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Integrated resistance
management for acaricide use
on Varroa destructor

Philip J. Lester*

School of Biological Sciences, Victoria University of Wellington, Wellington, New Zealand

The global beekeeping industry faces an escalating challenge in the form of
Varroa destructor. Synthetic chemicals serve as a cornerstone for varroa
management, although they face a major challenge in the form of acaricide
resistance. Here, | examine acaricide resistance in varroa under the
framework of Insecticide Resistance Management (IRM). | assess the
potential of diverse IRM strategies, such as pesticide rotation and mixtures,
refuge utilization, synergists and the integration of non-persistent chemicals.
The peculiar life history of varroa, characterized by its incestuous breeding
system, challenges conventional IRM strategies. There is little published
evidence that pesticide rotation is beneficial for resistance management in
varroa, with several studies showing resistance is maintained despite rotation.
Fitness costs associated with pesticide resistance are often an essential
component for IRM strategies, but there are no current data from varroa
demonstrating such specific fitness costs (e.g., a reduced relative oviposition
rate) associated with resistance. The single published experimental study
directly examining relative fitness found that here was little or no
reproductive fitness cost associated with pyrethroid resistance. More work
is needed on fitness effects of the key acaricides, which would better guide
the use of rotation and refuge strategies. A key prospect for future work that
has been identified through simulation modeling is offered by pesticide
mixtures and the role of synergists to elevate acaricide efficacy. Additional
tools for varroa IRM include ‘soft’ acaricides, including oxalic acid, and
biopesticides such as dsRNA. In light of the widespread prevalence of
acaricide resistance and an increasing varroa problem, there is an urgent
need for nuanced, data-driven varroa IRM strategies.
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1 Introduction

Varroa destructor, along with the associated Deformed wing
virus (DWV) and other viruses associated with the mite, are key
pests that are resulting in an ongoing decline in honey bee health
around the globe (Rosenkranz et al., 2010; Traynor et al., 2020; Jack
and Ellis, 2021; De Jong and Lester, 2023). Varroa was first reported
on Apis mellifera outside its natural distribution area of Southeast
Asia in 1949, spreading quickly to reach Europe in the 1970s, and
then rapidly to North America, South America, Africa, and the Asia
Pacific region (Nazzi and Le Conte, 2016). In 2022 it was first
detected in Australia, which has been the last major landmass
previously free of the parasite and DWV (Chapman et al., 2023).
In many of these countries including New Zealand, for example, the
combined effects of this parasite and virus have been consistently
identified as the leading cause of overwintering honey bee hive
mortality (Stahlmann-Brown et al,, 2022; McGruddy et al., 2023).
This parasite now fits the description of a ‘superpest’, or a species
that has the capacity to invade and adapt to environments around
the globe, causing significant damage, and evading control strategies
(Whitfield and Rotenberg, 2023).

Throughout its global distribution, synthetic chemicals are and
will likely continue to be an essential tool for beekeepers in
managing varroa. Currently, only a small number of these
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acaricides are widely used for varroa control: pyrethroids (such as
tau-fluvalinate and flumethrin), the organophosphate coumaphos,
and the formamidine amitraz. Their ease of use and historical
efficacy have led to a significant global reliance on these products
(Mitton et al., 2022). A recent survey indicated that 23% of
beekeepers in New Zealand used only amitraz or flumethrin,
while another 31% used these two pesticides in rotation
(Stahlmann-Brown et al, 2022). Similarly, in the UK, 18% of
beekeepers depended solely on amitraz, and 20% utilized a
rotation or mixed-method approach to mite treatments
(Valentine and Martin, 2023). High concentrations of these
chemicals or their metabolites are commonly found in bees,
honey, wax, and other components of the hive (Mullin et al,
20105 Kiljanek et al., 2017; Vegh et al., 2023).

Pesticide resistance can be defined as a relative decrease in the
susceptibility of a pest population to a particular pesticide
(Figure 1). Due to the demonstrated ability of many other mite
species to rapidly develop resistance to pesticides, it was considered
inevitable that varroa would also become resistant (Martin, 2004).
Resistance to the pyrethroid fau-fluvalinate was first observed in
1991 and spread quickly (Lodesani et al., 1995). For instance, in the
UK, it was initially discovered in 2001 but had already spread over
many hundreds of kilometres by 2004 (Martin, 2004). Similarly,
resistance was first observed for amitraz in 1991, flumethrin in
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The development and factors affecting the selection of insecticide resistance in varroa. Pest populations are initially susceptible to synthetic
chemicals. Resistance builds in these pests under selection pressure from pesticides over many generations. The factors favoring the selection of
resistance are shown in red. The factors potentially impairing the selection of resistance and supporting IRM are shown in green. There is currently
little published evidence to support the factors that could benefit resistance management: more research on these topics is needed. Adapted from

