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Abstract

The global population is estimated to reach 9.7 billion by 2050, creating substantial pressures
on the agri-food industry amid climate change challenges. To address these demands and
ensure future food security, there is a growing focus on alternative food production systems,
including vertical farming. This innovative approach aims to enhance crop yield per land area
by transitioning from traditional horizontal cultivation to vertical cultivation, integrating
advanced technologies within controlled environment facilities or glasshouses. Despite the
increasing adoption of vertical farming, there is a notable lack of comprehensive scientific
exploration in this field, particularly regarding crucial aspects such as pest and disease
management. This is especially pertinent due to the unique challenges introduced by the
innovative methods of vertical farming, impacting crop health and produce quality.
Additionally, the diverse range of horticultural fresh produce species involved in vertical
farming necessitates the management of a wide array of pests and diseases. This discussion
sheds light on the considerations and opportunities for effectively managing pests and
diseases in the prevailing stacked horizontal vertical farming systems, which utilize vertically
stacked configurations of horizontal growth beds in controlled environment facilities or
glasshouses.
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Introduction enhance sustainability — (Abou-Hussein,
2012; Al-Chalabi, 2015; Godfray et al.,
By 2050, the global population is projected 2010; Rosenzweig et al., 2014: Wheeler

to reach 9.7 billion, placing significant and Von Braun, 2013). To ensure future

demands on the agri-food industry in light
of climate change (United Nations, 2015).

global food security, research is focused

on alternative food production systems,

This necessitates the creation of higher- including vertical farming. This approach

yleld,  resource-efficient  practices  to encompasses various farming methods
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aimed at increasing crop yield per land
area by shifting the focus from spreading
out horizontally to cultivating vertically.
Despite  being considered a recent
development, concepts of such methods
date back to the early 20™ century (Al-
Kodmany, 2018). In its current form,
vertical farming integrates cutting-edge
technology and is commonly practiced
within controlled environment facilities or
glasshouses with glass or plastic outer

walls.

The realm of vertical farming encompasses
a variety of approaches, including green
walls and cultivation around vertically-
However,  the

oriented  cylinders.

predominant  method involves the
utilization of stacked horizontal beds for
soil-based or  soil-free  cultivation
(Beacham et al., 2019). This sector has
experienced rapid growth, attracting
significant interest and investment from
various stakeholders due to its perceived
potential as the future of food production,

particularly in urban settings.

Despite the increasing adoption of vertical
farming systems, they have yet to undergo
comprehensive scientific examination (Al-
Chalabi, 2015; Beacham et al., 2019;
Eigenbrod and Gruda, 2015; Mok et al.,
2014). As an emerging agricultural
innovative

practice  that  employs

production systems, vertical farming
introduces  new  considerations  in
managing traditional issues such as disease
and pest control. These factors, which are
caused by herbivory and the transmission
of plant pathogens, are of significant
concern (Whitfield et al., 2015). While
some parallels may exist with conventional
protected horticultural systems, the unique
methods of vertical farming may introduce
new challenges related to crop health and
quality produce. Furthermore, the wide
array of horticultural fresh produce species
involved in crop selection for vertical
farming necessitates the management of a
diverse range of pests and diseases
(Beacham et al., 2019). This discussion
focuses on the considerations and
opportunities for managing pests and
diseases in stacked horizontal vertical
farming systems, which utilize vertically
stacked configurations of horizontal
growth beds in glasshouses or controlled
environment  facilities and are the
prevailing  system utilized globally
(Beacham et al., 2019).

