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Abstract
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mites as biological control agents under climate change. J. Taiwan Agric. Res. 73(3):153—168.

Climate change significantly challenges agricultural ecosystems, impacting pest and natural
enemy dynamics and the effectiveness of biological control. Predatory mites (phytoseiid mites), cru-
cial in the sustainable management of various agricultural pests, are particularly susceptible to these
changing conditions. This review focuses on the influence of climate change on the biological control
potential of predatory mites, identifying critical gaps in current knowledge that limit the development
of climate-resilient biological control strategies. It examines how altered temperature regimes, pre-
cipitation patterns, and extreme weather events affect the physiology, distribution, and interactions of
predatory mites with their prey. The review highlights the necessity for adaptive strategies to preserve
and enhance the biological control efficacy of predatory mites against climate change. Through case
studies, we illustrate practical implications and adaptive measures in managing predatory mites under
changing climatic conditions. Urging dedicated research into species-specific climatic adaptability
and the enhancement of predictive modeling for biological control outcomes, this analysis emphasizes
the imperative for innovative management practices to tackle the challenges posed by climate change.
A holistic approach, merging ecological, genetic, and technological insights, is crucial to sustain the
functionality of biological control systems in a warming world.

Key words: Climate resilience, Pest management, Adaptation strategies, Ecosystem dynamics, Sus-

tainable agriculture.

INTRODUCTION

The quest for sustainable pest management
strategies has emphasized the critical role of
natural enemies within agricultural ecosystems,
with predatory mites from the Phytoseiidae fam-
ily at the forefront. Controlling a broad spec-
trum of agricultural pests such as spider mites,
thrips, and whiteflies have been a key focus of
global research and application since the 1970s.

This shift towards biological control methods
was driven by concerns over the environmental
and health impacts of chemical pesticides (Huf-
faker et al. 1970; McMurtry et al. 1970, 2013,
2015; Chant & McMurtry 2007). Phytoseiid
mites are known for their remarkable adaptabil-
ity and high rates of growth and reproduction
under favorable conditions, transitioning rap-
idly through 4 immature stages and with mated
females capable of producing several eggs per
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day (McMurtry et al. 2013; Ghazy et al. 2018;
Zhang et al. 2019). This biological potential
facilitates their commercial mass production for
biological control applications. Yet, in natural
environments, large populations of phytoseiid
mites are uncommon, suggesting that a complex
interplay of environmental factors influences
their abundance (Ghazy et al. 2016).

Globally, more than 2,700 phytoseiid
species have been recorded, demonstrating
significant biodiversity that is invaluable
in combating a variety of agricultural pests
(Demite et al. n.d.; Chant & McMurtry 2007).
Severty phytoseiid species, including novel
discoveries, and introduced species have been
recorded in Taiwan, underscoring the country’s
critical role in phytoseiid research and global
biodiversity contributions (Liao et al. 2020a,
2021b, 2023a, 2023b). Despite its small size,
Taiwan’s contribution is notable compared to
the United States with 318 species and Japan
with 101 species (Demite et al. n.d.). This un-
derscores the need for further exploration of
phytoseiid biodiversity, potentially revealing
species with untapped biological control po-
tential or enhanced climate resilience.

Climate change significantly impacts
agricultural ecosystems by creating complex
interactions among plants, herbivorous pests,
natural enemies, and the environment. These
tritrophic interactions become even more in-
tricate when additional trophic levels such as
pollinators and decomposers are considered.
This leads to multifaceted effects, including
direct impacts on species’ physiology and
behavior, as well as indirect effects through
altered species interactions and ecosystem pro-
cesses (Tylianakis et al. 2008; Thomson et al.
2010; Gerard ef al. 2013; Welch & Harwood
2014; Han et al. 2019; Harvey et al. 2023).
Temperature fluctuation, a key aspect of global
climate change (Naz et al. 2022), poses signif-
icant challenges to the balance between phyto-
seiid mites and their prey (Ghazy et al. 2016).
This creates a complex scenario, which both
direct and indirect effects of climate change on
natural enemies and their prey remain largely