Dusfour et al. (2019). Photographs are by Phil Lester.
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1995, and coumaphos in 2001, and has since become globally
widespread (Mitton et al., 2022). The development of resistance
has historically been classified as mechanisms of decreased exposure
(pharmacokinetic) such as through behavioral modification,
increased metabolism, sequestration, and excretion, or
mechanisms of decreased sensitivity (pharmacodynamic) that
include target-site insensitivity (Van Leeuwen and Dermauw,
2016). Pyrethroid resistance in varroa has commonly been
associated with amino acid changes in the voltage gated sodium
channel (VGSC), although esterase activity has also been speculated
to play a role (Mitton et al., 2022). Amitraz resistance has been
correlated with the mutations in the receptor for the
neuromodulator octopamine (Rinkevich et al., 2023). Coumaphos
resistance has been linked to varroa down-regulating the expression
of a P450 monooxygenase enzyme on the Greek island of Andros
(Vlogiannitis et al., 2021b). It is likely that varroa have developed a
diversity of resistance mechanisms that are only beginning to
emerge, as mites have an array of gene families that can confer
resistance and which are not well studied (Van Leeuwen and
Dermauw, 2016).

The primary objectives of Insecticide Resistance Management
(IRM) are to prevent the evolution or emergence of resistance in
susceptible pest populations, slow down the development of
resistance, or reverse it to a level that allows for the effective and
efficient use of existing or new insecticides, all while minimizing
adverse environmental impacts (Denholm and Rowland, 1992;
Dusfour et al., 2019). IRM has been widely recognized as essential
for maintaining effective pest control across various systems,
including insect vectors of malaria and arboviruses (WHO, 2012;
Mnzava et al, 2015; Dusfour et al., 2019). Georghiou (1994)
categorized IRM approaches into three main groups: management
through multiple attack, management through saturation, and
management through moderation. Management through multiple
attack involves the application of multi-directional selection
pressures, often achieved by using pesticide mixtures or rotating
unrelated insecticides. Management through saturation seeks to
eliminate the selective advantage of resistant individuals, which can
be accomplished by increasing insecticide uptake through
attractants or by suppressing detoxification enzymes with
synergists. Management through moderation focuses on reducing
selection pressure while supplementing control with non-chemical
measures (Georghiou, 1994).

To ensure that synthetic chemicals remain a viable tool for
varroa control in beekeeping, the global honey bee industry must
align its management and research efforts with the objectives of
IRM. Our goals should include maintaining or extending the
effectiveness of acaricides while minimizing their environmental
and non-target impacts. Additionally, we should strive to integrate
acaricides more effectively into holistic varroa control strategies.
This article aims to examine varroa mite management via acaricides
within the framework of IRM. I explore the key factors that could
influence IRM in the context of varroa control, assess the utility of
foundational IRM components like pesticide rotation, and identify
the research needs required to enhance future varroa IRM. Below, I
address these issues using the IRM framework proposed by
Georghiou (1994).
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2 Varroa management by
multiple attack

Management by multiple attack involves the application of
multi-directional selection pressures, including by the use of
pesticide mixtures or rotations of unrelated insecticides that have
different modes of action (Georghiou, 1994). This strategy operates
on the premise that control can be achieved through the influence of
multiple, independent stressors, which may encompass the use of
insecticides. Each stressor imposes a selection pressure below the
threshold required for the development and sustenance of
resistance. It is an approach that can include the application of
chemicals in rotations or in mixtures.

The rotation of acaricides with different modes of action has
widely been considered an essential strategy for preventing or
delaying resistance development in varroa (Jack and Ellis, 2021;
Mitton et al., 2022; Morfin et al., 2022; Warner et al,, 2024). In a
simulation analysis, Sudo et al. (2018) illustrated how rotation
represents the optimal strategy for IRM in many scenarios,
particularly when pesticide efficacy is high in the presence of pre-
mating selection and dispersal. Pesticide rotation, therefore,
remains an indispensable tool for managing many pest species.
However, the analysis by Sudo et al. (2018) also identified scenarios
in which no known pesticide-use strategy could delay resistance
development. An absence of conditions such as pre-mating
dispersal and existing high levels of pesticide resistance rendered
resistance management strategies unavailable for certain pest
species, including the mite Tetranychus urticae (Sudo et al., 2018).
Indeed, pesticide rotation has been shown to be ineffective for
resistance management in this spider mite (Overmeer et al., 1975).
Varroa shares several life-history attributes that theoretically limit
the efficacy of pesticide rotation, and the literature contains several
examples where rotation failed as a resistance management strategy.
Maggi et al. (2011) documented coumaphos resistance in apiaries in
Uruguay despite strict acaricide rotation. Subsequently, coumaphos
resistance persisted in these apiaries even after 9 years of non-use
(Mitton et al, 2018). Similarly, in Spanish apiaries, coumaphos
resistance endured for at least 5 years in the absence of this
pesticides use (Higes et al., 2020). It is possible that resistance was
maintained in the absence of coumaphos. It is also possible that
resistance was maintained due to selection pressure via coumaphos
residues from contaminated beeswax or other hive matrices. Or
alternatively, immigration of resistant mites may have contributed
to this outcome. Genetic and dispersal data would be needed to
discriminate between mechanisms of mite drift or genetic factors
for resistance maintenance.