Mitigating Pests in Vertical Farming

Advocates of vertical farming argue that
these systems, within protective structures,
can prevent access by insects, but
unrealistic

complete  prevention is

(Despommier, 2013). Various introduction
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mechanisms and challenges  during
produce removal require meticulous air
filter and airlock-based systems, employee
training, strict phytosanitation protocols,
and regular maintenance of structures.
Implementing monitoring systems for
early detection and proper ventilation
designs can further minimize pest entry
(Goodman and Minner, 2019). In addition
to the aforementioned challenges, the
small size of microorganisms and pests
facilitates their access into even the most
well-maintained ~ ‘pest-proof”  protected
growing systems (Hussey et al., 1969).
These factors highlight the need for
comprehensive measures beyond structural
boundaries (Brechner and de Villiers,
2013). Adequate training of employees
and strict adherence to phytosanitation
protocols emerge as crucial components in
minimizing the risk of introducing pests
and diseases into protected horticulture
systems. Moreover, regular maintenance
of glasshouse and controlled environment
structures, including thorough cleaning
and inspection, is outlined as a necessary
preventive measure (Bhuyan et al., 2023).
To further enhance pest management in
vertical farming, ongoing research and
development focused on improving pest
prevention and control mechanisms is
deemed essential. Properly designed and

maintained  ventilation systems and

doorways are highlighted as critical
components in minimizing the risk of pest
and pathogen entry in both glasshouses
and controlled environment facilities
(Hussey et al., 1969). Achieving an
optimal balance between pest control
measures and efficient produce removal
processes is crucial in ensuring the
effectiveness of these systems. Continuous
improvement of protective measures and
standards for pest and disease management
in vertical farming is stressed as vital for
reducing economic losses and ensuring the
production of high-quality crops within

these environments.

Mitigating Disease in Vertical Farming

While vertical farming structures can
restrict the entry of diseases, complete
prevention is also impractical (Smit et al.,
1996). Disease and pathogen access can
occur through various means and require
continuous improvement through research,
best practices, and ongoing assessment of
disease management protocols. It is
essential to recognize that the threat of
disease cannot be entirely eradicated
within vertical farming facilities, despite
the stringent containment measures in
place (Orozco et al., 2008). Continuous
monitoring and adaptation of disease
management strategies are imperative to

address emerging threats and maintain a
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healthy growing environment. Effective
disease  management  protocols are
fundamental in safeguarding crop health
and maximizing productivity  within
vertical farming systems (Boeing et al.,
2012). Investing in research and
innovation to develop new disease-
resistant crop varieties can significantly
contribute to disease prevention in vertical
farming (Lehmann, 2010). The integration
of advanced technologies, such as
precision agriculture and data-driven
monitoring, can  enhance  disease
surveillance and response capabilities in
vertical farming settings (Lenzi et al.,
2021).  Proactive

regulatory agencies and adherence to

engagement  with

industry guidelines are essential in
upholding rigorous biosecurity standards
to minimize the risk of disease incursions.
Implementing robust sanitation practices
and strict hygiene protocols throughout the
vertical farming facility is crucial to
prevent the spread of diseases among
crops. Effective communication and
coordination among staff members are
essential for timely and coordinated
responses to potential disease outbreaks in
vertical farming environments. Developing
contingency plans that outline specific
steps for isolating and addressing disease
incidents is pivotal in mitigating the

impact on overall productivity. Regular

assessment and refinement of disease
management protocols based on observed
outcomes and industry advancements are
crucial for sustaining effective disease
control in vertical farming (Jarvis and
Jarvis, 1992).

Environmental impact on pests and

diseases management in  vertical

farming

The growth conditions within vertical
farming systems pose specific challenges
for managing pests and diseases. Air
circulation within these systems, essential
for maintaining uniform  growth
conditions, can inadvertently aid the
spread of pests and diseases such as plant
pathogenic fungi, including grey mold
(Botrytis cinerea), and arthropod pests like
the two-spotted spider mite (Tetranychus
urticae) (Li and LaMondia, 2010).
Residual spatial heterogeneity within
controlled environment systems can lead
to a portion of the crop experiencing sub-
optimal environmental conditions,
affecting the susceptibility of plants to
various pathogens. The high humidity
levels in the restricted airspace between
shelves may provide conducive conditions
for disease development, which increases
the activity of insects and could lead to

increased pest damage (Yang et al., 2023).
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Condensation on the lower surfaces of
vertically stacked cultivation layers may
contribute to the dissemination of diseases
through the dispersal of fungal spores. The
presence of water droplets descending
between levels in vertical farming setups,
whether due to condensation or irrigation,
could serve as a conduit for facilitating the
transmission of diseases. The influence of
gravity could result in the transfer of
insects or fungal spores from higher to
lower shelves, thereby promoting the
propagation of infections or damage from
upper to lower tiers (Butterworth and
McCartney, 1991).