unpredictable (Fig. 1) (Nechols 2021). The be-
havioral and physiological parameters of these
mites, central to their survival, development,
and reproduction, are significantly influenced
by the ambient temperature. Extreme tempera-
tures can provoke stress, reducing survival
and reproductive efficiency, or even leading
to death under chronic conditions (Salt 1961;
Denlinger 1991; Morewood 1992; Veerman
1992; Broufas & Koveos 2001; Ghazy et al.
2016; Zhang et al. 2016; Nakai et al. 2021).
In addition, heat waves lead to differential
responses between natural enemies and prey,
with implications for biological control out-
comes (Tscholl et al. 2023). Despite these
challenges, phytoseiid mites exhibit remark-
able adaptability, having evolved strategies
like hibernation and reproductive diapause to
survive harsh conditions. These adaptation
measures underscore the need for in-depth re-
search into species-specific responses to tem-
perature extremes, which are becoming more
unpredictable with climate change. This em-
phasizes the importance of strategic adaptation
to maintain the efficacy of phytoseiid mites as
biocontrol agents in the face of warming cli-
mates (Nechols 2021).

This article reviews the current researches
on how climate change impacts the biologi-
cal control potential of predatory mites and
explores adaptation strategies to sustain their
effectiveness. By identifying key research gaps
and suggesting future directions, this review
aims to enhance biological control practices
amidst climatic uncertainties, supporting sus-
tainable agricultural ecosystems through better
understanding and adaptation to environmental
stresses affecting phytoseiid mites.

PHYTOSEIID MITES: PILLARS
OF BIOLOGICAL CONTROL

Phytoseiid mites, belonging to the family
Phytoseiidae, are paramount in the arsenal of
biological control agents used in agricultural
ecosystems. With over 2,700 species across 90
genera globally, these mites demonstrate signifi-
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cant diversity and adaptability—traits that make
them formidable adversaries against a range of
agricultural pests (Demite ez al. n.d.; Chant &
McMurtry 2007). The lifestyles are classified
into 4 major types based on feeding habits,
from specialized mite predators to pollen-feed-
ing generalists, allowing for tailored biological
control strategies to match specific pest scenar-
ios (McMurtry & Croft 1997; McMurtry et al.
2013). Type I mites are efficient predators of
Tetranychus spider mites, suitable for controlled
agricultural environments where these pests are
prevalent. Type II species are selective predators
of tetranychid mites. Type III species are gen-
eralist predators that engage in a wide range of
prey, while Type IV mites thrive in environments
where pollen is readily available, demonstrating
their utility as generalist predators in diversified
crop systems. Subsequently, McMurtry et al.
(2013) classified the major 4 lifestyles into more
several substyles based on the diverse habitats,
from plants to soils. This diversity ensures that

phytoseiids can be effectively employed against
a wide range of agricultural pests, including
spider mites, thrips, and whiteflies, which are
common threats to crops worldwide (Huffaker
et al. 1970; McMurtry et al. 1970, 2013, 2015).
This adaptability extends to their physiological
resilience against environmental stressors such
as temperature and humidity, crucial under the
evolving threat of climate change (Ghazy et al.
2016; Harvey et al. 2023).

Taiwan and its affiliated islands, known
for their rich biodiversity, have been reported
to have 70 species of phytoseiids. This under-
scores the region’s importance in phytoseiid
research and potential in biological control
applications (Liao et al. 2020a, 2023b). Taiwan
has been at the forefront of phytoseiid mite re-
search, significantly contributing to the under-
standing and application of these mites in bio-
logical control. Early researches by P. K. C. Lo
and C. I. T. Shih on Neoseiulus longispinosus
(Evans), later correctly identified as N. womer-
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sleyi (Schicha), laid the foundation for innova-
tive mass-rearing techniques and practical field
applications (Schicha 1975; Lo & Ho 1979;
Shih & Shieh 1979; Ho 2005). Their pioneering
work facilitates the control of spider mites in
various orchards, including strawberry fields
and tea plantations, showcasing the practical
application and adaptability of phytoseiids in
Taiwan’s unique agricultural landscape (Lo et
al. 1984, 1986; Ho 1990). Continued efforts by
Taiwanese researchers have further demonstrat-
ed the adaptability and effectiveness of local
predatory mite species, such as N. womersleyi
and Euseius ovalis (Evans), in sustainable pest
management strategies (Shih et al. 1993; Shih
& Wang 1997; Ho & Chen 2001, 2002a, 2002b;
Ho 2005). Moreover, commercial endeavors by
local companies, such as Good Farms, have il-
lustrated the successful transition from research
to market, developing products based on N.
barkeri Hughes (Liao et al. 2020a), which offer
higher adaptability in the field and a broader
range of prey.

