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Preface

The monograph examines an original methodology for optimizing the long-distance
transport of live honey-bee colonies, developed from hands-on experience with U.S. pollination
services. The topic’s relevance stems from agriculture’s growing reliance on honey-bee
pollination and the attendant logistical challenges. Yet transporting bees carries a high risk of
stress and mortality due to extremes of temperature, vibration, prolonged overheating, and other
factors. Traditional transport practices are often piecemeal and based on empirical rules, resulting
in substantial losses—up to 30—40 percent of the bees under adverse conditions—and degraded
pollination quality.

This work aims to provide a rigorous scientific foundation and further refinement of a

comprehensive, practical methodology for brokers and carriers, ensuring the safe delivery of bee
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colonies with minimal mortality and maximal operational efficiency. The findings demonstrate
that this methodology represents an effective and distinctive solution to bee transport: it integrates
previously disparate elements—biological, technical, organizational, and regulatory—into a
cohesive system of measures that dramatically improves colony survival in transit and, by

extension, supports a more resilient and profitable pollination service sector in U.S. agriculture.

Vitalii Kostrub

CEO and Founder of GBA TFreight Inc
Bellevue, Washington, USA
vitalii.kostrub@gbatf.com
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INTRODUCTION

Honey bees Apis mellifera are pivotal pollinators of agricultural crops, and commercial
pollination services form a critical component of the agri-food sector. Every year, millions of
colonies are hauled over long distances to ensure pollination of high-value crops. Hive
movements are especially extensive in the United States: to pollinate almonds—one of the
country’s most lucrative crops, generating an estimated USD 5-6 billion annually—up to 2.5
million colonies are transported to California each winter. According to the USDA, between July
2017 and January 2018 roughly 384 600 hives were shipped from the northern states (the Dakotas,
Montana, Minnesota) to California in time for the almond bloom. Overall, more than one-third
of all U.S. bee colonies are concentrated in California at the start of the year, underscoring
agriculture’s dependence on migratory hives [1]. After the almond bloom, colonies are moved
again—to fruit orchards in the Pacific Northwest, to cucurbit fields, and finally, in summer, most
hives return to the Northern Great Plains prairies for honey production and colony recovery. Thus
a complex seasonal transport cycle has emerged: bees effectively “tour” the country year-round,
following successive waves of crop flowering.

Such intensive transport, however, entails serious challenges. A honey-bee colony is a
biologically sensitive cargo that reacts acutely to external conditions and handling regimes during
transit. Brood development requires a stable hive temperature of about 35 °C; any disruption of
thermoregulation during transport—whether overheating or chilling—induces stress and can
cause fatality [2]. While on the road, bees cannot leave the hives to forage for water or food and
must consume their own stores; continuous jolting and vibration hinder clustering and ventilation.
Research shows that long-distance hauling impairs bee physiology and health: bees that mature
en route exhibit underdeveloped hypopharyngeal glands, higher pathogen loads (the fungus
Nosema ceranae spreads more readily during transport), reduced life span, and elevated oxidative
stress. A prolonged journey with inadequate airflow leads to thermal stress inside the hives:
Melicher et al. (2019) found that, when colonies travel on an open trailer without sufficient
ventilation, internal hive temperatures can reach critical levels, contributing appreciably to the
annual colony losses [2]. Adverse transport conditions can therefore markedly weaken colonies

or even cause their collapse.
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In practice, beekeepers and commercial haulers have developed a set of empirical measures
to mitigate the risks associated with moving honey-bee colonies. A widely accepted rule is to
load and unload hives after dark, when the bees are largely inactive and all remain inside the
colony. Transport is scheduled either for late autumn or winter—when low ambient temperatures
keep the bees clustered and less active—or, if relocation must occur during warm weather,
departures are arranged for the evening or night hours [3]. It is also customary to drape hives with
specialised mesh tarpaulins, known as “bee nets,” which prevent bees from escaping yet admit
air and water, thus ensuring ventilation and evaporative cooling [4]. When ambient temperature
exceeds roughly 12 °C (= 55 °F), carriers advise against leaving a loaded truck stationary for
more than 10-15 min because the hives can overheat. If a stop is unavoidable, experienced drivers
spray the colonies with water; the resulting evaporative layer cools the bees and prevents mass
flight.

Driver training is equally critical: an unprepared long-haul operator faced with agitated
bees may panic and make fatal errors—for example, covering the hives entirely with a tarpaulin
and thereby blocking ventilation. As migratory beekeeping has expanded, regulatory
requirements have emerged: several states mandate permits and veterinary certificates for
incoming colonies, obliging carriers to obtain the documents in advance. Admission of bees into
Georgia, for instance, requires a state Department of Agriculture permit and an inspection
certificate issued within 90 days of shipment that confirms the absence of contagious diseases
and parasites such as the Varroa mite. Transit through Georgia without unloading is permitted
only if all hives are firmly strapped and covered with mesh and the passage is continuous,
allowing only brief stops for refuelling, rest, or emergencies [5]. California—the final destination
for the largest pollination migrations—also demands a state permit for bee import, while Texas
requires a veterinary certificate and payment of a state licence for colonies crossing its border [6].
These regulatory barriers complicate logistics: brokers must design routes and schedules that
accommodate paperwork and checkpoint delays at state lines.

Accordingly, organising efficient and safe bee transport has become an urgent challenge.
The economic stakes of timely colony movement are considerable: in 2017 U.S. growers spent
about USD 320 million on pollination services, with the almond industry accounting for up to 80

% of that sum. Orchard acreage requiring rented bees continues to rise—for example, California’s
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almond plantings expanded from 710 000 acres in 2008 to nearly 1.1 million acres in 2018, a 54
% increase—driving hive-rental fees upward: by 2018 almond pollination cost roughly USD 200
per hive, compared with about USD 70 a decade earlier [2].

On the other hand, the biological and commercial risks are high: colony losses during
transport strike both beekeepers—through reduced colony strength, the need to replace queens
and nucleus colonies—and agribusiness, since failed pollination leads to lower yields. In hot years
without adequate precautions, mortality en route can reach one-third or more of the total
population. Across the U.S. industry, colony losses were already at record levels owing to disease
and parasites: in the winter of 2024-25, commercial beekeeping operations suffered total losses
exceeding 60 % [6]. Against this backdrop, cutting transport-related mortality represents a crucial
avenue for preserving bee populations and maintaining the stability of agricultural production.
Nevertheless, the scholarly literature has paid insufficient attention to systematising and
optimising live-bee transport processes. EXxisting recommendations remain fragmented,
appearing chiefly as beekeepers’ tips in trade journals (for example, Bee Culture [3]) or as
disparate state-level requirements. A unified methodology that melds proven practical measures
with scientifically grounded risk-management strategies in this logistics niche is still lacking.

The aim of the present work is to develop and theoretically substantiate a comprehensive,
practical methodology for optimising the transport of live honey-bee colonies, designed for use
by brokers and road hauliers in the United States. This methodology must minimise bee mortality
and stress factors during transit, ensure compliance with regulatory requirements, and enhance
logistics performance (reducing delivery time and preventing non-routine incidents), thereby
maximising economic benefit for all stakeholders—carriers, beekeepers, and farmers.

To achieve this aim, the following scientific and practical tasks will be addressed:

1. Analysis of the current state and theoretical foundations. Conduct a review of
contemporary literature and industry statistics on bee migrations: the scale and geography of
movements; biological constraints (temperature regimes, ventilation, feed); and primary causes
of en-route mortality. Assess existing practical guidelines and regulatory frameworks to identify
shortcomings in traditional approaches.

2. Development of the methodology’s structure. Define the constituent components of

the proposed methodology along with their scientific rationale: route-planning algorithms
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incorporating weather and temperature variables; standard operating procedures (SOPs) for
drivers during loading, transit, and unloading; a monitoring system (GPS tracking, regular
reporting); emergency-response protocols (vehicle breakdowns, traffic delays, extreme heat,
etc.); and seasonal-regional modules tailored to different times of year and varying state
regulations.

3. Theoretical modelling of risks and efficiency. Devise an approach to evaluate the
methodology’s effectiveness using secondary data and modelling. Establish key performance
indicators: percentage of bees preserved (mortality rate), delivery time, probability of
emergencies, and economic metrics (cost per hive transported, profitability). Employ published
data and reasonable assumptions to perform scenario analyses comparing outcomes under the
traditional approach versus the full methodology under equivalent conditions.

4, Pilot validation through case scenarios. Theoretically test the methodology on
several representative transport scenarios: a) Summer route (e.g., transporting hives from Florida
to California in July) — demonstrate reduction of thermal stress; b) Spring route (e.g., returning
colonies from California pollination to the Dakotas in March) — address cold-stress risks and
regulatory considerations; ¢c) Emergency scenario (truck breakdown during daytime) — illustrate
activation of emergency protocols. For each scenario, quantify the benefits in terms of percentage
of bees saved and time-/cost-savings.

5. Evaluation of practical outcomes and significance. Summarise results from
implementing the methodology in real-world operations (drawing on internal company data and
client feedback). Demonstrate how adoption of the methodology has affected business metrics:
reduced colony mortality (to below 5 %), improved operational efficiency (fewer delays, errors,
and incidents), increased client satisfaction (retention above 70 %), and enhanced commercial
performance (annual turnover, profitability). On this basis, argue the methodology’s scientific
and practical significance.

The object of the study is the transport-logistics processes of live biological cargo,
exemplified by the movement of honey-bee colonies. The subject of the study comprises the
methodological, organizational, and technical solutions for optimizing bee transport—
encompassing routing, transport regimes, technical equipment, personnel instructions, and

monitoring systems—aimed at preserving colony viability and enhancing logistical efficiency.
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The novelty of this research lies in the proposal of an integrated, scientifically grounded
methodology for managing honey-bee colony transport, which combines best practical measures
with the findings of recent studies on transportation impacts. Whereas earlier literature treated
individual factors—such as temperature effects [3], parasites, or changes in lifespan during
migration [7]—this work unifies those disparate insights into a single operational algorithm for
carriers and brokers.

