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Abstract. We develop a spatially explicit cellular automaton model to evaluate
long-term crop—weed dynamics on a 100-ha grid under four strategies: no con-
trol, chemical suppression (reduced weed growth), enhanced crop competitive-
ness (higher carrying capacity and stronger suppression), and threshold-based
mechanical weeding with fatigue, seasonal efficiency, and biennial work—rest
cycles. Populations follow logistic growth with interspecific competition, and
weeds disperse via a five-point diffusion operator. Over 15 simulated years,
unmanaged weeds rapidly percolate and dominate. Chemical control delays but
does not prevent large-scale invasion. Enhancing crop competitiveness slows
spread further, yet weeds eventually overcome pressure. Threshold-activated
mechanical weeding most effectively limits invasion by fragmenting clusters and
keeping biomass below high-density states despite operational penalties. The
model quantifies system-level responses in total biomass, invaded area, and
spatial structure, providing a transparent platform for comparing strategies when
field data are limited. Results highlight that recurrent, localized interventions
outperform uniform pressure and that spatial processes—connectivity, frag-
mentation, and diffusion—govern management success. The framework is
readily extendable to hybrid strategies, heterogeneous landscapes, and alterna-
tive scheduling policies.

Keywords: Spatially explicit cellular automation model, Crop-weed dynamics,
Weed management strategies, Logistic growth, Spatial processes.

1 Introduction

Weeds are among the most persistent biological threats to agriculture, competing with
crops for light, water, and nutrients and reducing yields across diverse systems. Their
rapid reproduction, spatial spread, and exploitation of disturbance make them difficult
to manage. Although mechanical, chemical, genetic, and agronomic strategies exist,
sustaining long-term effectiveness remains challenging. Spatial weed expansion is
often nonlinear and threshold-dependent: local patches may persist for years before
coalescing into large-scale invasions once a critical density is reached. Understanding
how such spatial dynamics interact with management interventions is crucial for pre-
dicting long-term outcomes.
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Most empirical and theoretical studies rely on non-spatial or short-term models that
capture local competition but overlook connectivity and diffusion-driven invasion
fronts. Logistic growth and competition coefficients describe local interactions but
cannot reproduce emergent landscape-scale patterns. In contrast, cellular automaton
(CA) models explicitly represent local interactions, boundaries, and nonlinear feed-
backs, offering a powerful framework to study invasion dynamics and spatial resource
competition. Despite these advantages, CA-based simulations of agricultural weed
management remain limited, particularly those incorporating operational constraints
such as fatigue, seasonality, or work—rest cycles.

Meanwhile, weed management is shifting from herbicide dependence toward inte-
grated approaches. With herbicide resistance increasingly widespread, chemical con-
trol alone is unsustainable. Enhanced crop competitiveness—via breeding, planting
optimization, or agronomic improvement—offers partial suppression but cannot pre-
vent establishment when weeds maintain strong reproduction and dispersal. Mechan-
ical weeding, though labor-intensive, has regained attention for its resilience to re-
sistance and compatibility with low-input systems. Yet its real-world success depends
heavily on timing, operational thresholds, and fatigue—factors seldom captured in
models.

To address these gaps, we develop a spatially explicit CA model simulating
long-term crop—weed competition across a 100-ha field. The model integrates logistic
growth, asymmetric competition, diffusion, and four strategies: (i) no control, (ii)
chemical suppression via reduced weed growth, (iii) enhanced crop competitiveness
through increased carrying capacity and suppression strength, and (iv) threshold-based
mechanical weeding with fatigue, seasonal efficiency, and biennial work—rest cycles.
By tracking temporal trajectories and spatial patterns over 15 years, we reveal how
control mechanisms interact with invasion processes and how local rules generate
system-level outcomes.

This work makes three contributions. First, it provides a unified, long-term spatial
comparison of four major weed management strategies. Second, it introduces a realistic
mechanical control module linking local weed density, fatigue, and seasonali-
ty—features rarely included in invasion models. Third, it shows how threshold-driven,
cyclic operations can outperform chemical and crop-centered approaches by repeatedly
disrupting spatial connectivity. Together, these findings advance understanding of
spatial processes in agricultural ecosystems and inform more resilient, sustainable
weed management designs.

2 Method

2.1 Model Overview

A cellular automaton (CA) was employed to simulate the long-term spatial dynamics of
crop and weed populations. The CA framework discretizes space, time, and state,
allowing global patterns to emerge from local interaction rules. Simulations were
conducted in MATLAB, providing precise control of spatial processes and
high-resolution visualization of weed spread under different management strategies.
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The agricultural landscape was represented as a 120 x 120 two-dimensional grid,
corresponding to a farmland area of 100 hectares (each cell = 0.007 ha). Crops were
planted in a regularly spaced lattice, each initialized with a biomass value of 28. In
contrast, weeds were randomly seeded at 50 grid cells with an initial biomass of 8§,
reflecting the stochastic nature of early colonization.