The growing impacts of climate change—
temperature fluctuations, altered precipitation
patterns, heat waves, and increased frequency
of extreme weather events—underscore the
need for continued research into the ecological
roles and adaptability of phytoseiids (Ghazy et
al. 2016; Tscholl et al. 2023). Recent discov-
eries of phytoseiid biodiversity in Taiwan (Liao
et al. 2020a) enhance the arsenal of biological
control agents, offering new avenues for pest
management in the face of climate shifts. Op-
timizing the use of phytoseiids in agriculture
through understanding their responses to envi-
ronmental stressors and developing innovative
strategies to enhance their effectiveness is
essential for the sustainability of agricultural
ecosystems and food security (Welch & Har-
wood 2014).

CLIMATE CHANGE IMPACTS ON
AGRICULTURAL ECOSYSTEMS
AND PREDATORY MITES

Climate change induces profound envi-

ronmental alterations, affecting every compo-
nent of agricultural ecosystems, from water
availability to the dynamics of pests and their
natural enemies (Loboguerrero et al. 2019;
Skendzi¢ et al. 2021; Naz et al. 2022). Extreme
weather events, such as prolonged droughts,
severe flooding, heatwaves, and heavy storms,
exacerbate these impacts, causing direct harm
to crops and altering the habitats of pests.
These climatic changes can unpredictably shift
the presence and abundance of pests, potential-
ly diminishing the effectiveness of biological
control strategies (Gillespie et al. 2012; Ghazy
et al. 2016; Zhang et al. 2016; Nakai et al.
2021; Nechols 2021; Tscholl ef al. 2023).

For phytoseiid mites, temperature stands
out as a pivotal abiotic factor deeply influenc-
ing their behavior and physiological parame-
ters (Ghazy et al. 2016). Temperature, largely
dictated by ambient conditions, directly and
indirectly influences their survival, devel-
opment, and reproduction (Veerman 1992;
Ghazy et al. 2016; Han et al. 2019). Extreme
temperatures, either too high or too low, can
provoke significant stress, reducing their sur-
vival rates, interrupting development and re-
production processes, or even leading to death
under chronic exposure (Tscholl et al. 2023).
Adaptation measures such as hibernation and
reproductive diapause have evolved in phyto-
seiid mites to withstand these harsh tempera-
ture conditions, showcasing their resilience
and the critical need for strategic adaptation
to sustain their biological control potential
amidst climate change (Salt 1961; Denlinger
1991; Veerman 1992; Teets & Denlinger 2013;
Ghazy et al. 2016). Rising temperatures may
facilitate the escape and establishment of in-
troduced predators from greenhouses into the
surrounding environment (Hart ef al. 2002). In
addition, Tscholl et al. (2023) highlighted that
parental exposure to heat waves can influence
the reproductive investment of subsequent
generations of predatory mites. This transgen-
erational effect suggests that the biological
control efficacy of phytoseiid mites could be
shaped by the climatic experiences of their
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ancestors, adding a layer of complexity to pre-
dicting the performance of biological control
agents under climate extremes.

Cold stress, manifesting through chilling
or freezing, requires phytoseiid mites to employ
mechanisms like cold hardening to enhance
their cold tolerance—a genetic trait triggered by
environmental stimuli such as decreasing tem-
perature and shortening day length (Salt 1961;
Denlinger 1991; Teets & Denlinger 2013). Con-
versely, high temperatures combined with limit-
ed access to prey can exacerbate drought stress,
dehydrating mites, and potentially leading to
their demise. Environments with high humidity
may mitigate the severity of both temperature
extremes and food shortages, underlining the
complex interplay between temperature, hu-
midity, and food availability in determining the
biological control efficacy of phytoseiid mites
under the rapidly changing climatic conditions
(Morewood 1992; Broufas & Koveos 2001;
Nakai et al. 2021). Amid these challenges, the
adaptability of phytoseiid mites to changing
climates, as demonstrated by classical bio-
logical control (CBC) of 3 exotic phytoseiids
in Taiwan, offers valuable insights. These re-
searches highlight the importance of ecological
niche modeling in predicting biological control
success under varied climatic conditions, em-
phasizing strategic species selection for future
pest management scenarios (Liao et al. 2021a,
2023a).