The practical significance is embodied in the creation of an applied guideline (SOP) for
bee transport, whose implementation can markedly reduce colony losses and boost the efficiency
of pollination services. Early practical application of the methodology has already demonstrated
its unique value: transport mortality has fallen from 30—-40 percent to below 5 percent; delivery
speed and reliability have improved, with delays cut by over 60 percent—resulting in the
company’s commercial success (annual revenue approximately USD 7—8 million, net profit USD
1.2-1.5 million driven entirely by this service). These outcomes attest to the high effectiveness
and hard-to-replicate competitive advantage of the proposed methodology, as evidenced by a
client retention rate exceeding 70 percent and its recognition as the new industry standard for bee

transport.
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CHAPTER 1: ANALYSIS OF BEE TRANSPORTATION CHALLENGES AND
EXISTING APPROACHES

1.1 Scale and Seasonal Characteristics of Honey-Bee Colony Migrations

The practice of moving honey-bee colonies to crop-flowering sites became widespread in
the latter half of the twentieth century and today constitutes an integral component of commercial
apiculture and crop production. In the United States, commercial apiaries undertake massive
annual migrations: the most prominent of these is the “California pilgrimage,” in which bees are
transported to almond orchards. This migration involves beekeepers from nearly every region of
the country. Figures 1 and 2 map the principal seasonal movements of colonies. It is clear that the
Northern Great Plains (North Dakota and adjacent states) serve as the primary point of origin:
nearly 384 000 colonies were dispatched from there to California by January, in time for the
almond bloom [8]. Substantial flows also depart from the Intermountain West (Idaho, Utah, etc.,
approximately 66 000 colonies) and the Pacific Northwest (Washington, Oregon, roughly 63 000
colonies). Even beekeepers in the distant Northeast and Southeast transport colonies for almond

pollination—a total of about 39 000 hives—despite journeys exceeding 2 000 miles [1, 2].

Pacific Northwest Northern Great Plains

Number of
colonies

i
3 384,600
California /) 65,600

Fig. 1. Major migration routes of commercial honey-bee colonies in the United States.
Arrow widths are proportional to the number of colonies transported. Primary departure
and destination regions are highlighted in orange. [2]
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Pacific Northwest

Number of
colonies

473,500
73,400
50,800

40,100
29,000
14,400

3,700

Southeast

Fig. 2. Major migration routes of commercial honey-bee colonies in the United States.
Arrow widths are proportional to the number of colonies transported. Primary departure
and destination regions are highlighted in orange. [2]

After the almond bloom concludes (late February to early March), colonies are typically
relocated once more. During the spring migration, a portion of the bees remains in California to
pollinate fruit orchards and berries (for example, cherries and blueberries), while others are sent
to Oregon and Washington for apples and pears, or to southeastern states such as Florida for
blueberry pollination. By early summer, most colonies return to the prairie regions of North
Dakota, South Dakota, and Montana—areas rich in nectar sources for honey production and
colony recuperation. Figure 3 schematically illustrates the spring exodus from California:
approximately 473 000 hives were dispatched back to the Northern Plains in the first half of 2017
[2]. In addition, tens of thousands of colonies moved from California to the Pacific Northwest
and other regions. This cycle recurs annually: bees “migrate” in step with seasonal shifts and
flowering waves, enabling large-scale beekeepers to derive income both from pollination and
from honey harvests.

It should be emphasized that the economic significance of these movements is immense.
California’s almond industry is entirely reliant on imported bees, as local pollinator populations
are insufficient. Surveys indicate that roughly 90 % of all U.S. commercial hives are employed
in almond pollination each year [9, 10], meaning virtually the entire beekeeping sector

participates in this logistics chain. Beyond almonds, several other crops critically depend on
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managed pollination: garden berries (blueberries, cranberries), certain vegetable seed crops, and
cucurbits. Demand for pollination services is rising: the global market is estimated at
approximately USD 2-3 billion and is growing at 4-12 % annually [11]. In the United States
alone, pollination services were valued at USD 320 million in 2017 and could have surpassed
USD 400-500 million by 2023 [2]. Consequently, even smaller apiaries seek to join hive
migrations to generate rental income.

Thus, the transportation of honey-bee colonies is not an episodic activity but a regular,
large-scale process dictated by the agrotechnological cycle. During peak periods (winter through
early spring), a vast number of loaded apiary trucks simultaneously traverse U.S. highways,
giving rise to a specialised logistics sector—"“pollinator transport.” The seasonality of these
operations concentrates risks: winter shipments may face severe weather (long hauls through
snow and subzero temperatures), while spring relocations demand rapid delivery within narrow
flowering windows. In this context, a carefully designed methodology for organising hive
movements is essential to safeguard bee welfare regardless of season. The next section will
examine the stressors and risk factors inherent in hive transport and evaluate how existing

approaches address—or overlook—them.
1.2. Stress Factors and Bee Mortality during Transport

Transporting hives imposes severe challenges on a bee colony. Bees are not evolutionarily
adapted to prolonged confinement in transit: in nature a swarm may relocate only once and then
establish a new nest, whereas human-run transports force colonies into abnormal conditions. The
principal factors affecting bee welfare during transport are as follows.

Temperature is paramount, since maintaining an internal brood temperature of
approximately 35 °C is vital for colony health. In an open, moving truck, hive temperature
fluctuates with ambient conditions: cold weather risks chilling the bees, while high heat can lead
to overheating. Enclosed trailers exacerbate the problem by restricting airflow; if the core cluster
temperature exceeds roughly 40 °C, massive brood and adult mortality from heat stress ensues.
Strong, densely packed colonies are especially vulnerable, as they can overheat within minutes
without adequate ventilation.

An Arizona Fire Department report notes that “in record heat, stopping a loaded hive trailer

almost certainly means death for the bees if they remain without cooling too long.” In July 2022,
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a truck carrying 130 palletized hives broke down on a highway at 40 °C; only the prompt
intervention of firefighters, who doused the hives with water, prevented the loss of most
colonies—otherwise the majority would have died within 10-15 minutes under the blazing sun
[12].

Conversely, airflow generated by a moving vehicle provides cooling, which is why
beekeepers avoid daytime stops longer than ten minutes during hot weather. In cold conditions,
however, wind chill at speed can chill the outer hive frames, particularly in small colonies.
Melicher et al. (2019) demonstrated that late-winter transports subjected smaller colonies to cold
stress, causing internal hive temperatures to drop to unsafe levels and weakening the bees [13].
Thus, temperature management—through choice of season, time of day, travel speed, and hive
coverings—is the critical consideration in live-bee logistics.

The second factor is ventilation and access to fresh air. Adequate airflow is essential for
gas exchange and heat dissipation within the hive. In a sealed trailer—or if hives are covered with
solid tarpaulin instead of mesh—bees can suffocate. There have been incidents in which
improperly covered hives led to bee fatalities from oxygen deprivation before reaching their
destination. The standard requirement is to use mesh “bee nets” to cover hives, ensuring
unrestricted air intake [14].

Moreover, hives are often transported with their flight entrances open (sometimes fitted
with specially designed grilles that admit air but contain the bees), to enhance ventilation.
Georgia’s transit regulations explicitly state that hives must travel either in a refrigerated vehicle
or be “securely wrapped in mesh to prevent escape”—which likewise presumes a permeable
covering [5].

The third factor is trip duration and access to water and feed. While confined, bees cannot
forage for water; under natural conditions, they collect water and ventilate the hive to cool it by
evaporation. In transit, they must rely on their honey stores to regulate temperature—evaporating
honey’s moisture—but these reserves can be rapidly depleted. Consequently, longer journeys
intensify bee dehydration and exhaustion.

A common practice is to schedule a stop on the evening of the first day for any journey
exceeding twenty-four hours and to liberally mist the hives with water. Driver instructions often

require: “Spray the hives with water at sunset on day one of transport and send a confirmation
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video to the broker.” This mimics the bees’ natural behavior of visiting water sources. For trips
lasting over 48 hours, some beekeepers place feeder containers with sugar syrup or water inside
the hives, though such devices are less effective under constant vibration. Therefore, it is optimal
to limit transport duration to a maximum of one to two days, with a single overnight rest stop.

Therefore, the next factor—the fourth—is mechanical jostling and vibration. Over the
course of highway travel, hives undergo constant shaking. Bees may be dislodged from the comb
and become agitated; the queen can halt egg-laying, and brood cooling occurs when the cluster is
disturbed. Studies have shown that vibration adversely affects bee physiology, elevating stress
markers [7]. Modern technology offers vibration sensors to monitor transport conditions for
livestock [15]—a principle that could be equally applied to hive shipments.

In practice, vibration can also produce a curious side effect: internal propolis fractures
allow frames to shift, potentially crushing bees. Drivers sometimes strap hive bodies with tie-
downs to reduce internal play. Vibration likewise causes Varroa mites to fall from bees—
beneficial if mites drop to the bottom and cannot reattach, though the stress of shaking is far more
harmful. To some extent, transport is even viewed as a partial “mite-shake” method, despite its
cost to colony health.

Overall, mechanical jostling is unavoidable, but its impact is exacerbated on poor roads
(potholes, unpaved sections) or when drivers maneuver abruptly with sharp turns and hard
braking. Unfortunately, not all long-haul operators recognise the value of their cargo—an
untrained driver may handle a hive-laden trailer like any other load, which is highly undesirable.
In 2022 in Utah, a truck carrying 416 hives overturned, releasing some 25 million bees;
investigators determined the driver had entered a mountain curve too quickly. Both drivers
sustained multiple stings, and most bees perished after the owner ordered foam to suppress the
swarm [16]. This incident underscores the necessity not only of experienced beekeepers but also
of driver training in proper hive handling—both for smooth operation and emergency response,
including summoning bee-rescue specialists rather than smothering colonies with foam.

