecosystem
ramifications. The variable HAR quantifies the reduction in crop density due to harvesting over time.
Because harvesting is confined to a brief autumnal window each year, HAR is naturally periodic and
may be expressed as:

pharvest ’ I:)i’ If te [tstart 'tend]

HAR = h
0, otherwise

(7)
Where pharvest IS the harvest rate of crops; tsart and tend denote the start and the end of the harvest
period in the reference year;
Crop harvest season often coincides with a transient surge in pest abundance, which in turn drives
a short-term increase in secondary consumer (predator) numbers via classic predator—prey coupling.
To capture this effect, the variable CHAR is introduced to quantify the periodic consumer response to
harvesting:

CHAR = Cranest * Cir 1T 1€ [t teng ]
' 0, otherwise

(8)
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Where Chrarvest represents the growth rate of each consumer species during harvest.

Seasonal variation in environmental carrying capacity exerts a profound influence on population
dynamics. As summer progresses, rising temperatures and enhanced resource availability elevate the
maximum carrying capacity, whereas cooler winter conditions induce a decline. To capture this
periodicity at monthly resolution, the carrying capacity Ki(t) is modeled as a sinusoidal function:

K, (t) = K, (1+a-sin[%-tn 9)

Where Kio represents the basic maximum environmental carrying capacity of the species; o
indicates the degree of seasonal variation in the maximum environmental carrying capacity of
the species.

The inhibitory impact of predator-mediated trophic transfer of toxins can be captured by a pollutant-
dependent reduction in intrinsic growth rate. The effective growth rate ri is illustrated as:

i =lo-€ (10)

Where rio is the basic growth rate of the species, and ¢ is the environmental pollution factor
associated with harmful substances, which decreases the growth rate of the species over time.

Based on the preceding analysis, a comprehensive model integrating producers, consumers(prey),
consumers(predators) can be derived as (11), (12), (13):

dP P+d;-P
O rp[1-170 0 | pPC—PE-HAR (11)
dt K,
dei Cpi
dt =1, "Cy 1_K - f;-Cpi-C, —CE+CHAR, (12)
Coi
©Co _r o 1-S0 |4g £ c.C.+CHAR
gt e e T [P T e St i (13)
C

pi

2.2. Improvement of DM Agricultural Ecosystem

Over time, plant and animal communities in edge habitats undergo gradual development and
restoration. As vegetation rejuvenates and environmental conditions improve, these areas become
increasingly hospitable to native species. In the second year of the modeled successional phase—
based on the original prototype—snakes and mice were introduced, and their effects on the nascent
ecosystem were assessed through simulation. The improved ecosystem is illustrated in Figure 2.
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Figure 2. Improved ecosystem framework
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In the refined model, bats subsume the ecological roles of both bats and birds. Mice function as
secondary consumers, feeding on crops and pests without competing with bats due to ample resources,
while snakes, as tertiary consumers, prey upon both mice and bats.

Decomposers mineralize organic matter into inorganic compounds, which are re-assimilated by
plants, thereby driving nutrient cycling and reinforcing ecosystem stability. In addition to their
predatory role, bats act as nocturnal pollinators, dispersing pollen and enhancing plant propagation;
accordingly, the revised model incorporates both plant growth—promoting bacteria (PGPB) and bat
pollination efficiency.

PGPB growth is assumed to follow a logistic model, described by:

dG G
_:r.G 1—-—
o) s

Where G denotes the colony density of PGPB; rc denotes the growth rate of PGPB; Kc indicates
the maximum environmental carrying capacity of PGPB.

PGPB synthesize phytohormones, stimulating root development and improving crop vigour; their
net effect on crop growth rate is denoted recps:

loaps = Vpeper " O (15)

Where ypcpa1 denotes the influence factor of PGPB with respect to the growth rate of crops.