Two state variables were defined at each grid cell (i,j):

U; ;(t): crop biomass

V; ; (t): weed biomass

Both populations follow logistic growth, compete for resources, and are affected by
inter-specific suppression. Weeds additionally disperse through space via local diffu-
sion, while crops remain stationary.

2.2 Growth and Interaction Dynamics

Crop—weed interactions were modeled using classical logistic competition equations:

ou U(l U+a12V)
ot N,

6V_ V(l V+a21U)+DV2V
ot 2 N,

Here:

1y, 1 intrinsic growth rates

N;, N,: carrying capacities

a4,y inter-species competition coefficients
D: diffusion coefficient of the weed population

o o o o

Spatial diffusion was approximated using a five-point Laplacian:

Vierj tViey; +Vijur ¥ Vijo1 — 4V
Ax?

V2V, ; =
Time evolution used an explicit Euler update with a fixed time step of At = 10

days:

Ut + a,VE
U8, j = U, j + At - r U (1 - 1—121)

Ny

VE + a, Ut
Vt+Afi,j = Vti,j + At [rZVifj (1 —UN—;lU) + DVZVL-Z-]

All values were capped within their biologically meaningful ranges:

0<U<N,0<V<N,
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Boundary conditions were set to replicating (zero-flux), preventing artificial loss of
biomass at the grid edges.

Parameter definitions and values are summarized in Table 1.

Table 1. Parameters definitions and values tested in this study.

Symbol value definition

n 0.030 intrinsic growth rate of crop

N, 40 carrying capacity of crop

a; 0.5 interspecific competition coefficient (effect of weed on crop)
Ty 0.035 intrinsic growth rate of weed

N, 60 carrying capacity of weed

a, 0.70 interspecific competition coefficient (effect of crop on weed)
u 0.08 weed diffusion coefficient

2.3 Management Scenarios

To evaluate different weed control strategies, four management scenarios were de-
signed. Each scenario alters a subset of model parameters or activates the mechanical
clearing rule.

S1. No Control (Baseline).
Natural crop—weed competition with the default parameters:

r, = 0.030,, = 0.035,a;, = 0.50,a,; = 0.70,N, = 40,N, = 60,D = 0.08.
S2. Chemical Control (Herbicide).
Herbicide is modeled as a reduction in weed intrinsic growth rate:

7, = 0.018

S3. Enhanced Crop Competitiveness.
Represents improved crop varieties or agronomic practices:

e Increased crop carrying capacity: N; =55

e Stronger suppression of weeds: a,;=3

S4. Mechanical Weeding with Threshold Control.
This scenario incorporates four realistic mechanisms:

1. Threshold-Triggered Clearing
Mechanical removal activates only when a cell exceeds a weed density threshold:

V,; =15
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When triggered:
VeV-(1-067),
where \eta is the current mechanical efficiency.
2. Fatigue Dynamics

Efficiency starts at 1.0 and declines by 0.01 per operation, with a lower limit of
0.3, reflecting reduced human/mechanical productivity over repeated work.

3. Biennial Work—Rest Cycle
Each two-year period consists of:

e Odd years: active weeding
e Even years: full rest, n = 0

Efficiency resets to full at the beginning of each work cycle.
4. Seasonal Performance Variation
Efficiency is modulated by seasonality:

e Spring / Autumn: multiplier = 1.0
e Summer / Winter: multiplier = 0.5

This captures weather-dependent difficulty in manual or mechanical operations.

2.4  Parameter Justification

This study uses a didactic, qualitative model rather than a calibrated prediction tool.
Therefore, parameters were not fitted to a specific field experiment, but chosen within
biologically reasonable ranges reported for annual crop—weed systems. Logistic- and
hyperbolic-type models fitted to crop yield loss and weed biomass data typically im-
ply growth on time scales of weeks to a few months and saturation within one or sev-
eral seasons.cabidigitallibrary.org+2SciELO+2

In our dimensionless formulation, intrinsic growth rates r; and 7, per 10-day
step are set so that weed biomass can double over a few months and reach
near-saturation within the 10—15 year horizon of the simulation. The higher carrying
capacity N, and the asymmetric competition coefficients a,, < a,; reflect the
widely observed pattern that dense annual weeds exert stronger suppressive effects on
crops than vice versa.res.maragheh.ac.ir