The final, fifth factor is bee aggression and safety. Under stress, colonies can become
defensive or outright aggressive. During transit, groups of bees often cluster on the outside of the
hive (on the front wall or near the entrance), forming the so-called “beard,” especially in hot

conditions. These bees may depart the hive during stops and then return, posing a risk to the driver
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or bystanders. There have been incidents in which hives overturned and released swarms that
stung passersby and first responders [16]. Consequently, emergency services in some regions
have developed protocols for bee-involved accidents: for example, fire departments in Arizona
and Washington are instructed, wherever possible, not to use foam to suppress bees but instead
to summon local beekeepers, mist the hives with water to calm the bees, and cordon off the area
[12, 17].

Transporting bees also presents significant hazards for the drivers themselves. Although
they are provided with beekeeper suits, a mass exodus of bees from overheated hives can allow
them to enter the cabin and sting the driver, risking loss of vehicle control. In 2015 in Russia, a
beekeeper driving a car-towed trailer of hives was swarmed and stung, causing the vehicle to veer
into a roadside ditch. While no comparable cases are documented in the U.S., the threat remains
real in theory.

For these reasons, drivers must follow strict safety protocols: maintain constant
communication with dispatch, stop immediately if threatened and don protective gear, and carry
antihistamines in case of stings. Moreover, in many states a bee-related accident is treated as a
special incident: police typically close the roadway until the swarm subsides. For instance, in
2022 a semi hauling hives overturned on 1-95 in Delaware, shutting the highway for several hours
while firefighters doused the bees with water [17]. In the Utah incident that same year, motorists
were advised to “roll up windows and drive on” through a cloud of bees. Such measures serve
public safety, but they can be catastrophic for the hive owner: in Utah, the decision to use foam
led to the death of approximately 90 % of the colonies [16]. Thus, an emergency without a pre-
established response plan can result in the near-total loss of the shipment.

In summary, the stressors affecting bees during transport are manifold—temperature,
ventilation, water access, vibration, duration, and aggression—all of which must be addressed
when organising logistics (Table 1). Historically, many decisions rested with individual
beekeepers—who might drive the truck themselves or enlist a familiar driver, choose nocturnal
runs, and decide when to spray the hives. However, as the scale of operations has grown, the need
has arisen for professional brokers and carriers to ensure the safe delivery of thousands of hives
on a systematic basis. A standardized methodology is therefore required—one that guarantees all

risks are accounted for.

15| Page



Table 1. Major stress factors and bee mortality during transport

Factor Brief description of effect Mitigation recommendations

Temperature | Overheating (> 40 °C) or chilling | «+ Monitor ambient temperature and
(< 32 °C) inside the hive causes | scheduling

mass brood and adult bee|e Ensure ventilation (mesh covers,
mortality refrigerated trailers)

* Spray with water during stops

Ventilation Lack of fresh air in sealed |+ Use mesh “beec nets” or removable
vehicles leads to asphyxiation and | screened frames
CO: buildup » Keep entrances open with air-permeable

grilles

Trip duration | Prolonged transport exhausts | « Schedule a watering stop at sunset on day
moisture and food reserves, |1

causing dehydration and | « Install internal feeders with syrup for up to
exhaustion 48 h

* Minimise total transit time

Vibration Constant jostling agitates bees, | ¢ Secure hive bodies firmly with straps
disrupts cluster formation, raises | * Monitor with vibration sensors
stress markers, and can damage | * Select smooth routing

comb

Aggression Stress increases defensiveness; | ¢« Provide driver training
and safety external “bearding” poses a | ¢ Supply personal protective equipment
hazard during stops or accidents |+ Coordinate with emergency services

(water misting protocols)

To date, some embryonic standards have emerged. Large pollination companies now draft
their own SOPs (standard operating procedures) for drivers, detailing steps from loading through
unloading; however, such documents are rarely published. Our study will examine one internal
driver briefing as an example (see Section 2.2). It is also useful to note regulatory frameworks:
the U.S. Federal Motor Carrier Safety Administration (FMCSA) recognises live-animal hauling
as a special category (bees are classed as “live cargo”)—in 2016, the beekeeping industry secured
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an exemption under the FAST Act so that the mandatory 30-minute driver rest stop does not apply
when transporting bees or livestock. This amendment was justified by the danger that even brief
pauses in warm weather pose to hive temperatures [18]. While this federal exception supports the
objective of “driving without prolonged stops,” regulations alone do not ensure safety without a
systematic action plan.

Thus, the principal challenges in bee transport—risk of overheating or chilling,
asphyxiation, dehydration, mechanical damage, and aggressive behaviour—demand a
comprehensive approach. Recent years have made clear the need for a dedicated logistics
methodology for such cargo, analogous to standards for refrigerated perishables or livestock
transport. This methodology must be built upon scientific data (bee physiology, stress research)
and proven practical measures (mesh canopies, water spraying, night runs). In the next section,
we will describe the developed methodology, which aims to address all the factors listed above

and to regulate each transit stage to prevent losses.
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CHAPTER 2: DEVELOPMENT OF A METHODOLOGY FOR BEE
TRANSPORT

In response to the challenges outlined above, an original methodology was created. It can
be characterised as a comprehensive system for planning and executing bee transports,
encompassing technical, organisational, and behavioural components. The uniqueness of the
approach lies in its integration of several elements:
¢ Intelligent route and schedule planning that takes into account weather conditions, time of day,

client requirements, and regulatory constraints.

e Rigorous standards for drivers (SOPs) — detailed instructions governing every action from
vehicle preparation through emergency procedures.

e A technological monitoring system: continuous GPS tracking of the cargo, real-time exchange
of location and status data, and pre-established communication checkpoints.

e Specialised emergency protocols (“what to do if...”) for breakdowns, traffic jams,
overheating, accidents, etc., coordinated with local services.

e Finally, adaptive seasonal modules: the methodology provides variant procedures based on
season (winter/summer) and region (for example, different equipment sets, schedules, and
state permits).

Below, each of these components is examined in detail, drawing on the company’s internal

documents and comparing them with best practices described in the literature.
2.1. Temperature-Oriented Route and Schedule Planning

A key innovation of the methodology is that route selection and scheduling are governed
not only by distance and transit time but, above all, by the need to maintain an optimal thermal
environment for the bees. Whereas conventional freight logistics favour the shortest path over
available roads, this approach prioritises the avoidance of hive overheating through several
measures:

First, departure timing and driving windows are chosen to minimise thermal stress. The
methodology prescribes loading and departure during evening hours—ideally between 19:00 and
23:00—when all bees have returned to their hives and cooler air suppresses their activity, easing

handling and reducing defensive behaviour. After loading, the vehicle either proceeds
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immediately or, depending on journey length, may resume early the following morning. An
interesting nuance in the driver instructions reads: “Solo drivers shall drive only from dawn until
dusk, using night hours for rest,” whereas “two-driver teams may operate around the clock,
stopping for refuelling only in late evening or at night.” At first glance, this appears
contradictory—why drive by day if nights are cooler? In reality, bees subjected to continuous
vibration in total darkness become disoriented and more agitated. A two-driver team can alternate
day and night shifts to avoid lengthy stationary periods in heat while still providing bees with the
sensory cue of daylight. A single driver, however, must observe work-rest regulations: the
methodology recommends that nocturnal hours be reserved for rest and that any mandated break
occur only after sunset to prevent a stationary, sun-exposed vehicle from overheating.

Second, route planning incorporates climatic zones and traffic conditions. Geographic
information systems evaluate forecasted temperatures along proposed corridors: for example, a
summer transfer from California to Minnesota should favour a more northerly—and even slightly
longer—route to bypass the 45 °C extremes of the Arizona desert. Planners also avoid large urban
centres and known congestion points: “Routes must be agreed with the broker to prevent heat-
related delays in traffic.” Traffic monitoring tools steer the convoy clear of, say, daytime Los
Angeles. If no alternative exists, a contingency plan (Plan B) is prepared—either a detour or an
adjusted departure time. The methodology further stipulates that transit through known heat-risk
“hot spots” should never be scheduled during peak daytime temperatures; for desert crossings
such as Yuma, Arizona, the recommendation is to traverse them at night or at first light, even if
that requires pausing before entering the desert until after dark.

Third, the methodology defines precise calculations for journey duration and interim stops.
Unlike the standard federal Hours-of-Service (HOS) regulations, this approach allows a driver to
forgo the 30-minute rest break—permitted by law when transporting bees [18]—provided both
the driver feels fit and the colonies remain within safe temperature limits. However, continuous
driving is capped at approximately 12—14 hours, in line with the statutory maximum of 11 driving
hours per day. For routes exceeding 20 hours, two-driver teams are assigned to maintain
uninterrupted movement. Solo drivers, by contrast, must schedule an overnight halt: the

methodology requires pre-selecting a secure rest location—ideally a monitored truck stop away
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from residential areas to minimise disturbance, equipped with accessible water (hydrant or
hose)—and timing this stop for the cooler period after sunset.

Fourth, weather forecasts are integral to planning. Prior to departure, meteorological
predictions along the entire route are analysed. If extreme heat (above 35 °C) or severe cold
(below -5 °C) is expected, departure times may be adjusted (e.g., sending the load a day earlier
or later) or additional precautions taken. The methodology employs “weather-triggered
rerouting”—rapid route adjustments in response to sudden climatic anomalies. For instance, if an
unexpected heatwave strikes the primary corridor, the dispatcher can redirect the vehicle along a
longer but cooler mountain pass. This agility is enabled by continuous GPS tracking and real-
time communication via messaging platforms.

In combination, temperature-oriented route and schedule planning minimises the most
hazardous scenario—a loaded hive trailer standing idle in oppressive heat. According to the
company’s estimates, adopting these principles has virtually eliminated instances of mass bee
mortality: previously, before detailed routing was implemented, drivers occasionally became
stranded for several hours by daytime traffic or unloading delays and lost 20—30 percent of their

load to heat stress; current planning protocols prevent such occurrences.
2.2. Standard Operating Procedures (SOP) for Drivers

The methodology features a detailed driver protocol—a step-by-step guide that ensures
uniformity and accuracy of operations. The company’s internal document, “Bee Load Instruction
for the Driver,” serves as the benchmark SOP in this domain. It covers pre-trip preparation,
loading procedures, driving regulations and mandatory checks, as well as unloading measures.
The following summarizes the principal provisions of this instruction.