As we advance, prioritizing research that
anticipates the responses of both pest and pred-
ator populations to climate change is crucial.
Designing effective, climate-resilient biological
control programs hinges on our understanding
of the adaptability and resilience of phytoseiid
mites against climate change. This underscores
the importance of continued innovation and
adaptation in biological control strategies, en-
suring the effectiveness of phytoseiid mites
as biological control agents. To illustrate the
practical implications of these challenges and
adaptations, we discuss 2 case studies that
highlight the impact of climate change on pred-
atory mites. These examples demonstrate the

complexities involved and offer insights into
potential strategies for sustaining agricultural
production and ecosystem health in a warming
world.

CASE STUDY 1: CLASSICAL

BIOLOGICAL CONTROL OF 3

EXOTIC PREDATORY MITES
IN TAIWAN

Taiwan’s innovative approach to agricul-
tural pest management in the 1980s included
the introduction of 3 exotic phytoseiid mite
species: Phytoseiulus persimilis Athias-Hen-
riot, N. californicus (McGregor) (Fig. 2), and
N. fallacis (Garman). Lots of exotic predatory
mites were released across diverse agricultural
areas, from alpine orchards to tea plantations
(Lo et al. 1986; Lee & Lo 1989; Ho 1990; Lo
et al. 1990; Hao et al. 1996). This initiative
aimed to leverage CBC program to combat
spider mite infestations effectively. Initial
post-release observations indicated an estab-
lishment only for N. fallacis, evidenced by its
significant presence in the release fields (Lo et
al. 1986). However, all 3 species were absent
in subsequent long-term investigations (Liao
et al. 2020a), suggesting a failure in its estab-
lishment. Liao et al. (2021a, 2023a) conduct-
ed comprehensive field investigations across
Taiwan and applied ecological niche modeling
to assess the establishment success of the 3
phytoseiid species. The results confirmed that
only N. californicus successfully established
in high mountain orchards (Fig. 2), while P.
persimilis and N. fallacis failed to become sus-
tainable parts of the agroecosystem. The mod-
eling results matched the field observations,
indicating that the unsuitable climatic condi-
tions in Taiwan contributed to the unsuccessful
establishment of P. persimilis and N. fallacis.
This differential success among the introduced
species illustrates the nuanced interaction
between predatory mites and their new en-
vironments, emphasizing the critical role of
selecting species with ecological compatibility
for CBC programs. The contrasting outcomes
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Fig. 2. Neoseiulus californicus established population on high mountain orchards. (A) Peach orchard in high moun-
tain areas; and (B) adult female feeding on Tetranychus urticae on peach leaves.

of these introductions serve not only as a tes-
tament to the potential of CBC within specific
ecosystems but also as a cautionary narrative
about the complexities introduced by climate
and environmental suitability. The success of
N. californicus, in contrast to the failures of

N. fallacis and P. persimilis, calls for a deeper
exploration into how climatic conditions influ-
ence the establishment and efficacy of preda-
tory mites as biological control agents.
Predictive models, particularly MaxEnt,
have shown that current climatic conditions
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favor N. californicus over N. fallacis, explain-
ing their differential establishment outcomes.
Yet, the shadow of climate change looms large,
threatening to contract the suitable habitats for
both species within Taiwan. This potential con-
traction signifies a pressing need for adaptive
management strategies within CBC programs to
accommodate the shifting environmental thresh-
olds dictated by climate change. To navigate
these challenges, a standardized assessment
procedure becomes paramount. Cédola et al.
(2021) proposed a framework essential for
gauging the environmental fit and impact of
introducing exotic predators. Advancements in
molecular tools, such as metabarcoding, pave
the way for precise identification of predatory
mites, simplifying community-level assess-
ments (Ollivier et al. 2020). Additionally,
the integration of machine learning into CBC
offers a novel avenue for enhancing species
identification with unprecedented speed and
accuracy (Liao et al. 2020b).