The diffusion coefficient p is chosen such that weeds can spread over several cells
per season, representing short-range seed dispersal and local tillage. Overall, parame-
ters were tuned only within these qualitative ranges to explore how different man-
agement strategies alter invasion trajectories, rather than to reproduce a particular
field site.
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2.5 Simulation Duration and Outputs

Each simulation ran for 540 steps, corresponding to =15 years.
At each time step, the following outputs were recorded:

1. Total crop biomass
2. Total weed biomass

3. Weed invasion area
A, (8) = Z min(max(Vl-J-/NZJO) , 1) Al
ij

4. Mechanical efficiency (Scenario S4 only)
5. Spatial maps of crop and weed biomass

at five key times: 10, 600, 1800, 3600, 5400 days

(representing early, mid-term, and late dynamics).

These metrics enable quantitative comparison across scenarios (see Table 1) and
qualitative interpretation of spatial spread patterns (see Figures 2).

3 Results

3.1 Temporal Dynamics of Crop and Weed Biomass

Fig. 1 summarizes 15-year trajectories of total weed biomass, crop biomass, invaded
area, and—under mechanical control—the evolution of mechanical efficiency. In the
no-control scenario, weed biomass rose rapidly after Year 3 and reached its carrying
limit by around Year 10, eventually invading nearly the entire 100-ha field. Crop
biomass increased during early establishment but declined sharply after Year 5 as
competition from expanding weed patches intensified.

Under chemical control, reducing the weed growth rate slowed but did not prevent
invasion. Weed biomass remained low for about 7-8 years before accelerating and
reaching high levels by Year 15. Crop biomass showed a longer peak than the base-
line but ultimately declined as weeds regained dominance, indicating that herbicide
use delays rather than prevents invasion under this parameter regime.

The Enhanced crop competitiveness strategy produced stronger early- and
mid-stage suppression of weeds. The crop’s higher carrying capacity and increased
competitive ability (N1 = 55, a21 = 3) constrained weed expansion, causing invaded
area to grow much more slowly than in S1 and S2. However, after about 10—12 years,
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weeds still expanded to high levels and ultimately approached full-field invasion,
though later and more gradually than in the other two scenarios.

0 0 Total weed biomass (sum v)

[ = No control
8 e Pesticide (low 12)
Stronger crop (high a2)
6 == Mechanical threshold

| | . | | |
0
Year 1 Year2 Year3 Year 4 Year§ Year6 Year7 Year8 Year9 Year 10 Year 11 Year 12 Year 13 Year 14 Year15

25 x10* Total crop biomass (sum u)

’ \Sﬁ\t‘-—\ |
sk | | | | | | | |
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Invaded area (ha)
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0
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Season
Fig. 1. Time-series dynamics under four management strategies. Time-series comparison of
crop biomass, weed biomass, invaded area, and mechanical efficiency under four management
strategies over a 15-year simulation (540 steps x 10 days). Panels show: (1) total weed biomass
(sum V), (2) total crop biomass (sum U), (3) invaded area in hectares, and (4) mechani-
cal-weeding efficiency for the threshold-based scenario. Strategies include: No control (base-
line), Chemical control (reduced weed growth rate), Enhanced crop competitiveness (higher
crop carrying capacity and competitive effect), and Mechanical threshold control (thresh-
old-activated removal with fatigue, biennial work—rest cycles, and seasonal efficiency). Me-
chanical control produces oscillatory but sustained suppression of weeds, whereas all other
strategies show progressive weed takeover. Crop biomass declines earliest and most severely in
the no-control case, while mechanical control maintains the highest long-term crop biomass.

The Mechanical threshold strategy exhibited the most distinct pattern. Weed bio-
mass followed a cyclic trend driven by biennial work—rest cycles and seasonal effi-
ciency changes: weeds increased during rest years, were sharply reduced in work years,
and regrew with lower efficiency as fatigue accumulated. Despite these oscillations, the
overall trend remained upward but at a much lower magnitude than in all other sce-
narios. Crop biomass in this case remained comparatively stable over the long term,
declining only modestly after Year 8. Invaded area also stayed far below that in S1-S3,
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demonstrating that threshold-triggered mechanical operations, even when limited by
fatigue and seasonal constraints, achieve sustained suppression of weed expansion.