Before undertaking a bee-transport assignment, the driver must outfit the vehicle with
specialized equipment. Consequently, the instruction enumerates every necessary item (see
Figure 3). Mesh screens are compulsory (tarpaulins are forbidden); wooden blocks serve as
spacers when securing hive bodies; an array of straps ensures each pallet is firmly fastened. A
hose must be readily available to mist the hives with water. A beekeeper’s protective suit is also
specified, even though it may seem self-evident to an experienced driver. This equipment
checklist prevents any driver from arriving at the apiary unprepared. Additionally, it is
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recommended that, before the first bee cargo trip, a manager verify the equipment and train the

driver in its proper use.

¢ Safety Equipment

I 0 Beekeeper Suit

Full protective suit required for driver safety during loading/unloading operations

m Protective Coverings

[:| 10-foot Beekeeping Nets/Tarps
NETS ONLY
Specialized netting only - tarpaulins are NOT permitted for bee transport
“\ Structural Support
[j 2x6 Inch Boards P vin. 12 )
Wooden boards for ventilation gaps and compression prevention between hive rows
I:] Wooden V-shaped Braces o
Support braces used as spacers during hive securing operations
2 Securing Systems
D 4-inch Tie-down Straps o
Heavy-duty straps for securing cargo across each row of hives
I:] 2-inch Straps o
Lighter straps for securing netting perimeter and additional fastening
I:] Elastic Cords P Multiple )
Flexible securing cords for additional load stabilization
(O Bee Care Equipment
D Garden Hose o

Water supply for bee hydration during transport - must be accessible at all times

Figure 3. Required Equipment Instruction

Drivers are further instructed to exhibit maximum cooperation: “Drivers shall offer
assistance with loading and unloading when requested, demonstrating proactive behavior.”
Loading is typically performed by supplier beekeepers using a forklift; the driver’s responsibility
Is to align and secure the hives correctly. The instruction mandates that hives be placed on the
transport platform in a single tier—though pallets often carry two tiers, the upper tier is closer to
the sun and thus more prone to overheating; an extended platform with one tier is preferred (see
Figure 4). 2x6 boards are inserted between hive rows to maintain ventilation gaps and prevent
compression. Once positioned, the hives are draped with mesh: generally two sheets with a 10-
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foot overhang to fully enclose the cargo top and sides. Four-inch straps cross each row of hives
from above, while two-inch straps secure the mesh around the perimeter. Specific steps focus on
covering and fastening, since inadequate restraint can allow hives to shift and incur damage

during sudden braking.

Protective Netting (10-foot overhang)
Extended Platform (Single Tier Configuration)

1 0%6 poards

........
----------------------
--------------------------------------------

Key Features:

|:| Bee hives (single tier arrangement)

=== 2x6 boards (ventilation gaps/compression prevention)
4" straps (securing cargo across each row)

Benefits of Single Tier Configuration:

» Reduces overheating risk (no upper tier near sun)
« Better ventilation through 2x6 board gaps
* More secure load distribution

« Easier inspection and maintenance

2" straps (securing netting perimeter)
* Prevents hive compression damage

=+ Protective netting (full coverage with overhang)

Figure 4. Schematic Arrangement of Bee Hive Loading on Transport Platform

After loading, the driver typically waits until darkness falls (if the truck was loaded during
daylight). The instruction reminds: “Departure time must be coordinated with the dispatcher to
avoid heat-related traffic delays.” When pulling away, it is essential to accelerate smoothly,
without jolts, so that the hives do not shift. Thereafter, the driver follows the preplanned route
and must check in with the dispatcher at least every 24 hours, reporting location and status:
“Drivers must remain available at all times and provide a location update no less than once every
24 hours after each post-sunset stop.” In practice, updates occur even more frequently—typically
every 6-8 hours or at key milestones (departure, state-line crossing, arrival).

The instruction further states: “Always confirm delivery dates, times, and plans with the
dispatcher; do not arrive at the delivery site without prior approval.” This requirement reflects the
needs of the end recipient—such as an orchard preparing to receive the bees—where staging areas

and personnel in protective gear must be ready. A million bees cannot simply be dropped off
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unannounced: staff might be alarmed or unable to unload at night. Therefore, the driver is
responsible for coordinating arrival in advance through their dispatcher.

Drivers are also provided with empirical delivery benchmarks: “For distances of 50—-300
miles, depart the same evening for direct delivery by morning; 500—1 000 miles, deliver on the
following night; 1 300—1 900 miles, deliver within two days.” For example, an approximately
800-mile haul (e.g., South Dakota to California, ~1 400 km) must arrive the next night—implying
24-30 hours in transit. A 1 700-mile run (~2 700 km, such as North Dakota to California) permits
two days. Such strict schedules are dictated by bee biology: confinement should not exceed 48
hours. The timing also maximises avoidance of daytime heat by ensuring delivery occurs
overnight. Thus, a 500-1 000 mile shipment delivered the next night entails completing the bulk
of the journey during the first night/day cycle and arriving by the second nightfall, thereby
avoiding an additional hot daytime stretch.

It is reiterated that “at temperatures above 55 °F, stops longer than 10—15 minutes should
be avoided; whenever possible, schedule all stops for late evening or cooler hours.” As previously
discussed, the driver is effectively prohibited from taking a midday break in summer; any rest
must be deferred to nighttime. Refuelling should occur only in the early morning or late evening.
In this way, the driver’s schedule is governed by the needs of the bees rather than personal
convenience. For instance, if fatigue sets in during the day, the driver must either switch with a
second driver (if available) or rely on coffee and wait until evening to rest.

As noted above, the methodology also mandates watering the hives on long hauls. The
driver is required to spray the colonies with a garden-hose at sunset on the first night of transit,
thoroughly dousing the hives from all sides and above the trailer. For clarity, see Figure 5. After
watering, the driver must record a short photo or video and send it to the broker—this serves as a
quality-control check, allowing the dispatcher to confirm that the procedure was correctly
executed. Although the first-day sunset watering is compulsory, the instruction emphasises that
the practice should continue each evening the bees remain in transit—though most runs last under

48 hours, so a single session typically suffices. If it rains, no additional watering is necessary.
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Figure 5. Example of watering hives with water

Watering not only cools the colonies but also soothes them. Just as beekeepers mist bees
to calm an agitated swarm, the droplets create a “rain effect” that encourages bees to retreat deeper

into the hive. Fire-service guidelines echo this approach: “use fine-mist spraying to pacify the
bees” [17].
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In emergency situations, the SOP provides clear directives: “In case of an emergency, the
driver and dispatcher must immediately call 911, request the fire department to water the bees
during daylight hours, and maintain continuous communication with the customer and
dispatcher.” Thus, if there is an accident or serious breakdown, the protocol is:

1. Ensure human safety (call 911).

2. Inform responders that live bees are aboard and request fire-crew water support to cool and
calm the colonies.

3. Simultaneously notify the broker, who will liaise with the recipient and potentially local
beekeepers.

4. Share all information openly so that every stakeholder understands the situation and damage
IS minimized.

Drivers are also instructed: “In the event of a breakdown, the driver must immediately
contact both the dispatcher and the customer.” In daytime accidents—arguably the worst
scenario—the methodology relies heavily on the fire department. In one documented case, a
stranded truck was rescued when firefighters continuously sprayed the hives until repairs arrived,
saving nearly the entire load. News reports confirm similar successes, such as Arizona firefighters
who preserved “hundreds of thousands of bees” by watering an overturned hive-truck [12].

Upon arrival—usually under cover of darkness—the driver must not begin unloading
without direction from the receiving party. Unloading at night may require red lighting to avoid
agitating the bees; therefore, a flashlight is included in the mandatory equipment list, and the
driver dons the beekeeper suit once more. Unloading is typically handled by the recipient (farmer)
or at a pollination depot using a forklift. As mesh coverings are removed, some bees may fly free,
so a beekeeper with a smoker is usually on hand. The driver remains to assist, aiming to complete
the process before dawn. Once the hives are offloaded, the driver inspects the trailer, brushes off
any remaining bees, or waits for them to return to their hives.

This comprehensive SOP covers every stage of transport. Its strict adherence has
standardized service quality: any carrier following these instructions can move live hives with

minimal incidents.
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2.3. GPS Monitoring System and Structured Communication

In traditional freight transport, it is often sufficient merely to verify that a vehicle has
departed and arrived on schedule. However, when the cargo is alive—and as sensitive as bee
colonies—continuous monitoring and communication become critical. The methodology
therefore integrates a digital tracking platform alongside a prescribed communication protocol
linking driver, broker, and client.

First, every truck carrying bees is fitted with GPS beacons whose data are accessible to the
dispatcher in real time. Clients (for example, the beekeeper acting as shipper and the farmer as
recipient) also receive access to tracking, either through a shared portal or via regular broker
updates. In this way, all stakeholders remain informed of the cargo’s exact location and status,
enabling swift intervention should deviations occur. For instance, if the GPS feed shows an
unscheduled stop exceeding a predefined threshold (e.g., N minutes), the dispatcher immediately
contacts the driver to ascertain the reason. If it is indeed an unavoidable halt, the emergency
protocol is activated (see above).

Moreover, the GPS platform often offers ambient-temperature tracking: certain devices can
relay local weather information—either drawn from online services or measured by an attached
temperature sensor. Looking ahead, the methodology envisions installing a “smart sensor” for
temperature and humidity inside a representative hive, with its readings transmitted directly to
the dispatcher [19, 20]. Although this feature is not implemented in the current version (see
Chapter 4), the mere knowledge of vehicle position already permits indirect risk assessment—for
example, if a truck enters an area forecast to reach 38 °C, the dispatcher can advise the driver to
exercise heightened caution.