PGPB enhance soil structure through organic-matter decomposition and suppress phytopathogens,
thereby increasing crop disease resistance and elevating the maximum environmental carrying
capacity, denoted Kpcps:

Kegps = Vpops2 *C (16)

Where yrcps2 denotes the impact factor of PGPB with respect to the maximum environmental
carrying capacity of crops.
Nocturnal bat pollination—unimpeded by abiotic constraints and amplified by extended flight
duration and range—significantly enhances crop growth rate; its contribution is denoted rgat:
Yoy
. - BaIZ'E 17
Foat = Vg "C - € (17)
Where ysan represents the influence factor of bats on the growth rate of agricultural crops; ysat
denotes the ratio influence factor.
With the inclusion of PGPB and bat pollination, the producer dynamics are changed as:

= (rio + logps rBat) e (18)

K, (t) = (K, + KPGPB)-(1+a-sin(%tD (19)

3. Case Analysis

After comprehensive consideration, the Eastern Hubei Yangtze River Plain is selected as the target
area for the analysis of agricultural ecosystems [13]. As an important component of the middle and
lower reaches of the Yangtze River, this plain has extensive distribution of agricultural land. Certain
areas feature a relatively short cultivation history, and the ecosystem structure is comparatively simple.
Such ecological conditions are highly compatible with the requirements of the model developed in this
study, providing an ideal scenario for its application. This facilitates a deeper exploration of the
intrinsic patterns and dynamic changes within agricultural ecosystems.
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3.1. Case 1: Fundamental model

In the established model, the simulation is set to begin in the spring following deforestation, with
a simulation duration of three years. Furthermore, all pests within the system are classified as primary
consumers, while bats and birds are considered secondary consumers.

A range of natural processes and anthropogenic factors are accounted for, thereby delineating six
distinct ecosystems according to varying conditions. These ecosystems are defined as follows: A:
Original ecosystem, B: Excluding agricultural cultivation, C: Excluding seasonal variations, D:
Excluding enrichment effects, E: excluding pesticide use, F: excluding herbicide use.

Experimental Data: To ensure the scientific validity and reliability of the model construction,
survey data from Hou Yubai et al. and various relevant online resources are utilized as data sources
for selection and calculation to determine the model parameters. Some specific parameters are
presented in Table.1. In the table, PC denotes primary consumers, and SC denotes secondary
consumers. Meanwhile, Biomass = Density xWeight.

Table 1. Empirical Parameters

Parameter Density Mean Weight Max_Biomass ri Initial_Biomass
Crop 20 20 400 0.2 0.1
Weed 100 3 300 0.4 200
PC 54 0.1 54 0.3 1
SC 0.001 50 0.05 0.1 0.1

The interspecific competition and anthropogenic impact parameters were set as follows:
competition coefficients between crops and weeds of dij; = 0.20 and d;i = 0.80; impact coefficients of
primary consumers on crops yc = 0.10, of pesticides on primary consumers yo = 0.0005, and of
herbicides on weeds yr = 0.20; predation efficiency of secondary consumers on primary consumers
gi = 0.05 with predation coefficient fji = 0.10; seasonal fluctuation in carrying capacity a = 0.05;
accumulation coefficients of harmful substances in producers, primary consumers, and secondary
consumers of #=0.0001, 0.0002, and 0.001, respectively; and a crop-harvest proportion prarvest = 0.80.

Results Analysis: The actual parameters were input into the established model, followed by
plotting the temporal variations in biomass for each population. The resultant changes in the six
ecosystems are depicted in Figure 3.
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Figure 3. Temporal trajectories of population biomass under varying limiting factors
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The study generated six diagrams for ecosystems labeled as A, B, C, D, E, and F. In Figure 3(a),
natural and anthropogenic factors jointly drive ecosystem component changes. Without agricultural
cultivation and harvesting (Figure 3(b)), crop population fluctuations change, highlighting its key role
in ecosystem stability. Excluding seasonal variation (Figure 3(c)), species population fluctuation
loses seasonal traits, showing its importance in regulating ecosystem dynamic balance via
environmental carrying capacity and growth rates. Removing the enrichment effect (Figure 3(d))
alters primary consumer abundance, indicating its influence on ecosystem stability through
biodiversity. Absence of pesticides (Figure 3(e)) and herbicides (Figure 3(f)) changes pest and weed
populations, signifying chemical agents' regulatory role and potential ecosystem risks.

3.2. Case 2: Reemergence of Species

During the second year of succession, two consumer species were added: mice (secondary
consumers) and snakes (tertiary consumers), with bats representing both bats and birds by functional
equivalence. Mice exploit crops and pests with an intrinsic growth rate », = 0.10 and a crop-damage
coefficient g = 0.001. Snakes grow at ;, = 0.05, predate on mice with efficiency a, = 0.20, and incur
a self-growth cost ¢,, = 0.50. Incorporation of these parameters into the enhanced model produces the
producer and consumer biomass trajectories shown in Figure 4.

