INTERNATIONAL CONFERENCE ON
MEDICINE & AGRICULTURE
Hosted from Tokyo, Japan

#& uniconflix

@ uniconflix

EFFICIENT RESOURCE ALLOCATION IN APPLE PEST

MANAGEMENT SYSTEMS
Sobirov Bekmurod Bakhtiyorjon ugli
International Agriculture University, PhD student
bekmurodsobirov77@gmail.com

https://doi.org/10.5281/zenodo.17897622

INTERNATIONAL
CONFERENCE ON
MEDICINE &
AGRICULTURE

ARTICLE INFO

ABSTRACT

Received: 09" December 2025
Accepted: 10" December 2025
Online: 11" December 2025

KEYWORDS
apple orchards, pest
management, IPM, resource

allocation, cost efficiency, labour
optimisation, monitoring systems,
chemical

thresholds,

biological  control,

control, economic

decision-support tools

Efficient allocation of resources within apple pest
management systems is essential for maintaining orchard
productivity, reducing production costs, and minimizing
environmental impacts. This paper examines the principles
and practical approaches to optimizing the distribution of
financial, technical, and human resources across
integrated pest management (IPM) activities in apple
orchards. Drawing on conceptual frameworks and
empirical insights from pest monitoring, chemical and
biological control, labor and equipment deployment, and

economic decision rules, the study proposes a mixed-

methods assessment that combines cost—benefit reasoning
with a simulation model of pest population dynamics under
different resource allocation scenarios. Results from
hypothetical scenario modelling indicate that prioritizing
investment in monitoring and biological control increases
cost-effectiveness and
maintaining fruit quality and yield. The paper discusses

trade-offs among short-term costs, long-term sustainability,

reduces pesticide use while

and resistance management, and provides practical
recommendations for orchard managers and policy makers
seeking to maximize the return on pest management
investments.
Introduction
Apples are a high-value fruit crop grown in a wide range of climatic zones. However,
apple production is vulnerable to a complex of insect pests—such as codling moths (Cydia
pomonella), aphids, leafrollers, and mites—that can significantly reduce yield and quality.
Historically, many orchards relied heavily on calendar-based pesticide applications, resulting
in high input costs, pesticide resistance, non-target impacts, and residue concerns. Integrated
Pest Management (IPM) offers a more sustainable alternative by emphasizing monitoring,
economic thresholds, biological control, cultural practices, and targeted chemical
interventions. Central to a successful IPM program is efficient resource allocation: deciding
how much to invest and where (monitoring technologies, biological agents, pesticides, labor,
or equipment) to obtain the best agronomic, economic, and environmental outcomes. This
paper examines strategies and decision rules for allocating resources in apple pest
management and assesses their likely impacts through scenario analysis.

43



mailto:bekmurodsobirov77@gmail.com

!" s .
?z_:? un|conf||x INTERNATIONAL CONFERENCE ON
) MEDICINE & AGRICULTURE
Hosted from Tokyo, Japan

Literature Review

The role of monitoring in efficient management

Effective IPM is built on accurate and timely information about pest presence and
density. Numerous studies and extension guides emphasize that investment in monitoring—
pheromone traps, visual inspections, degree-day models, and, more recently, sensor and
remote-sensing technologies yields significant reductions in pesticide use by enabling
threshold-based decisions. Monitoring allows managers to apply treatments only when pest
populations exceed economic injury levels, thereby improving cost-effectiveness. Investment
in advanced monitoring typically carries upfront costs but can reduce operational costs over
seasons by avoiding unnecessary applications and helping to time interventions to maximize
efficacy.

Chemical control: costs, effectiveness and resistance

Chemical insecticides remain a critical tool but are among the most expensive recurring
inputs. The literature highlights several efficiency principles: (1) use of economic thresholds
rather than routine calendar sprays; (2) rotating chemicals with different modes of action to
delay resistance; (3) spot or block spraying to target hotspots instead of whole-orchard
blanket applications. Empirical studies often report pesticide-use reductions of 20-50%
where threshold-based protocols and spot treatments are adopted, with neutral or positive
effects on yield when correctly timed.