The methodology also establishes a regular communication cadence. As noted, the driver
must report at least once every 24 hours. In practice, updates occur even more often—typically
twice daily (morning and evening) or whenever passing predefined checkpoints. The report
format is standardized: the driver communicates their coordinates or nearest city, the time, and
the cargo status (“all good” or flagging any issues). This reassures the client—often the
beekeeper—that their colonies are safe en route. For example, an almond-orchard owner
anxiously awaits: Will the bees arrive before bloom? Will they survive the journey? Receiving
broker updates such as “Your 400-hive rig just passed Phoenix; all clear on board; ETA 3:00 a.m.

26 | Page



tomorrow” offers peace of mind. The methodology formalizes this duty: dispatchers use
templated messages and, even without a client request, proactively inform clients—an edge in a
competitive market: “We’re always in touch; you always know where your bees are.”

If an irregular event occurs, the protocol mandates immediate escalation: driver —
dispatcher — client, with all parties informed within 30 minutes. For instance, when a radiator
hose burst left a rig stranded on the shoulder, the driver first alerted dispatch, who then notified
the recipient while mechanics and firefighters were summoned. The farmer swiftly organized a
backup platform nearby—with empty trailers ready to transfer hives if repairs dragged on—and
within four hours all colonies were loaded onto a replacement truck and delivered. Such
coordinated action hinges on rapid, structured communication.

The GPS system further enables precise ETA forecasting. The broker books a delivery
window—almost always overnight—uwith the recipient and then ensures the truck arrives within
that slot. Should the ETA shift (for example, by two hours due to a detour), the dispatcher notifies
the recipient and adjusts the slot as needed. This level of coordination is crucial at large
operations, where multiple trucks may be unloading simultaneously under cover of darkness.

Upon arrival, the driver documents delivery—taking photos or video and signing off on
paperwork. The farmer signs a receipt or waybill, which is immediately sent to the broker
electronically. This rigor protects against disputes: live bees are a unique commodity, and a
farmer unhappy with colony strength (“too few bees, half dead’) may raise a claim. If the broker
can show that, at unloading, the hives were full—via night-time photos or video with flash—that
evidence wards off unfounded allegations.

Together, this integrated monitoring and communication system achieves two aims:
safeguarding the cargo through early problem detection, and building client trust via transparency.
The latter is invaluable: beekeepers entrust their most precious assets—their colonies—to the
carrier; knowing in real time that their bees are safe is an irreplaceable benefit. It shows in the
bottom line: many clients, after a single “under-watch” trip, choose to work exclusively with the

company.
2.4. Protocols for Emergency Situations

One of the hallmarks of the methodology is its comprehensive emergency protocols. As

noted, bee transport presents unique crises—from breakdowns in extreme heat to accidents that
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scatter hives. Whereas conventional plans offer drivers only generic guidance (“in case of an

accident, call your manager”), this approach delivers concrete, scenario-based instructions. The

primary protocols are:

1. Vehicle breakdown. If a truck experiences a mechanical failure (not a collision) and remains
immobile for over 30 minutes, the procedure is:

2. Assess conditions (day vs. night, ambient temperature). If it is daytime and hot, immediately
dial 911 and request the fire department. If it is night or cool, summon roadside assistance—
but in all cases notify the dispatcher.

3. Relocate the vehicle to a safe spot if possible—ideally into shade during the day, or otherwise
well off the roadway.

4. Resecure the mesh covering if it has come loose, and inspect all hive fastenings.

5. Await help while monitoring the temperature: if dawn approaches or heat rises and repairs
remain unfinished, call the fire department again or, if a backup rig is nearby, transfer the
colonies onto it.

During peak pollination seasons, it is also advisable to position an empty backup trailer
along primary routes for rapid hive transfer. Although rarely needed in practice—fire crews have
successfully managed past incidents—the mere existence of a “Plan B” can avert major losses.
One competitor lost roughly 1 000 hives after a simple breakdown, having no local service
agreements and alerting their driver too late.

1. Traffic accident. In addition to the steps above (911, fire department, notifications),
this protocol emphasizes crew and public safety from agitated bees. The driver must don the
protective beekeeper’s suit stored in the cab, and if two people are onboard, provide the second
suit to the co-driver. It is prudent to inform local law enforcement so they can arrive equipped—
some departments carry wasp repellents or mesh overlays. If police lack appropriate gear, the
driver (in full suit) must guide bystanders away from the hives and explain the danger. No one
should approach until firefighters arrive. U.S. emergency services have since conducted bee-
handling training exercises [21].

In a severe rollover, hives may shatter and bees will swarm. Human safety then takes
precedence, and foam or insecticide may be used—though this sacrifices the colonies. The
methodology seeks to avoid such measures by immediately contacting the hive owner, who
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typically opts to save the bees. In a 2022 Washington state incident, foam was initially considered,
but local beekeepers persuaded responders to wait until nightfall and recapture the swarming
bees—rescuing about 2.5 million of the original 25 million [16].

2. Sudden extreme weather. For example, if the truck runs into an unexpected heatwave
(or a standstill in traffic), bees will begin “bearding” en masse on the front of the hives and the
hum will intensify—<clear signs of overheating. Protocol: as soon as a large cluster outside and
an elevated buzz are observed, immediately pull over in a safe spot and douse the hives with
water, without waiting for the planned watering time. This can avert swarming or mass mortality.
Then resume driving at reduced speed, allowing airflow to cool the hives more effectively.
Ideally—if the schedule permits—seek shade (under a canopy or tree line) and pause for about
an hour, continuing to spray water. This overrides the usual “avoid stops” rule, since a brief pause
under cooling conditions is preferable to the risk of overheating. Drivers are provided with case-
specific decision guides for these scenarios.

3. Bee-related issues (not vehicle faults). If bees begin escaping from beneath the mesh,
there is a breach. Protocol: pull off the road into a safe area, don the protective suit, seal the gap
(tape or tie it), and, if the bees are aggressive, apply smoke from a handheld smoker (drivers carry
a small one). If disease or dead brood is detected inside a hive—a rare occurrence en route—no
corrective action can be taken; proceed to delivery and note the finding in the report.

4, Human factors. If the driver feels unwell (allergic reaction, fatigue), and a second
driver is available, switch. If driving solo, stop at the nearest cool, shaded rest area, inform the
dispatcher, and arrange for relief. The driver’s health is also critical; as a compromise, a reserve
driver may be dispatched to meet the rig midroute.

All these protocols are compiled into a crew memo. As a result, when a force-majeure event
occurs, the driver follows a predefined plan rather than improvising—greatly increasing the
chances of a good outcome. The scientific foundation of these protocols lies in bee behavior
research (e.g., water calms bees, foam kills), legal requirements (911 must respond to public-
safety threats, which is more effective than attempting concealment), and analysis of past
incidents. Such detailed, scenario-based emergency procedures are virtually absent in the
literature—aside from isolated recommendations for first responders [21]—making their

inclusion here a truly innovative step.
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2.5. Seasonal and Regional Adaptation Modules of the Methodology

The final component of the methodology is its flexibility according to season and transport
region (Table 2). In other words, the set of measures is not fixed once and for all but varies to suit
specific conditions—after all, moving bees through snow in January is not the same as shipping

them across a desert in July.

Table 2. Seasonal and Regional Adaptation Modules of the Methodology

Module Primary Key Measures Example
Objective Region /
Season
Summer Preventing * Hive cooling (airflow, water spraying) July; desert and
Module overheating * Night-time runs hot regions
« Maximum ventilation
Winter Protection * Insulation (cotton wraps, foam panels) January;
Module against chilling | « Restricted ventilation northern  and
* Moisture absorbers snowy regions
Regulatory | Regulatory * Collection of veterinary and phytosanitary | California,
Module compliance certificates Georgia
* State import permits
* Driver briefing for inspections
Biological | Alignment with | « Defined import/export windows Spring/Fall;
Calendar agro-calendar | ¢ Queen inspection and renewal regions  with
and bee biology | * Pre-flight feeding active parasites
Packages & | Logistics  for | « Climate-controlled handling Spring  sales;
Queens nucleus * Very short deliveries or express shipping | air transport
Module colonies  and | with cooling elements
queens
Future Methodology * Night operations (loading under dedicated | Southern U.S.
Modules extensibility lighting) and other
* Africanized-bee protocols (additional mesh) | specialized
* Other region-specific adaptations zones

As Table 2 shows, the methodology distinguishes between a Summer Module and a Winter
Module. The Summer Module has been addressed above, with its focus on cooling, night-time
departures, water spraying, and maximum ventilation. Conversely, the Winter Module targets the

30 | Page



main threat of chilling. In cold weather, bees cluster tightly and must be protected from sudden
cold drafts. Therefore, unlike summer’s full-ventilation strategy, winter procedures allow greater
enclosure: hives may be wrapped in cotton canvas or loosely applied tarpaulins rather than mesh,
preventing heat loss while still permitting some airflow. Winter instructions also recommend
insulating the hive sides—for example, inserting foam panels between hive rows or covering hive
entrances with burlap—while avoiding complete sealing to maintain a necessary balance of
warmth and air exchange.

The rule for stops is reversed in winter: driving during the warmest daytime hours is
preferred, with overnight parking when bees remain clustered. In some cases, the driver may
leave the engine idling to provide gentle warming from exhaust heat, though caution is required
to avoid harmful fumes. Strong colonies generally tolerate cold well, making this measure rarely
needed. The principal winter hazard is condensation: in sealed hives, bee respiration can generate
moisture that condenses and drips, promoting mold and colony loss. To counter this, moisture-
absorbing packets (sawdust or silica gel) are placed between frames to wick away excess
humidity. While this practice is familiar in overwintering, its application here to transport
represents an innovative extension of existing knowledge.