The narrative of N. californicus in Tai-
wan not only celebrates the triumphs of CBC
but also serves as a cautionary tale about the
complexities introduced by climate change.
The case underscores an urgent call for re-
search dedicated to understanding the nuanced
effects of climatic shifts on biological control
agents. Future investigations should priori-
tize species-specific assessments, particularly
focusing on how altered temperature ranges,
precipitation patterns, and the frequency of
extreme weather events influence predatory
mite populations and their prey dynamics.
This comprehensive approach, marrying cut-
ting-edge identification techniques with envi-
ronmental risk assessments, is key to fortifying
the resilience of CBC programs against climate
change. By addressing the differential impacts
of these environmental shifts, researchers and
practitioners can better tailor biological con-
trol strategies, ensuring the sustainability of
agricultural productivity and ecosystem health
for generations to come.

CASE STUDY 2: ADAPTATION OF
PREDATORY MITES TO CLIMATE
CHANGE WITH POLLENS

Pollen has always played a crucial role
in the research of phytoseiid mites due to its
importance as a food source. McMurtry &
Croft (1997) and McMurtry et al. (2013) clas-
sify certain phytoseiids as phytophagous or
generalist type IV feeders, noting their use of
pollen as an alternative food source. The po-
tential of pollen as a substitute food for mass
rearing natural enemies has been a subject of
research (Shih et al. 1993; Pina et al. 2012),
highlighting its significance in the study of
predatory mites. In the face of climate change,
the role of alternative food sources, such as
pollen, becomes increasingly vital in mitigat-
ing the competitive pressures intensified by
the shifting climate. Pollen positively affects
the biology of predatory mites to stable popu-
lations. For example, applying pollen to vine-
yards increased predatory mite egg and motile
form densities, illustrating the importance of
supplemental pollen in sustaining mite popula-
tions, particularly during periods when natural
pollen is scarce (Malagnini et al. 2022).

Urbaneja-Bernat et al. (2019) and Urbane-
ja-Bernat & Jaques (2021, 2022) explored the
nuanced effects of future climate conditions
on key predatory mites, specifically E. stipu-
latus (Athias-Henriot), N. californicus, and P.
persimilis, which are essential for managing 7.
urticae populations in citrus groves. A central
theme in their investigations is the role of al-
ternative food sources, such as pollen, in mit-
igating the competitive pressures exacerbated
by climate change. Such pressures threaten to
diminish the natural resilience of these pred-
atory mites in their battle against pests in in-
creasingly warmer futures. Urbaneja-Bernat ef
al. (2019) initially outlined the looming chal-
lenges predatory mites are likely to face under
future climate scenarios, highlighting potential
decreases in biological control efficacy due
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to harsher environmental conditions. Urbane-
ja-Bernat & Jaques (2021, 2022) subsequently
provided empirical evidence that access to
high-quality pollen sources can significantly
enhance the resilience of E. stipulatus and N.
californicus, evidenced by increased survival,
oviposition rates, and predation capabilities
amidst intensified competition and shifting cli-
mate conditions.

These findings underscore the complexi-
ty inherent in biological control systems and
the need for a nuanced understanding of each
species’ dietary preferences and life histories.
Moreover, the studies emphasize the impor-
tance of incorporating adaptive strategies, like
providing alternative food sources and lever-
aging ecological niche modeling, to predict
and enhance biological control success under
varied climatic conditions. To navigate the
complexities introduced by climate change,
this case study underscores the necessity for
continued research focused on understanding
the specific impacts of temperature fluctua-
tions, altered precipitation patterns, and the
frequency of extreme weather events on preda-
tory mite populations and their prey dynamics.
By integrating these insights, the case study
highlights the indispensable role of adaptive
management strategies in maintaining the effi-
cacy of biological control agents. It points to-
wards the need for innovative measures, such
as the provision of alternative food sources,
to mitigate the impacts of climate change on
biological control efforts, ensuring the sustain-
ability of agricultural practices for the future.

IDENTIFIED KNOWLEDGE
GAPS OF PREDATORY MITES
IN CLIMATE CHANGE WORLD

The established utility of predatory mites
in biological control, highlighted by the vast
biodiversity and adaptability of phytoseiid
species (Demite ez a/. n.d.; Chant & McMurtry
2007), stands in stark contrast to the accel-
erating challenges posed by climate change.

BI3E H3W

This scenario unveils pivotal knowledge gaps,
underscoring the need for a comprehensive
understanding of climatic thresholds essential
for the survival, reproduction, and efficacy of
predatory mites.