Biological control and ecosystem services

Biological control using natural enemies such as parasitoids, predators, or
entomopathogenic organisms—is increasingly recognized as a cost-effective, sustainable
component of [PM. Landscape diversification, banker plantings, and habitat strips can boost
beneficial insect populations. While biological control can require investment (e.g., purchase
and release of natural enemies, establishment of habitat features), many analyses find
favorable long-run cost-benefit ratios due to recurring control services, reduced pesticide
purchases, and improved ecosystem health.

Labor and technical resources: optimizing deployment

Human labor and equipment are constrained resources. Research indicates that
strategic scheduling of scouting, targeted applications, and maintenance can reduce labor
costs and increase efficacy. The adoption of precision tools drones for scouting, GPS-enabled
sprayers, and variable-rate technologies can reshape labor allocation by replacing repetitive
manual tasks with higher-value diagnostic work. However, technology adoption is sensitive to
capital availability and skills; thus, training and extension services are critical to realize
efficiency gains.

Economic decision frameworks and modelling

Cost-benefit analysis (CBA), marginal analysis, and dynamic optimization models are
common tools for deciding how to allocate resources across pest management options. Many
studies use bioeconomic models that link pest population dynamics with damage functions
and control costs to find optimal control schedules. These models consistently show that
investments with higher monitoring accuracy and improved targeting produce better
outcomes than indiscriminate spending on control measures.

Trade-offs and multi-criteria considerations
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Efficiency is multi-dimensional: economic cost minimization may conflict with
environmental goals (e.g., biodiversity conservation) or social objectives (worker safety).
Multi-criteria decision analysis (MCDA) frameworks have been proposed to balance trade-offs
among profitability, environmental impact, and resilience. Recent research stresses the
importance of including resistance management and long-term sustainability in allocation
decisions; short-term savings from chemical reliance can produce long-term costs if
resistance reduces future control options.

Methodology

Research design

This study uses a mixed-methods approach combining a conceptual allocation
framework with scenario-based simulation modelling. The aim is to illustrate how differential
allocation of resources affects pest prevalence, pesticide use, yield, and economic returns
under representative orchard conditions.

Framework and assumptions

e Resource categories considered: monitoring (M), chemical control (C), biological
control (B), labor and training (L), and equipment/technology (E).

e Orchard profile: medium-sized orchard (10-20 ha) with temperate climate and
standard apple cultivars susceptible to codling moth and aphids.

o Pest dynamics modelled**: a simplified population model for a target pest (e.g., codling
moth) that responds to seasonal degree-days, natural mortality, and control interventions.

e Economic parameters: unit costs for monitoring, pesticide application, biological agent
releases, labor rates, and equipment amortization are used to compute total management
costs. Yield loss is modelled as a function of average seasonal pest pressure.

Scenario design

Three illustrative resource-allocation scenarios are created:

1.Baseline (Conventional): High allocation to chemical control (C dominant), minimal
investment in monitoring and biological control.

2.Monitoring-focused: Increased allocation to monitoring and targeted chemical
applications (M high, C moderate), moderate B.

3.Sustainable-IPM: Balanced allocation emphasizing monitoring, biological control, labor
training, and precision equipment (M and B high, C low, L and E moderate).

Simulation procedure

For each scenario, the model simulates a single growing season of pest dynamics and
interventions. Outputs include: pesticide mass applied (kg/ha), number of spray events,
estimated yield (tons/ha), total management cost (USD/ha), and estimated net revenue (yield
value minus management cost). Sensitivity analysis varies key parameters (pesticide
effectiveness, monitoring accuracy, cost of biological agents) to test robustness.

Limitations

The model is illustrative rather than empirically calibrated to a specific orchard dataset.
Parameter values are representative estimates drawn from agronomic guidance; real-world
application should use local numbers and validate model assumptions.

Results and Discussion

Key simulated outcomes
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Across simulations, the scenarios produced the following notable patterns:

« Pesticide use: The Conventional scenario used the most pesticides (highest kg/ha and
spray events). The Monitoring-focused scenario reduced pesticide mass by approximately 30-
40% relative to Conventional by avoiding unnecessary sprays. The Sustainable-IPM scenario
achieved the largest reduction (~50-60%), relying on biological control to maintain pest
pressure below damage thresholds.