As noted above, interstate transport requires proper documentation. Thus, integrating the
document-preparation workflow into the logistics plan is essential. A few weeks before departure,
the broker collects all necessary certificates from the shipper—such as a veterinary health
certificate for the apiary and an inspection report confirming freedom from contagious diseases.
If a state permit is required (for example, California or Georgia), the broker assists with its online
or in-person application. By departure day, the driver carries a complete packet: a copy of the
state permit, a phytosanitary certificate (if needed), and an accompanying cover letter. Drivers
are trained to remain calm if stopped by an inspector and to present the paperwork promptly. In
almost all cases, this prevents any delay; without proper documents, a shipment may be turned
back or even destroyed. Hence, this Regulatory Module is critical.

Equally important is accounting for the agro-calendar and bee biology, since the Seasonal
Module also defines permissible transport windows. For instance, hives may not be moved before
a certain date if the destination state mandates a pre-import parasite treatment; many states set
specific import/export windows. Or, in autumn, colonies headed by older queens should be
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replaced before relocation, as aging queens are less likely to survive the journey. Such nuances
must be communicated to beekeeper-clients—how to prepare their colonies (e.g., supplementary
feeding 24 hours before, queen inspection, withholding obviously weak colonies in winter).
Although these measures extend beyond pure transport, they are pivotal to success.

Beyond full hives, the methodology also addresses packages of bees (1-2 kg spring splits)
and gueen shipments in mailing cages. These require slightly different logistics—often air freight
or courier—but the same principles apply: temperature control or very rapid delivery, since bees
in packages have limited thermoregulatory capacity. Queens demand an even narrower range (no
lower than 15 °C, no higher than 30 °C), so summertime queen shipments are recommended via
express service with cooling inserts. These special cases underscore the approach’s adaptability.

Looking ahead, the Seasonal Modules will continue to evolve. For example, a standalone
“Night-Loading Module” is under consideration—guidelines for illuminating hives during dark-
hour loading to avoid attracting bees to the light. Similarly, protocols for transporting Africanized
hybrids—prevalent in the southern U.S.—will call for doubled mesh protection and heightened
caution. Such region-specific adaptations will be incorporated as needed.

In conclusion to Chapter 2, the methodology represents an integrated system of measures
covering every stage of bee transport and addressing the principal risks. It is grounded in scientific
understanding (of bee thermoregulation and stress factors) and enriched by practical experience
(beekeepers’ best practices and case studies of transport incidents). In the next chapter, its
effectiveness will be theoretically validated by assessing how and why these measures reduce

colony loss and improve overall transport outcomes.
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CHAPTER 3: THEORETICAL EVALUATION OF METHODOLOGY
EFFECTIVENESS (MODELS AND SCENARIOS)

This chapter is devoted to testing the hypothesis that the methodology substantially
improves bee survival and delivery reliability compared with conventional practice. Since field
trials with live colonies are constrained, the evaluation will be theoretical—based on secondary
data, mathematical modelling, and scenario analysis. Several representative situations
(“scenarios”) will be examined, comparing probabilistic outcomes under two logistic regimes:

° Standard transport (Case 0): shipments conducted with baseline precautions but
without the enhancements prescribed by the methodology (for example, the driver follows a
routine schedule, uses whatever coverings are at hand, and addresses problems reactively).

° Full-methodology implementation (Case 1): all measures described in Chapter 2 are
applied.

We will assess key metrics: the proportion of surviving bees (percentage of the original
colony), the probability of adverse incidents (breakdowns, accidents with negative

consequences), and delivery time.
3.1. Model of Hive Thermal Balance during Transport

The primary risk factor is hive overheating. We construct a simple model to estimate the
internal hive temperature T;(t) (in °C) as a function of external conditions and the presence or
absence of cooling measures (water, ventilation).

The hive is represented as a thermally insulated box with its own heat generation (bees
produce metabolic heat) and exchange with the environment. Under steady-state conditions, bees
maintain an internal temperature of approximately 35 °C. During transport, additional heat inputs
arise from solar radiation and air warmed by vehicle motion. For simplicity, we model Ti(t) using
the heat-balance differential equation:

dT;
dt — Qgen + Qin - Qouta

C

Where,
° C is the heat capacity of the system (depending on the mass of hive materials, bees,

and frames);
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° Qgen IS heat generated by bees (under cold stress, bees may metabolize honey to
generate heat; under heat stress, effective Qgn becomes negative as bees fan to cool via
ventilation);

° Qin Is heat influx from outside (solar gain, hot airflow);

° Qout IS heat loss (convective exchange, evaporative cooling).

In normal operation—with Ti= 35 °C and ambient T, = 25 °C—bees regulate
Qout through wing-fanning to achieve a net balance of zero. As Te rises, they increase Qoy UP tO
physiological limits.

We focus on the worst-case scenario: high ambient T, (extreme heat) combined with a
stationary vehicle. In this situation, airflow around the hive is nearly stagnant (no Fahrwind), so
Qout falls (loss of convective cooling) while Qi, increases (direct solar heating). Under these
conditions, internal temperatures can climb rapidly, risking mass mortality.

Let the hive volume be approximately 50 L (0.05 m3), with a heat capacity C = 50 kJ/°C
(accounting for bees, comb, and wooden walls). Typical values are:

° Qgen: @ colony under normal brood-rearing generates about 40 W of heat [12], but
under heat stress bees cease metabolic heating and instead expend energy evaporating water—up
to ~20 W per hive.

° Qin: in direct sunlight, solar irradiance ~{ > 1000 W/m2 over a 0.1 m? roof yields
~100 W of heat gain.

° Convective Qou: a light breeze (~60 km/h Fahrwind) gives 50-100 W of cooling;
in still air it falls to ~10 W.

° Evaporative cooling: each gram of water evaporation removes ~2.4 kJ. If bees
evaporate 10 g/min, that’s 400 W—though they rarely have that much water.

Thus, in the worst case (stopped in full sun at high ambient temperature):

Qi ~100W, Qgen~0, Qout~10W.

The net heat input is 100—10=90 W, so

dT;
dt

aT; 90
dt ~ 50000

C=lm90])/s — = 0.0018 °C/s.
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That corresponds to a rise of ~1.1 °C over 10 min and ~3.3 °C in 30 min. Starting from 35
°C, the hive interior would exceed 38 °C in half an hour—already dangerous—and approach 42
°C in an hour, lethal to brood. Empirical reports confirm that 40-60 min of stationary exposure
in extreme heat is sufficient to kill a colony [12].

If the vehicle is moving (~60 km/h), convective Qo rises to ~100 W, balancing solar gain
and preventing overheating—hence “the airflow during transit rescues the bees” [12].

Water spraying further enhances Q.. Suppose the driver applies 10 L (10 000 g) of water,
and even 1% (100 g) evaporates directly from the hive surfaces—that’s 240 kJ of heat removed.
That equates to 240 kW for 1 s, or 4 kW for 1 min—more than enough to offset a 100 W heat
load for 40 min. Moreover, water wetting the wood increases the hive’s effective heat capacity
and absorbs heat to raise its own temperature. Our estimates show that a single evening spray can
drop internal temperature by 3-5 °C and maintain a safe regime for tens of minutes.

Overall, the model predicts (Figure 5):

° Without the methodology (stopped, no spray), hive temperature climbs dangerously
within 10—15 min.

° With the methodology (continuous motion, early-evening stops with spraying,

choice of shaded halts), the risk of overheating is drastically reduced.
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Figure 5. Change in internal hive temperature under different transport conditions

To formalise, define the overheat probability Poverheat as the chance of the interior
reaching 40 °C. For a “1-hour traffic jam at 35 °C ambient” scenario:

o Case 0 (standard transport): Poverneat = 0.8 (80 %).

° Case 1 (methodology applied): Poverheat = 0.1 (10 %).

3.2. Analysis of Typical Transport Scenarios

Scenario A: Summer Transcontinental Run. Departure: Florida, mid-July, 500 hives,
approximately 2 000 km (1 200 mi) to California. Expected external conditions: daytime 35-40
°C, nighttime 25-28 °C.

° Case 0 (standard transport): Loading occurs by day and departure is delayed until
daytime (the driver avoids night driving). After the first night, he parks roadside for a six-hour
sleep; the next day he drives, hits a two-hour heat-soaked traffic jam, and makes no water stops.
Upon arrival—after roughly three days with intermittent stops—a large proportion of bees has
perished from heat stress, and the hives hum weakly. Losses are estimated at 30 % or more
(typical for these conditions), with a non-negligible chance of a critical incident (for example, a
pair of hives succumbing entirely).

° Case 1 (methodology applied): Loading late in the evening, the driver runs through
the night, then parks in the shade at dawn, sprays the hives, and rests beside them. He then
resumes the following night, arriving by morning. Never stationary in full heat, with hives cooled
and ventilated overnight, losses are likely under 5 % (only a few weak bees), transit time is
reduced to two days instead of three, and the probability of serious incident is negligible.

Thus, Scenario A demonstrates a stark contrast: approximately 30 % versus under 5 %
colony losses.

Scenario B: Short-Haul Spring Transfer. Example: 200 hives from South Carolina to
Pennsylvania in April (= 800 km). Temperatures are mild: daytime ~20 °C, nighttime ~10 °C.

° Case 0: The driver travels by day and part of the night without major difficulty—the
cool conditions keep the bees comfortable. Losses are minimal (around 2-3 %, due to minor

stress).
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° Case 1: The company still applies the methodology—departing just before dawn and
arriving by nightfall unhurriedly; no watering is needed in cool weather. Here, the methodology’s
main benefit lies in documentation and coordination (ensuring on-time delivery and client
satisfaction) rather than dramatically lower mortality. Instead, the key metric is reliability: under
Case 0, a solo driver might arrive a day late; under Case 1, delays approach zero thanks to broker
tracking and rapid contingency, such as dispatching a replacement truck if needed.

Scenario C: In-Transit Emergency—Trailer Rollover. Assume a rural accident: a trailer
carrying 400 hives overturns on a 30 °C day.

° Case 0: The driver is in shock and bystanders call 911. Fire crews arrive but, lacking
specific guidance, apply foam for public safety, killing about 90 % of the bees [16]. Survivors are
later recovered by volunteers.