Exploring indigenous phytoseiid species

Investigating the biodiversity of phy-
toseiid mites is not merely about cataloging
species; it is crucial for uncovering potential
indigenous predators with innate adaptability
to local climates. Species such as N. womers-
leyi and N. barkeri are noted for their superior
adaptability to their native climates (Ho 2005;
Liao et al. 2020a). This adaptability suggests
these species possess specific adaptive behav-
iors, habitat preferences, and stress responses
that confer resilience to environmental pres-
sures, including those induced by climate
change. Doker et al. (2021) emphasize the im-
portance of understanding interactions between
indigenous and exotic phytoseiids for effective
biological control. A focused examination
of these indigenous species can enhance our
understanding of their potential as biological
control agents and guide the development of
climate-resilient strategies. Leveraging the
unique traits of indigenous phytoseiids can op-
timize biological control practices by aligning
them with local ecosystem dynamics.

Climatic preferences and impacts on
predatory mites

A primary knowledge gap lies in our un-
derstanding of the specific climatic preferences
of predatory mites and how these preferences
impact their role in biological control. While
ecological niche modeling has shown potential in
identifying regions climatically suitable for bio-
logical control agents (Liao et al. 2021a, 2023a),
the contrasting success rates of species such as N.
californicus and the challenges encountered by N.
fallacis and P. persimilis in adapting to Taiwan’s
climate (Liao et al. 2021a, 2023a) underscore
the need for detailed research into the climatic
factors that favor or hinder these mites. This in-
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cludes a deeper exploration into species-specific
climate preferences, such as optimal temperature
and humidity ranges, and how deviations from
these conditions affect their survival, reproduc-
tion, and efficacy in pest control. Understanding
these climatic impacts is crucial for predictive
modeling and selecting the most effective mite
species for biological control in varying climatic
conditions (Thompson et al. 2010; Ghazy et al.
2016).

Uncovering the genetic foundations of
adaptability

Investigating the genetic factors that en-
able predatory mites to adapt to diverse cli-
matic conditions is essential. Research focused
on the molecular responses of these mites to
environmental stressors can uncover genetic
variations that enhance resilience to climatic
changes (Ghazy et al. 2016; Zhang et al. 2019;
Cruz-Miralles et al. 2021). Identifying these
traits allows for the strategic selection or ge-
netic enhancement of predatory mites, equip-
ping them to better withstand the challenges
of climate change (Cruz-Miralles et al. 2021).
This approach not only promises more effec-
tive biological control agents in the face of
current climatic variability but also prepares
these agents to meet future environmental con-
ditions. By leveraging genetic insights, we can
improve the adaptability of both indigenous
and introduced species to ensure the long-term
efficacy and resilience of biological control
strategies.

Transgenerational responses to climate
extremes

The impact of extreme climate events such
as heat waves on predatory mites and their
subsequent generations remains underexplored.
Tscholl et al. (2023) revealed that exposure to
such events can alter reproductive investments
in these mites, suggesting a nuanced interac-
tion between climate stressors and biological
control effectiveness. How environmental
stress impacts mites’ physiological responses,

which may extend to subsequent generations,
remains to be explored (Veerman 1992; Ghazy
et al. 2016). Additionally, Zhang et al. (2016)
showed that heat stress affects reproductive
success, underscoring the potential for trans-
generational impacts. This highlights the need
for further research into transgenerational
adaptability and resilience of biological con-
trol agents to climate extremes. Understanding
how these stressors affect not only the imme-
diate generation but also subsequent ones is
vital for refining biological control strategies
to withstand the challenges posed by a chang-
ing climate.

RECOMMENDATIONS FOR
FUTURE CLIMATE-ADAPTED
BIOLOGICAL CONTROL WITH

PREDATORY MITES

Adapting biological control strategies to
the challenges posed by global climate change
is critical for ensuring the sustainability of
agricultural ecosystems. A key initial step in-
volves exploring the diverse habitats of phy-
toseiid mites to identify potential natural en-
emies with high adaptability to future climate
conditions. This exploration is essential not
only for cataloging species but also for uncov-
ering those with innate resilience to varying
environmental conditions. Members within
the genus Euseius, such as E. stipulatus, are
exemplary in their versatility and resilience,
capable of thriving on a range of food sources
including pollen, which highlights their po-
tential in climates altered by global warming
(McMurtry et al. 2013; Cruz-Miralles et al.
2021). However, the identification of highly
adaptable species is just the beginning. Creat-
ing supportive agricultural ecosystems that can
sustain these selected biological control agents
through every season and climatic challenge
is equally important. This includes incorpo-
rating indigenous species like N. womersleyi
and N. barkeri into biological control schemes,
leveraging the natural biodiversity to address
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pest challenges effectively and environmen-
tally sensitively (Ho 2005; Liao et al. 2020a).
The local climatic adaptation of these species
provides a foundation for deploying biological
control agents that are most likely to succeed
in environmental settings.