Furthermore, settlement of spray droplets
under the influence of gravity could lead to
the accumulation of higher levels of
pesticide on lower levels, potentially
exceeding regulatory thresholds, increased
treatment intervals prior to harvest, or
phytotoxicity (Carotti et al., 2023). The
specific growth conditions in vertical
farming systems, such as limited space and
high-density planting, can exacerbate the
spread of pests and diseases. The
proximity of plants within the vertical
farming setup can facilitate the rapid
spread of diseases, especially in cases of
high humidity levels known to favor
pathogen development (Fuller et al,

2008).  Furthermore, the controlled

environment and restrictive access limit
the natural biocontrol or predator-prey
relationships, potentially facilitating pest
outbreaks (Santini et al., 2021). Limited
space for maneuvering and inspection can
make early pest or disease detection and
mitigation more challenging, allowing
infestations to gain a foothold before being
noticed. The vertical stacking of crops
creates environmental niches that can
provide favorable conditions for pest and
disease development, especially if not
adequately managed (Atkinson and Urwin,
2012). The presence of a continuous food
and habitat source due to the proximity of
multiple tiers can lead to a quicker buildup
of pest populations. The denser canopy
within vertical farming systems can create
microclimates that favor various pests,
such as aphids or mites, due to the
protection and increased humidity levels
(Takeshima and Joshi, 2019).

It is essential to consider the implications
of gravity on the management of pesticides
and their potential adverse effects. The
effects of gravity on pesticide distribution
within vertically stacked systems can lead
to uneven pesticide concentration,
potentially causing phytotoxicity or
exceeding regulatory limits for pesticide
residue  (Bostock et al, 2014

Brownbridge, 1995). Moreover, the
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increased treatment intervals prior to
harvest necessitated by the accumulation
of pesticides on lower levels can pose
logistical challenges and impact harvest
schedules. Proper application methods and
strategic placement of pesticide applicators
are crucial to mitigate the adverse effects
of gravity on pesticide distribution.
Implementing  precision  application
techniques and devising strategies to
account for the influence of gravity are
essential to ensure uniform and effective
pesticide coverage while minimizing
environmental and phytotoxic risks. Well-
designed and monitored application
systems, considering the effects of gravity,
can contribute to effective pest and disease
management  within  vertical farming

systems (Suzuki et al., 2014).

Insect movement and biocontrol

challenges in vertical farming

In vertical farming systems, the movement
of insects and the utilization of biocontrol
measures present unique considerations
related to the spatial arrangement and level
separation. Flightless pests may encounter
challenges in moving across different
growth levels due to physical barriers,
potentially hindering their ability to infest
the entire crop. However, this separation

could also pose difficulties for flightless

biocontrol agents, such as the predatory
mite Phytoseiulus persimilis, which may
struggle to effectively move between
levels within the vertical farm system
(Frank, 2010). Consequently, a higher
quantity of biocontrol agents may be
required to address pest issues in each
level, leading to increased costs compared
to traditional growing systems, where a
single treatment may suffice for the entire
area (Symondson et al., 2002).

The need for separate treatments for each
level in vertical farming systems could
result in challenges related to cost-
effectiveness and resource allocation, as
added quantities of biocontrol agents may
be necessary. Implementing "bridges” or
connectors between growing levels could
potentially facilitate the movement of
biocontrol agents, reducing the need for
excessive quantities of agents on each
level. However, the implementation of
such structures presents the risk of
providing pathways for pests to traverse
between levels, potentially undermining

pest management efforts (Frank, 2010).