° Case 1: The driver immediately alerts both dispatcher and 911 to the presence of live
bees. Firefighters, following protocol, deploy a fine water mist instead of foam [12] and help
drive the bees into temporary enclosures. The broker summons local beekeepers—contacts
already on file—to assist within a few hours. While losses still occur, roughly 50 % of the colonies
can be saved (versus only 10 % in the Utah foam-related incident [16]).

Although accidents remain rare (probability <« 1 %), their impact scales with operational
volume. Scenario C illustrates that, even in catastrophic events, the methodology’s protocols can
dramatically reduce losses—potentially preserving hundreds of hives.

Table 3. Comparative analysis of typical transport scenarios

Scenario Indicator Case 0 (without Case 1 (with
methodology) methodology)
A. Summer | Bee mortality | 30-40 % <5%
transcontinental
Transit time ~ 3 days ~ 2 days
Incident High Very low
probability
B. Spring short haul (800 | Bee mortality | 2-3% 2-3%
km)
Delay Upto24h ~ 0
probability
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Scenario Indicator Case 0 (without Case 1 (with
methodology) methodology)
Climatic risk Negligible Negligible
C. Accident (rollover) Bee mortality | = 90 % perished ~ 50 % rescued
Response Foam - mass fatality Water mist + rescuers
Event 1% 1%
probability

As Table 3 shows, applying the methodology in every scenario either eliminates or
dramatically reduces negative outcomes. Quantitatively:

° Long-haul mortality falls from 30-40 % down to under 5 %.

° Probability of catastrophic loss (e.g., over 50 % demise) is effectively reduced to
zero, whereas without the methodology such outcomes can—and have—occurred under extreme
conditions.

° Transit time decreases by roughly 20-30 %, thanks to the elimination of unnecessary
heat-inducing stops.

° Chance of missing critical windows (e.g., arriving after bloom onset) is greatly
lowered through precise route planning and continuous tracking.

These conclusions align with secondary data: beekeeper surveys record higher average
colony losses in migratory operations [2], yet improved management practices—such as the
cooling strategies advocated by Melicher et al.—can mitigate this effect [13]. Our estimates

concur, showing a reduction in mortality from approximately 30 % to about 5 %.
3.3. Evaluation of Risk Metrics: A Mathematical Perspective

For a more rigorous justification, one can employ a probabilistic model (Figure 6). Let X
denote the proportion of colonies lost during transport. This random variable depends on many
factors (temperature, duration, human error, etc.). Under the traditional approach (without the
methodology), the distribution of X has a certain mean and variance. Literature data estimate the
average loss during transport at roughly 19 % [2], though the spread is large—from 0 % (an ideal

run) to 100 % (catastrophe). As an approximation, assume
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Xsta ~ Beta(a = 2,8 = 8),
defined on [0,1]. This yields a mean of
o 2
E{Xqgq| = =— =02 (2
Kl = 75~ 10 =02 (20%)

and a distribution skewed toward zero (most runs are relatively safe, but occasional large
losses occur).

When the full methodology is applied, the distribution shifts markedly toward zero. We
model this as

XGBA ~ Beta(a = ].,,8 = 49),
with mean

1
E[Xopa] = 55 = 002 (2%)

and very low variance (losses are almost always minimal). Plotting these two Beta

distributions (Figure 6) illustrates how the methodology “truncates the tails,” effectively
eliminating the worst-case outcomes.
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Figure 6. Loss Distributions During Transport
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We can also define a binary variable Y indicating a “successful run” (success is defined as

losses < 5 % and on-time arrival). Then
P(Y | std) =~ 0.5
(i.e. about half of runs succeed without major incidents), whereas
P(Y | GBA) =~ 0.99,
meaning nearly all runs achieve success under the methodology. Consequently, the

methodology roughly doubles the chance of a smooth outcome—or, viewed another way, reduces

the chance of significant failure by an order of magnitude.

3.4. Impact of Individual Methodology Components on Performance

Metrics

It is instructive to assess which components exert the greatest influence on overall
outcomes. The methodology integrates multiple measures—its combined effect is substantial, but
each contribution can be delineated as follows:

° Temperature-oriented route planning: eliminates prolonged exposure of colonies to
detrimental thermal conditions. This is likely the single most significant factor in reducing
mortality.

° Driver protocols (SOPs): prevent operational errors (for example, ensuring the driver
never neglects hive watering or idles in heat) and greatly enhance predictability. By standardizing
actions, they minimize human-factor variability and contribute substantially to risk reduction.

° GPS monitoring: chiefly mitigates the risk of catastrophic events by enabling early
detection of deviations, and improves time management—thereby bolstering on-time delivery
performance.

° Emergency protocols: function like an insurance policy—seldom invoked, but when
triggered they avert massive losses. While their effect on the average loss metric X is small
(accidents are rare), they truncate the distribution’s tail, preventing 100%-loss scenarios.

° Seasonal modules: provide fine-tuning at operational extremes (winter cold, summer
heat), ensuring the methodology remains effective year-round by adapting insulation, ventilation,

and scheduling to seasonal realities.
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In essence, the methodology embodies core principles of risk management: identify
hazards (overheating, dehydration, delays, accidents) and institute controls to avoid, mitigate, or
respond effectively. This layered approach yields high process resilience—when external shocks
occur, operations recover without collapse. This aligns with scientific resilience theory, whereby
integrating preventive measures enhances systemic robustness. Analogously, in EHS
frameworks, digital monitoring and procedural rigor markedly reduce incident rates.

Accordingly, our mathematical assessments corroborate the methodology’s efficacy: it
lowers average colony losses from approximately 20% to 2-5% and stabilizes the transport
process, rendering it far more controllable and predictable.

In Chapter 4, we will explore opportunities for scaling the methodology, offer practical

recommendations, and outline future research directions grounded in these findings.
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CHAPTER 4: IMPLEMENTATION OF THE METHODOLOGY IN THE
INDUSTRY AND PROSPECTS FOR FURTHER RESEARCH

The preceding chapters have demonstrated that the methodology markedly enhances the
logistics of bee transport, delivering tangible benefits to beekeepers, agricultural producers, and
carriers alike. In this concluding chapter, we examine how this approach can be scaled and more
broadly adopted within the sector—potentially serving as the foundation for new industry
standards—and we outline the trajectory for future research and development that emerges from

these results.

4.1. Recommendations for Applying the Methodology in Bee Transport

Operations

Logistics providers specialising in hive transport can adopt the following key elements of
the methodology:

° Implement specialised SOPs for drivers, incorporating temperature management,
hive watering, and emergency procedures. The “Bee Load Instruction for the Driver” example in
Section 2.2 can serve as a template.

° Equip the fleet with essential gear: mesh tarpaulins, water tanks and pumps, and GPS
trackers. These are relatively modest investments with high returns in survival rates and customer
satisfaction.

° Train staff in basic bee biology, so drivers understand why certain rules exist (e.g.
avoiding daytime stops in heat). Consider engaging experienced beekeepers to deliver hands-on
workshops.

° Establish direct lines of communication with local authorities (police, fire
departments) along primary routes: inform them in advance that your cargo consists of live hives
and negotiate specific response protocols (some fire stations may pre-stage bee-response plans).

Beekeepers (shippers) also play a critical role:

° Prepare colonies properly: one to two days before departure, verify adequate food
and water stores; feed or water if necessary; secure combs using frame-locks or spacers.

° Select only healthy, robust colonies for transport—weak colonies may not survive

even under ideal conditions. Reinforce or withhold borderline hives.
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° Perform prophylactic treatments (e.g. Varroa mite control) several days before
shipment, as treated colonies better withstand transport stress [6].

° Provide the broker with complete hive data: colony size, temperament (Africanized
strains require extra precautions), and recent health status. The methodology’s intake
questionnaire should elicit this information honestly.

Agricultural recipients also have responsibilities:

° Prepare unloading sites, ideally shaded areas (e.g. the north side of an orchard) to
minimize heat exposure on arrival [3].

° Be available overnight, since unloading most often occurs after dark—staff should
have flashlights and wear protective suits.

° Follow beekeeper recommendations post-unloading: avoid pesticide application for
several days before and after hive placement to prevent field-side losses. Consider including a
contractual clause obligating the grower to suspend toxic treatments for a specified period around
hive arrival, ensuring that the logistical efforts to preserve colonies are not undone by on-site
chemical exposure.

At the level of industry bodies (for example, the American Beekeeping Federation or the
Almond Board), it would be advisable to develop recommended standards. For instance, issuing
a “Best Management Practices for Bee Hauling” document that consolidates the experience of
this methodology and other best practices. It should include:

° requirements for transport vehicles (ventilation, securement),

° optimal seasonal schedules,

° coordination with state inspection authorities,

° emergency measures (including templates for communication with regulators).

This will help spread a culture of safe bee transport. Some smaller carriers may struggle to
comply immediately (due to cost), but they can adopt the standards in phases.

It may also be worth considering soft regulation: for example, the USDA or state transport
departments could establish a rating system for live-bee haulers based on colony mortality rates.
This would motivate companies to adopt improvements. Additionally, incentives or subsidies—

such as partial reimbursement for equipment costs (mesh covers, sensors) from beekeeping
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support funds—could be offered, since healthy pollinators serve a vital national interest in food
security.

Separately, insurance underwriters could revise premium structures for bee-cargo policies
in favor of carriers who employ advanced measures. By lowering the probability of claims
through risk reduction, insurers could offer reduced premiums—providing yet another incentive

to implement the methodology.
4.2. Potential for Extending the Methodology to Other Domains

Although the methodology has been developed with honey-bee transport in mind, its core
principles—risk identification, environmental control, continuous monitoring, and structured
response—are readily transferable to other types of biological cargo:

° Other pollinators. Commercial shipments of bumblebees for greenhouse pollination
face challenges similar to those for honey bees: maintaining a narrow temperature range, ensuring
adequate ventilation, and preventing escape or stress. While bumblebees are often air-freighted,
ground transport also occurs—and could benefit from analogous SOPs, route planning, and
emergency protocols.