3.2 Spatial Patterns of Weed Spread Under Different Strategies

No control
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Crop u @ t= 10 days

Crop u @ = 3600 days. Crop u @ t = 5400 days
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Mechanical threshold
U@ t=100a: u @ ¢ = 600 days U @t = 1800 days. U @t = 3600 days u @ t = 5400 days
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Fig. 2. Spatial evolution of crop and weed distributions under four management scenarios.
Snapshots of crop biomass (top rows) and weed biomass (bottom rows) at 10, 600, 1800, 3600,
and 5400 days for all four strategies. Subfigures: (A) No control. Weed patches expand rapidly

from isolated colonies to a continuous landscape-wide invasion by 3600-5400 days. (B)
Chemical control. Herbicide suppression delays but does not prevent large-scale spread; mod-
erate clusters emerge by 1800 days and full-field coverage appears by 3600—5400 days. (C)
Enhanced crop competitiveness. Stronger crop growth substantially slows weed expansion
during early and mid stages; however, weeds eventually overcome competitive pressure and
approach saturation in late years. (D) Mechanical threshold control. Threshold-triggered,
fatigue-limited, seasonally varying mechanical weeding maintains long-term spatial suppression.
Weed clusters cyclically regrow and shrink but remain fragmented even after 5400 days, marking
the strongest overall control performance.*

Spatial snapshots (Figures 2) further illustrate the contrasting invasion trajectories
across the four management scenarios.

In No control, early snapshots (10-600 days) show sparse, isolated weed patches,
but by 1800 days, large contiguous clusters emerged. At 3600 and 5400 days, weeds
formed a nearly continuous mat covering almost the entire domain, confirming strong
competitive dominance when unmanaged.

Under Chemical control, weeds remained sparse initially (up to 600 days), but by
1800 days began forming moderate-scale clusters. At 3600 and 5400 days, weeds again
exhibited large-scale percolation across the field, showing that chemical suppression
delays but does not halt spatial spread.

In the Enhanced crop scenario, weeds stayed suppressed longer. Early and mid-term
snapshots show fewer, smaller clusters than in S2, reflecting improved crop competi-
tiveness. By late stages (3600-5400 days), weeds eventually overcame suppression and
expanded across most of the field, with more patchiness and slower spread than in S1
and S2.

The Mechanical threshold scenario exhibited the strongest spatial containment.
Weed clusters expanded during rest phases but were repeatedly pruned in work phases.
Even at 5400 days, biomass remained fragmented at low-to-moderate density across
the domain, unlike the high-density saturation in other strategies. This shows that
threshold-based mechanical removal, despite cyclical efficacy and operational con-
straints, maintains long-term spatial suppression.
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3.3  Quantitative Analysis of Invasion Speed and Extent

To compare the invasion dynamics across strategies, two quantitative indicators were
extracted from the time-series biomass data:

1. the time required for weeds to reach 10% of their theoretical maximum biomass
(t10\0)- representing the onset speed of invasion, and
2. the final invaded area after 15 years of simulation (4;5,).

Onset time of invasion (t1\¢,) and final invaded area (4,s,). Chemical control de-

lays early invasion but does not prevent large-scale spread. Crop strengthening pro-
duces minimal improvement. Mechanical threshold weeding is the only strategy that
sustainably limits long-term expansion.

Table 2. Quantitative analysis of invasion speed and extent

Strategy (t10;) (vears) (A15,) (ha)
No control 4.52 99.60
Pesticide (low r2) 8.63 80.71
Stronger crop (high a2) 4.71 96.22
Mechanical threshold 4.58 23.23

As shown in Table 2, the no-control baseline reached the 10% invasion threshold at
4.52 years, with the landscape almost completely occupied by weeds at year 15 (99.6
ha). Chemical suppression substantially slowed early invasion, delaying t;\q, to 8.63
years—an extension of approximately 4 years compared with the baseline—and re-
ducing the final invaded area to 80.7 ha. In contrast, enhancing crop competitiveness
had only marginal influence: t;4\q, increased slightly to 4.71 years, and the invaded
area at year 15 remained high at 96.2 ha.

Mechanical threshold weeding showed a qualitatively different behavior. Because
intervention is triggered only after weed density exceeds a local threshold, early-stage
spread proceeded at nearly the same rate as the baseline (t;9\o, = 4.58 years). How-
ever, once activated, periodic removal dramatically limited long-term expansion,
resulting in a final invaded area of only 23.2 ha—a four-fold reduction relative to all
other strategies. This confirms that recurrent, density-triggered intervention is far more
effective at constraining spatial percolation than strategies relying solely on uniform
pressure.