Careful consideration of the trade-offs
involved in facilitating biocontrol agent
movement between levels is necessary to
navigate the challenges associated with
pest management in vertical farming

systems (Stacey, 1977). Balancing the
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need for effective pest management with
the potential risks of creating pathways for
pest movement through bridging structures
is crucial for devising successful
biocontrol  strategies. Moreover, the
integration of biocontrol measures in
vertical farming systems entails the
development of innovative and site-
specific  solutions to optimize the
movement and efficacy of biocontrol
agents while mitigating the potential
downsides associated with structural
modifications. Strategic planning and
ongoing monitoring are essential to ensure
that biocontrol measures are effectively
deployed while minimizing the risks
associated with pest movement facilitated
by structural modifications (Loreau et al.,
2001).

In the case of biocontrol agents capable of
flight, the controlled environment of
vertical farming offers a significant
advantage as released insects remain
within the structure and cannot disperse
elsewhere (Paulitz and Bélanger, 2001).
This partly explains the higher adoption of
biocontrol in conventional horizontal-
protected crops compared to outdoor crops
(Paulitz and Bélanger, 2001). It is
anticipated that biocontrol will play a
crucial role in pest management within
vertical farming systems. These systems

may also accommodate structural features

such as banker plants, which can be
utilized to support populations of
biocontrol agents (Frank, 2010; Paulitz
and Bélanger, 2001)

Managing disease risks in hydroponic

vertical farming

In vertical farming, the utilization of
hydroponic growing systems introduces
specific considerations for the
management of diseases, requiring careful
attention to potential microbial
proliferation and the establishment of
pathogenic species within the closed-loop
environment (Pascual et al, 2018).
Research findings have demonstrated that
recirculating hydroponic systems can serve
as a suitable habitat for various
microorganisms, including detrimental
fungi like Pythium, subsequently fostering
conducive conditions for their proliferation

and dissemination (Vanachter et al., 1982).

Despite the favorable environment for
pathogen growth, the microbial content
and diversity within the hydroponic system
may not be adequate to effectively
outcompete the detrimental species,
potentially leading to heightened disease
(Zinnen, 1988).

maintaining

susceptibility
Consequently, rigorous
control over the sanitation and microbiome

of the hydroponic system is imperative to
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mitigate the development and spread of
diseases. The nutrient film technique
(NFT) systems, characterized by a
relatively small volume of nutrient
solution, afford greater ease in draining,
flushing, and cleaning in response to
disease  occurrences, contributing to
enhanced disease management within the
hydroponic environment (Hanan, 2017).
Addressing the challenges associated with
disease management in  hydroponic
systems entails the application of water
treatment methodologies such as UV
irradiation, ozone, ultrafiltration, or heat
treatment to effectively cleanse the
hydroponic solution, thereby potentially
reducing the prevalence of diseases (Jarvis
and Jarvis, 1992; Vanachter et al., 1982).

While these disease management concerns
are intrinsic to hydroponic cultivation,
they may be further complicated by the
scale and intricacy of the hydroponic
systems indispensable within  certain
vertical farming configurations,
necessitating ~ comprehensive  disease
management strategies tailored to the
specific context of multi-level vertical
farming units. Notably, multi-level vertical
farming systems hold the potential to
segregate the nutrient solution flow to and
from each level, thereby confining any
nutrient solution-associated disease

outbreaks to a single level, facilitating

targeted disease mitigation and
management efforts within the vertical

farm (Vanachter et al., 1982).

Moreover, the controlled environment and
isolated nature of hydroponic systems
within vertical farming units offer the
opportunity to introduce and incorporate
plant protection products or biostimulants
into the hydroponic growing environment,
serving as adjunct measures to bolster pest
and disease control and augment overall
crop health and resilience. Adapting and
integrating holistic disease management
approaches  within  vertical farming
hydroponic systems are essential to
mitigate disease risks and ensure the
sustained productivity and health of crops
cultivated within the unique vertical

farming setting.