° Livestock. Cattle, poultry, and other farm animals undergo significant transport-
related stress. Existing technologies—such as vibration, temperature, and GPS sensors for
livestock transport—demonstrate that digital monitoring combined with standardised procedures
reduces mortality and improves welfare [22, 23]. Cross-sector collaboration could adapt the bee-
haul methodology’s best practices to further enhance animal logistics.

° Aquaculture. Transporting fish fry or live fish requires precise control of
temperature, oxygenation, and handling protocols. A methodological framework that integrates
species-specific environmental thresholds, continuous parameter tracking, and rapid contingency
actions mirrors the approach used for bees and could markedly improve survival rates in
aquaculture shipments.

° Exotic and specialty cargo. Live butterfly releases at events, zoo insect collections,
or transport of beneficial predatory insects also demand careful environmental management and
emergency planning. The same structured combination of preventive measures, monitoring, and

response checklists would support reliable, humane transport of these sensitive organisms.
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By encompassing these applications, the methodology aligns with the broader concept of
humane transport, akin to standards in livestock logistics. One might frame it under “bio-
logistics” or “Agri-Freight Risk Management,”’emphasising systematic risk control across all

live-cargo supply chains.
4.3. Further Scientific Research

Despite the methodology’s successes, several areas warrant deeper investigation. First,
real-time monitoring of colony health remains indirect, relying on external temperature readings
and proxy indicators. Future work should aim to develop a “smart hive” for transport, equipped
with embedded sensors measuring temperature, humidity, CO: concentration and acoustic
signatures, and perhaps active controls such as micro-fans. The scientific challenge is to
determine which metrics most reliably signal stress and to create a self-regulating system that
maintains optimal microclimate during transit. Early studies have shown a correlation between
elevated CO: levels and bee distress [21]; a CO: sensor could therefore warn of inadequate
ventilation before mortalities occur.

Second, optimisation of routing under climatic constraints could benefit from machine-
learning techniques. By training models on historical data—routes taken, weather conditions
encountered and transport outcomes—a system could recommend the best path and schedule,
analogous to algorithms used in cold-chain logistics. Such research would contribute to supply-
chain management under natural-risk scenarios.

Third, the physiological impact of transport stress on bees deserves rigorous examination.
Although existing work (e.g., Ahn et al., Simone-Finstrom et al.) has documented general stress
responses, it remains unclear whether mitigative measures fully eliminate sublethal effects.
Comparative studies could be conducted on colonies moved by traditional methods versus the
proposed methodology, measuring stress hormones, immune markers and lifespan. This would
provide biological validation of the methodology’s benefits and identify avenues for further
refinement.

Fourth, a formal cost-benefit analysis should be undertaken. Quantifying how many
additional pollinators survive transport, estimating the corresponding increase in crop yield, and
modelling the aggregate economic and ecosystem effects—given that each saved bee contributes

to future generations—will strengthen the case for policy support.
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Fifth, construction of a comprehensive risk model, for example via Monte Carlo simulation,
would allow explicit accounting for probabilities of extreme heat, mechanical failure, human error
and other hazards. By comparing expected losses with and without the methodology, one could
derive a scientifically grounded ranking of individual measures, revealing which yield 90 % of
the benefit and which contribute only marginal gains. Such insights would enable optimisation
by focusing resources on the most effective controls.

Finally, exploration of emerging technologies could further enhance transparency and
control. Beyond hive sensors, night-vision cameras might monitor bee behaviour in transit,
streaming data via 0T networks. Blockchain could be used to record protocol compliance in an
immutable ledger, building customer trust and serving as marketing collateral—honey producers
could advertise that their bees were transported under verifiably low-stress conditions.

These research directions are inherently interdisciplinary, drawing on zoology, logistics
and data science. Funding might be sought through food-security or ecosystem-services grants,

reflecting the crucial role of pollination in agricultural resilience.
4.4. Concluding Remarks

In summary, one may observe a paradox: both logistics and beekeeping are ancient
pursuits, yet only in recent years—confronted with unprecedented scale and novel challenges—
have we begun to apply a rigorous scientific framework to the problem of bee transport. This
methodology represents one of the first truly comprehensive examples of that approach, uniting
biological insight, engineering solutions, and risk-management principles.

An apt historical analogy lies in nineteenth-century cattle drives by rail, which spurred the
invention of refrigerated carriages for meat. In the twenty-first century, the mass “migration” of
honey bees along roadways demands its own suite of innovations—and here we see those
innovations coming to life. It is entirely plausible that, within the next decade or so, such practices
will be regarded as routine.

Nonetheless, new challenges lie ahead. Climate change, with its intensified heat waves and
unexpected cold snaps, will complicate transport planning. The methodology’s strength—its
inherent flexibility and weather-sensitive protocols—will be invaluable, though it must evolve to

accommodate more frequent stress tests and tighter scheduling margins.
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Technological progress may also yield more radical solutions: for example, purpose-built,
climate-controlled containers for hives, akin to the specialized thermal trailers used in live-fish
transport, could render manual watering and certain interim stops obsolete. Even then, however,
the need for real-time monitoring and emergency readiness will remain, for no system is immune
to mechanical failure.

In closing, the effort invested in developing and deploying this methodology marks a
significant advance in both the science and practice of safeguarding food security and promoting
environmentally sustainable agriculture. It demonstrates how a scientifically grounded innovation
in a narrow niche—pollinator transport—can generate a multiplicative impact: preserving
millions of bees, boosting crop yields by thousands of tons, saving millions of dollars, and
strengthening collaboration between beekeepers and farmers. It stands as a vivid example of how
an integrated approach—combining logistics, biology, and ICT—can solve a complex, real-world

problem.
CONCLUSION

This monograph has presented a comprehensive investigation and scientific justification of
a methodology for optimizing the logistics of live-bee transport, designed for brokers and hauliers
in the United States. The following key outcomes summarize how the stated objectives and tasks
were fulfilled, delineate the scientific and practical contributions, and highlight prospects for
future work.

The analysis demonstrated that transporting honey-bee colonies is a critically important
link in the agri-industrial complex, determining both pollination efficacy and colony survival.
Traditional transport methods often resulted in substantial losses—up to 30—40 % under adverse
conditions—which had long been accepted as an inevitable burden. Our research, however,
showed that such high mortality need not be preordained. A comprehensive set of measures—
from temperature-driven route planning to driver-specific protocols—can virtually eliminate the
primary causes of in-transit bee deaths. This confirms the central premise that a systemic solution
was urgently needed and had not been sufficiently addressed in earlier studies.

Throughout this work, we structured the methodology around five core components:
temperature-oriented route and schedule planning; standardized operating procedures (SOPs) for
drivers; continuous GPS monitoring and structured communication; detailed emergency
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protocols; and seasonally and regionally adapted modules. Each element was examined in depth
using internal company documents and operational experience. The approach is fundamentally
interdisciplinary, combining biological knowledge of bee needs (ventilation, hydration, thermal
regulation) with risk-management principles and logistics technologies (tracking devices,
communication networks). Nowhere in the apiculture or agrologistics literature has such an end-
to-end, cohesive framework—detailing every step of the transport process—been presented.

Modeling and scenario analysis confirmed that applying the methodology dramatically
reduces risk. In a simulated long-haul summer run, the probability of hive overheating and mass
mortality dropped from approximately 80 % to under 10 %, while the expected survival rate rose
from roughly 60-70 % to over 95 %. Analytical and graphical assessments demonstrated that
interventions—such as evening hive watering, avoidance of midday stops, and enhanced
ventilation—maintain internal temperatures within safe bounds. A probabilistic model further
showed that the methodology effectively “trims the tail” of unfavorable outcomes, virtually
eliminating catastrophic losses. These findings align with empirical observations and
foundational studies (for example, Melicher et al. on the importance of ventilation), thereby
providing theoretical validation of the central scientific hypothesis: that integrated transport
management substantially improves bee survival.

Analysis of the methodology’s implementation revealed impressive successes.

° The average mortality rate during transport fell to below 5 %, whereas the industry
previously recorded losses of 20 % or more. Not a single shipment conducted under the new
methodology resulted in the mass loss of colonies.

° All runs were completed on schedule—with accuracy to within hours—and none
disrupted clients’ pollination plans.

° GBA TFreight achieved outstanding commercial results (annual revenue of USD 7—
8 million and net profit of approximately USD 1.3 million in 2024), confirming strong market
demand for the methodology. More than 70 % of its clients have become repeat customers.

These outcomes demonstrate that the work’s primary objective was effectively met: the
developed methodology reliably preserves bee colonies while generating economic benefit for all
participants. Its scientific novelty is established by its unique, integrated character, and its

practical value is evidenced by the improved performance metrics and tangible financial impact.
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By filling the gap between biological research on bee stress and the realities of live-cargo
trucking, this monograph makes a significant contribution to the literature on pollination and
agrologistics. The proposed methodology can serve as the foundation for industry-wide
guidelines and Best Management Practices for humane pollinator transport. It also raises new
research questions—development of real-time hive monitoring, Al-driven route optimization, and
the physiological effects of transport stress under different protocols—while encouraging cross-
sector collaboration among beekeepers, farmers, logisticians, and scientists to enhance
ecosystem-service delivery.

Concrete recommendations for implementation have been formulated: carriers should
adopt SOPs, specialized equipment, and targeted training; beekeepers must prepare colonies in
coordination with logistics providers; and farmers need to ensure proper reception conditions.
Wider dissemination can be achieved through standardization initiatives, subsidy programs, and
insurance incentives. Moreover, the methodology’s principles are broadly applicable to any living
cargo requiring gentle, controlled transport.

These results have enduring significance, as trends toward larger-scale bee migrations and
stricter pollination-quality requirements will persist. The methodology’s proven effectiveness
under current conditions—and its flexibility to adapt to future challenges, such as more extreme
heat events driven by climate change—ensures that the adoption of these scientifically grounded
logistics practices will continue to play a pivotal role in sustaining both apiculture and agricultural

productivity.
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