400

- 0.25
< -
= Ns
Y I .
T L0202 “gsuu .
PR e =
£ 7 s &
2 £
s Fo1sz =
3 S =
g S izuu -
g, 3
Rk - 0108 B P
2 S w
y s> § . -
S g £ SP e
2 1 2 3 9
g | = - 0058 =100
= s Primary consumer = R X<
5 I §
) Y Bat (Nointerference) R
s MOUSE  0.00
= Snake |_ (o S— VN o]
T T T T T T T T 'J T T T T T T T T
0 4 8 12 24 28 32 36 0 4 8 12 24 28 32 36

16 20
v/month

Figure 4. Temporal Trajectories of Species Biomass Following Species Reintroduction

As is discernible from Figure 4, subsequent to the introduction of mice and snakes in the second
year of the study, their biomass initially exhibited an exponential growth tendency and subsequently
leveled off gradually. The biomass of mice surpassed that of snakes and approximated the quantity
of bats. Within the original ecosystem framework, the introduction of mice and snakes exerted a
substantial influence on the biomass of bats, impeding the growth of bats, whilst having a marginal
effect on producers and other consumers.
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3.3. Case 3: Decomposer Incorporation and Pollination Role

Based on Case 2, Plant Growth-Promoting Bacteria (PGPB) and bat pollination efficacy were
incorporated into the model. The parameters yrcrs2, yBat1 and ysaz Were set to 0.05, 0.20 and 300,
respectively, and the maximum environmental capacity of PGPB was fixed at 2 x 10’ CFU/qg.
Simulations were carried out for four scenarios: the original model; the model including only
decomposers; the model including only bat pollination; and the model in which both decomposers
and bat pollination were combined. The resulting trajectories of ecosystem succession are shown in
Figure 5.

As discernible from Figure 5, subsequent to the incorporation of PGPB, the biomass of crops
exhibits a progressive increment in tandem with the augmentation of the PGPB population. When the
PGPB population nears its maximum accommodating capacity, the crop biomass levels off.
Throughout this progression, the growth rate of crops remains virtually unaltered in comparison to
that of the original ecosystem.
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Upon the introduction of bat pollination, the upward trajectory of crop biomass becomes more
pronounced than that of the original ecosystem, albeit the terminal stabilized biomass is
approximately equivalent to that of the original one. When both PGPB and bat pollination are
concurrently integrated, the crop biomass not only manifests a swifter growth rate but also attains a
significantly elevated stabilized biomass relative to the original ecosystem.
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Figure 5. The Impact of Pollination and PBPG on Ecosystems

4. Conclusion

This study establishes a dynamic DM model to simulate evolutionary processes in agricultural
ecosystems, aiming to clarify mechanisms of ecosystem stability. Three case studies empirically
validate the model’s applicability in predicting trophic interactions, species introduction impacts, and
biological interventions.

Case 1 systematically analyzes the agricultural ecosystem in the Eastern Hubei River Plain across
six hypothetical scenarios, revealing how biotic-abiotic interactions regulate ecosystem stability. The
findings validate the theoretical model’s practical applicability, offering empirical guidance for
refining agricultural management strategies to enhance ecosystem resilience.

Simulation of case2 analysis identifies snakes as apex tertiary consumers inducing trophic
cascades: predation on bats reduces their biomass and dominance, while mice exhibit biomass
synchronization due to shared resource competition. Primary consumers (pests) maintain stability via
dietary diversity, and producer biomass remains unaltered by top-down trophic dynamics.

Evaluation of case3 demonstrates that Plant Growth-Promoting Bacteria (PGPB) primarily
enhance resistance stability by increasing crop biomass and resource utilization efficiency, with
secondary improvements in resilience via functional redundancy. Bat pollination, conversely,
predominantly strengthens resilience stability, enabling rapid recovery of plant biomass after
perturbations such as extreme weather or pest infestations.
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Future research should integrate dynamic DM models with spatial heterogeneity and climate-
change scenarios to reveal how extreme weather, terrain, and soil variability affect agro-ecosystem
stability. It should also incorporate socioeconomic and policy factors for eco-economic assessments,
extend models to pathogen—microbe interactions for biocontrol insights, and improve calibration
through long-term field trials and remote sensing to close the model-data—decision loop.
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