Effects on semio-chemical

communication in vertical farming

The interactions between organisms
involve the perception of various types of
information from their environment,
including chemical compounds known as
semiochemicals. Semiochemicals serve
diverse functions, from mate location to
predator avoidance (Herrmann, 2010). In
integrated pest management  (IPM),
synthetic versions of semiochemicals are

often used for pest monitoring, trapping, or
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mating disruption (Heuskin et al., 2011). It
is suggested that vertical farming units
may be suitable for mating disruption due
to the protected environment hindering the
infiltration of mated females from outside
the treated area. The release rates of
synthetic semiochemicals are influenced
by environmental conditions (Torr et al.,
1997), which could be altered in vertical
farming systems with different
temperature, humidity, or airflow patterns.
The controlled, less windy conditions of
indoor  environments may improve
prospects for the application of
semiochemicals. On the other hand, a
temperature gradient within a vertical
farming system, if not carefully managed,
may result in a gradient of semiochemical
release and reduce its efficacy throughout
the system. Increased humidity has been
shown to decrease semiochemical release
rates when formulated in alginate (Heuskin
et al, 2012), while increased airflow
reduces semiochemical concentration and
efficacy, as concentration is important for
olfactory recognition by invertebrates
(Bruce et al, 2005). Therefore, to
effectively deploy synthetic
semiochemicals within vertical farming
systems, it is crucial to consider the system
design, environmental conditions, and the
deployment of the semiochemical. There

are opportunities to introduce

semiochemical dispensers into the design

of vertical farming structures.

Influence of lighting on pest and disease

dynamics

The impact of lighting on vertical farming
systems is a critical design consideration.
Adequate illumination is essential not only
for the optimal growth of crops but also
influences their response to pests and
pathogens. Crops grown in low-light
conditions are often more susceptible to
disease (Roberts and Paul, 2006). For
instance, shade can promote infection by
various pathogens, while full sun exposure
can reduce herbivory in many species,
though not universally (Roberts and Paul,
2006). To compensate for reduced light
levels in lower growing levels, artificial
lighting is commonly employed in vertical
farming systems. High-efficiency LED
lighting is frequently used due to its low
energy consumption, customizable output
spectrum, and minimal heat emission,
which allows for close placement to the
crops (Massa et al., 2008). However, it's
important to note that LED illumination
wavelength can impact insect behavior and
pathogen growth, potentially altering pest
and disease management approaches
(Johansen et al.,, 2011; Paulitz and
Bélanger, 2001).
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Moreover, light quality has been found to
influence disease development from viral,
fungal, and bacterial sources. The spectral
composition of LED light can impact
disease development in fungi, with
different wavelengths affecting sporulation
and germ tube growth. For example, near
UV light can induce sporulation, while
blue light can inhibit it in certain fungi
(Peterson et al., 1988). Overall, the choice
of artificial illumination spectrum for
vertical farming systems needs to consider

not only the crop's needs but also the

potential implications for pest and
pathogen  behavior.  This includes
influencing leaf physical properties,

chemical content, and host defense
responses, highlighting the need for a
comprehensive approach to lighting design

in vertical farming systems.

Plant density in vertical farming

In vertical farming, the primary objective
is to maximize crop yield within the
constraints of limited land area,
necessitating strategic consideration of
plant spacing and density to achieve this
goal (Carotti et al, 2023). The
arrangement and density of plants play a
pivotal role in shaping the microclimate,
thereby influencing pest and disease

control and impacting disease (Touliatos et

al., 2016). Effective management of plant
density in vertical farming operations can
significantly improve resource utilization
and overall  productivity, thereby
contributing to the sustainability and
efficiency of the system (Wicharuck et al.,
2023). Adequate plant spacing facilitates
the optimal flow of air and penetration of
light, fostering healthy crop growth while
reducing the risk of disease outbreaks.
Furthermore, optimizing plant density
supports the efficient use of water,
nutrients, and other critical resources,
thereby contributing directly to the
economic viability of wvertical farming
(Burdon et al., 1989). The careful
arrangement of plants in vertical farming
systems can directly influence the
microclimate, affecting factors such as
temperature,  humidity, and light
availability, which are crucial for plant
health and disease management (Burdon et
al., 1989; Larsen et al., 2020). Strategic
management of plant density can help
mitigate potential disease risks by
improving air circulation and light
exposure, which are essential for
maintaining optimal growing conditions
and reducing the likelihood of disease
outbreaks (Van Delden et al., 2021).
Ensuring appropriate plant spacing is
crucial for minimizing competition for

resources such as water and nutrients,
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ultimately promoting efficient resource
utilization and improved crop health in
vertical farming systems. The interplay
between plant spacing, microclimate, and
resource utilization underscores the
intricate balance needed to achieve high
productivity and disease management in
vertical farming operations. By carefully
managing plant density, vertical farming
systems can achieve improved overall
production  efficiency and  resource
utilization, contributing to the long-term
sustainability and economic viability of the

operation (Burdon et al., 1989).