It is crucial to consider their potential
impact on non-target species and the overall
ecosystem when developing biological control
strategy (Nechols 2021). This comprehensive
approach to biological control underlines the
importance of not only enhancing the adapt-
ability and efficacy of biological control
agents but also ensuring that these interven-
tions do not adversely affect the biodiversity
and ecological balance of agricultural land-
scapes. Moving forward demands a synergy
of research and practical approaches to ensure
biological control agents not only survive
but thrive under the stress of climate change
(Thomson et al. 2010; Nechols 2021; Liao et
al. 2023a). This involves delving into eco-
logical and genetic research to discover how
predatory mites adapt to different climates and
environmental pressures (Ghazy et al. 2016;
Cruz-Miralles et al. 2021). Utilizing ecological
niche modeling is crucial in this context (Liao
et al. 2023a), refining our predictions about
the regional suitability for biological control
agents and the changing dynamics of pest pop-
ulations in response to climate change.

Developing agricultural landscapes that
can withstand climate extremes is foundational
to this strategy, including the incorporation
of domatia, small structures on the undersides
of leaves that provide shelter for beneficial
organisms like predatory mites (Fig. 3) (Wal-
ter 1996). Implementing diversified planting
schemes, windbreaks, and shade structures
can create microclimates that shelter biolog-
ical control agents from severe conditions.
Moreover, ensuring consistent availability
of alternative food sources (Shih et al. 1993;
Pina et al. 2012; Urbaneja-Bernat ef al. 2019;
Urbaneja-Bernat & Jaques 2021, 2022), such
as pollen, during periods of low pest activity
is vital for maintaining predator populations
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and extending their biological control effec-
tiveness. Innovations like slow-release sachets
further reinforce the presence and impact of
biological control agents in the field, contrib-
uting to their prolonged effectiveness (Shimoda
et al. 2017, 2023; Urbancja-Bernat & Jaques
2022). Backing these practical strategies with
collaborative research and policy support for
sustainable agriculture practices is crucial for
a comprehensive approach to climate-adapted
biological control. Integrating research in-
sights with advanced, proactive strategies en-
ables the agricultural sector to adeptly manage
the intricacies introduced by climate change,
ensuring the continuity of biological control
practices. This integrated approach is vital for
preserving the balance between agricultural
productivity and ecosystem health in an era of
significant environmental transformation.

CONCLUSION

This review has underscored the signifi-
cance of predatory mites in agricultural eco-
systems amid the challenges of climate change.
It highlights the necessity for adaptive biologi-
cal control strategies that align with the specif-
ic resilience characteristics of predatory mites
and the overarching health of ecosystems. The
intricate relationships between climate factors
and the biological control potential of predato-
ry mites demand a nuanced understanding and
strategic ecosystem modifications to enhance
their survival and effectiveness (McMurtry et
al. 2013; Nechols 2021; Liao et al. 2023a).

As climate change continues to reshape
the dynamics of agricultural pests and their
natural enemies, this study advocates for a
proactive approach in biological control prac-
tices. This entails a dual focus on selecting
inherently resilient mite species and imple-
menting ecosystem enhancements to buffer
against extreme climatic conditions (Ghazy et
al. 2016; Urbaneja-Bernat et al. 2019). More-
over, the evolving nature of climate change
compels ongoing research to refine biological
control strategies, ensuring they remain effec-
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Fig. 3. Predatory mites on domatia on cherry tree leaves. (A) Larva of Amblyseius species; and (B) egg of predatory mite.

tive under changing environmental conditions
(Thomson et al. 2010). The future of biologi-
cal control in agriculture hinges on our ability
to innovate and adapt. By prioritizing research
and practices that enhance the adaptability of
predatory mites, we can ensure the sustain-
ability of biological control as a fundamental

component of integrated pest management in
the face of global climate change.
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