4 Discussion

This study employed a spatially explicit cellular automaton model to examine
long-term crop—weed interactions under four management strategies. Although the
growth and competition rules were simple, the emergent temporal and spatial patterns
revealed key insights into weed invasion dynamics and the relative effectiveness of
different control approaches.
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4.1 Mechanisms Driving Weed Dominance in the Absence of
Management

The no-control scenario showed that even moderate weed diffusion, combined with
logistic growth and competitive asymmetry, inevitably leads to full-field invasion.
Early weed patches were sparse, but positive feedback from local growth and spatial
coupling through diffusion drove rapid cluster coalescence. By Year 10-12, the weed
population crossed a percolation threshold, forming a nearly continuous network and
suppressing crop biomass via resource competition. This agrees with invasion ecology
principles: once invaders exceed a critical spatial density, eradication becomes unre-
alistic without strong intervention [3].

4.2  Partial but Insufficient Suppression by Chemical Control

Reducing the weed growth rate delayed but did not prevent invasion. Spatial snapshots
and time-series curves show that herbicides suppressed early exponential growth, yet
diffusion and residual reproduction still caused spread. This reflects real-world pat-
terns: herbicides provide short-term relief but rarely suffice as a long-term solution [5].
Since resistance was not modeled, actual outcomes would likely be worse once evolu-
tion is considered [1].

4.3 Enhanced Crop Competitiveness: Effective Delay but Not
Prevention

Increasing crop carrying capacity and competitive strength improved early suppression
and delayed major invasion events by several years. This aligns with agronomic ob-
servations: vigorous crops (e.g., improved varieties, optimized fertilization, higher
planting density) better pre-empt resources and hinder early weed establishment [4].
Yet weeds ultimately overcame strengthened competition, confirming that competitive
asymmetry alone cannot prevent invasion when dispersal and persistent reproduction
persist. Crop-centered improvements thus serve as beneficial but incomplete elements
of integrated management [8].

4.4  Mechanical Threshold Control as the Most Robust Strategy

Threshold-activated mechanical weeding, despite including penalties from fatigue,
seasonal inefficiency, and biennial rest, achieved the most sustained suppression. Key
mechanisms include:

1. Threshold activation avoids unnecessary disturbance by targeting high-density
patches [1].

2. Cyclic suppression recurrently breaks clusters, preventing percolation and delaying
large-scale invasion [2].

3. Fatigue and seasonal inefficiency moderate control intensity but maintain effec-
tiveness through repeated interventions.
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4. Biennial rest cycles allow weed rebound, yet subsequent work phases restore con-
trol, forming a stable oscillatory regime rather than unchecked spread [7].

Taken together, these mechanisms highlight the strength of recurrent, localized,
threshold-triggered control, which is qualitatively different from continuous
low-pressure strategies such as herbicide application.

4.5 Implications for Integrated Weed Management
The findings suggest several practical implications:

e Single-method strategies (chemical or crop enhancement alone) delay but cannot
stop long-term expansion.

e Threshold-based, spatially targeted operations greatly improve efficiency over
uniform methods.

e Intermittent or cyclic schedules, often seen as weaknesses, can remain effective if
thresholds and timing are properly tuned.

e Combining crop competitiveness with periodic mechanical control may outperform
any single approach, motivating research on hybrid systems.

4.6 Model Limitations and Future Directions
Despite its insights, the model simplifies many real-world processes:

1. No climate variability—temperature, rainfall, or extreme weather could influence
seasonal growth and weeding efficiency.

2. Homogeneous soil—real fields are heterogeneous, affecting vigor and spread.

3. No resistance evolution—chemical control may perform worse in practice than in
the model.

4. Simplified fatigue decay—modeled as linear, whereas real fatigue may follow
nonlinear patterns.

5. Single weed species—a single weed species was modeled, whereas agricultural
fields often contain multiple invaders with different traits.

Future work should include environmental variability, heterogeneous landscapes,
multiple weed species, and hybrid management combining mechanical, chemical, and
agronomic strategies. Optimizing thresholds and work—rest schedules could further
improve applicability.

5 Conclusion

Simple local rules—logistic competition plus diffusion—produce invasion dynamics
that defeat single-lever strategies over multi-year horizons. Chemical inputs and
stronger crops buy time but cannot avert eventual spread [1][4].
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The most durable outcome arises from threshold-based mechanical weeding: acting
only where density is high, returning cyclically, and tolerating seasonal and fatigue
penalties. By repeatedly breaking cluster connectivity [2][6], it maintains fragmented,
lower-risk configurations and preserves crop biomass.

Effective programs should combine (i) spatial targeting, (ii) recurrence, and (iii)
crop improvements as supportive, not standalone, measures. The model offers a plat-
form for optimizing thresholds, work—rest schedules, and hybrid strategies under real-
istic constraints and can be extended to heterogeneous fields, multi-species weeds, and
economic objectives.
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