Rotating vertical farming systems

Vertical farming systems employing
rotating shelves aim to create a more
consistent growth environment across
different planting levels, mitigating
variations in temperature and light
exposure (Chow and Chithrameenal,
2015). Despite these advantages, the
introduction of moving shelves brings new
considerations for pest and disease
management. Mechanical disturbance of
plants and water droplets caused by the
shelving movement could potentially
disperse fungal spores, bacteria, and
insects, while generating air currents that
aid in pest movement and disease

transmission (Gumble et al., 2015). The

automated nature of these systems,
however, presents an opportunity to reduce
disease spread through human labor,
provided that the design and maintenance
of robotic management and harvesting
systems are effectively executed.
Substantial research is necessary to assess
the efficacy of biocontrol methods and
pollination in vertical farming systems,
ensuring that these vital processes are
adequately ~ supported  within  this
controlled environment (Massa et al.,
2008). Proactive planning and specialized
technology may be required to optimize
pest and disease management in vertical
farming systems with rotating shelves,
acknowledging the unique challenges
arising from their mechanized nature.
Implementing comprehensive monitoring
and control measures can help mitigate
potential risks associated with the
movement and operation of rotating
shelves, safeguarding crop health and
overall productivity in vertical farming
setups. Considering these aspects is
imperative to ensure that rotating shelf
systems effectively balance the creation of
uniform growth conditions with mitigating
additional challenges related to pest and
disease management. Regular assessment
and fine-tuning of pest and disease
management strategies in these systems

are essential in maintaining their long-term
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viability and sustainability (Mir et al.,
2022).

Scientific Examination and Future

Research Directions

The current scientific examination of
vertical farming systems has provided
valuable insights into the potential and
challenges of this innovative agricultural
approach. Yet, there are notable
knowledge gaps that necessitate further
investigation and research. One aspect that
is particularly salient is the need for a
more comprehensive understanding of the
dynamics within vertical farming systems,
especially in relation to maximizing yield
efficiency and addressing pest
management. Future research endeavors
could focus on  conducting a
comprehensive  assessment  of  the
environmental and energy implications of
vertical farming systems. This could
involve an in-depth analysis of factors
such as energy consumption, resource
utilization, and the overall ecological
footprint of vertical farming operations.
Understanding the environmental impact
will be crucial for ensuring the long-term
sustainability ~ of  wvertical  farming
approaches. Investigating the dynamics of
crop health and nutrient management

within vertical farming systems presents a

critical area for future research. This could
encompass studies on optimizing nutrient
delivery systems, assessing the impact of
growing mediums on plant health, and
developing innovative strategies to
enhance the nutritional quality of crops
cultivated in vertical farming
environments.

Furthermore, future research endeavors
should prioritize the development of
advanced pest detection and management
techniques tailored specifically to the
unique challenges presented by vertical
farming systems. This may involve the
exploration of integrated pest management
strategies, the utilization of cutting-edge
sensors and monitoring technologies, and
the development of predictive models to
anticipate and mitigate pest outbreaks
effectively. Investigating the integration of
artificial intelligence (Al) and automation
in vertical farming systems represents a
promising area for future research. This
could involve exploring the potential of Al
algorithms for optimizing crop production,
automating ~ pest  monitoring  and
management processes, and enhancing the
overall operational efficiency of vertical
farming facilities. Further research is
warranted to optimize the design and
layout of wvertical farming systems to
maximize  yield efficiency  while

minimizing resource inputs. This may
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entail exploring innovative architectural
designs, implementing efficient space
utilization strategies, and evaluating the
impact of different lighting and climate

control systems on crop productivity.
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