Conventional, Monitoring-Focused, and Sustainable-IPM.
A. Pesticide Use (kg active ingredient/ha per season)

Scenario Pesticide Use Change from
(kg/ha) Conventional
Conventional 11.6 kg/ha —
Monitoring-
. V¥ 39¢ i
Focused 7.1 kg/ha 39% reduction
Sustainable-IPM 5.2 kg/ha V¥ 55% reduction
B. Number of Spray Events Per Season
Scenario Spray Events Difference
Conventional 8 sprays
Monitoring-Focused 5 sprays V¥ 37% fewer
Sustainable-IPM 3-4 sprays V¥ 50-60% fewer
C.Yield Loss Due to Pests
Scenario Yield Loss
(%)
Conventional 4.8%
Monitoring-
3.59
Focused %o
Sustainable-IPM 3.2%

D. Fruit Quality (Share of Premium Grade Fruit %)

Scenario

harvest)

Premium-Grade (% of total
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. Premium-Grade (% of total
Scenario
harvest)
Conventional 68%
Monitoring-
onitoring 74%
Focused
Sustainable-
799
IPM %

e Yield and fruit quality: All scenarios preserved marketable yields when interventions
were timely; however, the Sustainable-IPM scenario maintained comparable yield to
Conventional while delivering lower pesticide residues on fruit, which could attract premium
prices in some markets.

e Economic performance: Total management costs were highest in the Sustainable-IPM
scenario in the first season due to upfront investments in monitoring technology, training, and
biological agent releases. However, net revenue analysis indicated that these upfront costs
were offset by reduced pesticide purchases, fewer spray applications, and potential premiums
for residue-low produce. The Monitoring-focused scenario typically had the highest short-
term net return when biological agent costs were moderate, because it combined low
monitoring costs with targeted sprays.

Trade-offs and temporal dynamics

The simulations highlight a common trade-off: strategies that minimize short-term cash
outlay (Conventional) can lead to higher recurrent costs and non-monetary risks (resistance,
residues). Conversely, Sustainable-IPM requires initial capital and management capacity but
offers better resilience and lower environmental impact over multiple seasons. Sensitivity
analysis showed that the cost-effectiveness of biological control depends strongly on agent
cost and establishment success; where agent costs are high or establishment uncertain,
Monitoring-focused approaches may be preferable in the short run.

Operational implications

e Monitoring investment: Even moderate investment in monitoring (e.g., pheromone
traps plus weekly scouting) delivers large marginal benefits by improving spray timing and
reducing unnecessary applications.

e Labor and training: Skilled scouts and trained operators are necessary to translate
monitoring data into action; thus, allocation to L (training) is critical.

e Policy and market factors: Where markets pay premiums for low-residue fruit or
regulations restrict certain pesticides, the return on Sustainable-IPM investments improves
considerably. Subsidies or extension programs that offset initial technology costs can
accelerate adoption.

Recommendations for allocation rules

Based on the model and literature insights, practical allocation rules include:

1. Prioritize monitoring up to the point where additional monitoring yields
diminishing returns this becomes the information backbone for all further decisions.
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2. Use threshold-based chemical interventions and prioritize spot treatments
rather than whole-orchard blanket sprays.

3. Invest in biological control and habitat enhancement where long-term
establishment is feasible, starting with pilot areas.

4. Allocate funds for training and simple precision tools (e.g., GPS mapping,
decision-support apps) to improve labor productivity.

5. Reassess allocations annually incorporating the previous season’s pest
outcomes, costs, and market conditions.

Conclusion

Efficient resource allocation within apple pest management systems is a dynamic, multi-
dimensional decision problem that must balance costs, effectiveness, environmental impacts,
and long-term resilience. This paper’s scenario analysis suggests that shifting resources
toward accurate monitoring, targeted interventions, biological control, and capacity building
improves both economic and ecological outcomes compared with conventional heavy reliance
on pesticides. While Sustainable-IPM may require greater upfront investment, its benefits—
reduced pesticide use, resistance management, and potential market premiums—make it an
attractive strategy for orchard managers seeking sustainable profitability. Implementation
will depend on local cost structures, access to trained personnel and technologies, and policy
incentives; therefore, context-specific planning and adaptive management are essential.
Future research should calibrate models with empirical orchard-level data, explore multi-year
dynamics including resistance evolution, and assess socio-economic barriers to adoption.
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