Despite simulation modeling approaches that have indicated
resistance is predicted to be maintained in varroa even in the
absence of pesticide use, there are some observations that
pesticide resistance can be reduced when the use of a synthetic
chemical has been halted. Milani (1999) cite unpublished
observations that the proportion of varroa resistant to fluvalinate
showed a slow decrease after the use of this pesticide was halted. In
published work from this Italian region, they describe the decline of
pyrethroid resistance to take many generations (Milani and Della
Vedova, 2002). It was predicted that pesticide rotation could be
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useful but only if the pyrethroid was used once every 4-6 years and
only then if it was promptly followed by an alternative treatment to
eliminate as many remaining pyrethroid-resistant mites (Milani
and Della Vedova, 2002). Of note from this work was that the
authors considered toxicological parameters such the LDs, to be of
limited use for resistance management because of co-occurring
combinations of susceptible and resistant mites (Milani and Della
Vedova, 2002). To my knowledge, there is only one other
publication reporting an instance of varroa undergoing a
reversion from a resistant to a susceptible population through
pesticide rotation management. Elzen & Westervelt (2004)
describe a ‘modest’ reversion over a relatively short 10-month
period after discontinuing the use of fluvalinate. While it is
possible that susceptible mite immigration contributed to these
results, the authors considered it unlikely (Elzen and
Westervelt, 2004).

Much more common in the scientific literature are reports of
rotation being infective and which question the usefulness of this
strategy for resistance management (Alissandrakis et al., 2017;
Mitton et al., 2018; Higes et al., 2020).

For a pest population to revert from pesticide-resistant to
susceptible genotypes, there needs to be a significant evolutionary
fitness cost (Kliot and Ghanim, 2012). There is, however, limited
experimental evidence specifically demonstrating any relative
fitness effects for varroa. Relative fitness estimates need to
compare both the survival and reproductive performance of
susceptible and resistant genotypes (Orr, 2009). Martin et al.
(2002) is the only published study that I am aware of to examine
egg-laying and daughter mite production in a pyrethroid-resistant
and susceptible population of mites. They found little or no
reproductive fitness cost associated with pyrethroid resistance in
varroa from Texas, which was concluded to be likely if the point
mutations associated with resistance cause little or no metabolic
cost to the mite (Martin et al., 2002).

An absence of relative fitness cost in resistant individuals would
not be unique. Other pest species, including a blowfly and a flour
beetle, have developed heritable modifiers that appear to have
eliminated fitness costs and have resulted in resistance traits
becoming fixed in pest populations (Kliot and Ghanim, 2012).
Some authors have suggested point mutations in varroa can
induce major fitness costs, though have not measured any life
history parameters (Gonzalez-Cabrera et al., 2018). Another
example was a report of no disadvantage or only a small but
consistent reduction in the fitness of pyrethroid-resistant mites in
Italy (Martin, 2004), although the authors of the cited Italian study
did not directly measure reproduction or fitness parameters (Milani
and Della Vedova, 2002). A more comprehensive understanding of
the selection pressure and fitness effects exerted by different
pesticides on varroa is needed.

It is clear that pesticide rotation does not always work for
resistance management in varroa. A more nuanced analysis is
needed for this management approach (Rosenkranz et al., 20105
Mitton et al, 2021; Mitton et al., 2022). The “mainly non-
professional structure of the beekeepers’ community” in many
countries or regions has implied rotation may have only ever
been a short-term solution for resistance management
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(Rosenkranz et al., 2010). Nevertheless, the few reports of
resistance reversion and decline offer some hope for ongoing
varroa management through the rotation of synthetic chemicals.
These observations should be a top priority for further
investigation: can we transform these exceptions into the norm?
Have resistant genes genuinely disappeared from the population, or
do resistance reservoirs persist? What are the fitness implications of
various mutations? How quickly will resistance re-emerge when
synthetic chemicals are reintroduced into a rotation schedule,
whether through reservoirs or re-invasion? It is crucial to
disentangle the impacts of resistance through the two potential
mechanisms of genetic maintenance within populations and
reinvasion. What is the ideal pesticide rotation schedule to
maintain pesticide efficacy? A rotation schedule that involves
using a pesticide only once every 4-6 years (Milani and Della
Vedova, 2002) probably isn’t practical for a beekeepers toolbox.
Other researchers have reached the same conclusion: there is an
urgent need for a more sophisticated assessment of rotation as a
resistance management tool, and how it might be best integrated
varroa control approaches (Mitton et al., 2021).

A further complicating aspect to achieve rotation is that
relatively high concentrations of acaricides or their metabolites
persist in honey, wax, and other components of the hive (Mullin
etal, 2010; Kiljanek et al., 2017; Vegh et al., 2023). Beekeepers often
recycle and reuse wax and hive components from hives for many
years. Varroa may thus be being exposed to low concentrations of
different acaricides even when under rotation. This accumulation
and management of miticides in beeswax is considered to be a
widespread problem of increasing importance for resistance
management (Le Conte et al., 2010).

An approach that has received little attention in the context of
varroa IRM is the use of pesticide mixtures. Simulations, however,
suggest that mixtures can be extremely beneficial. Helps et al. (2020)
developed a model to explore the factors influencing optimal
insecticide resistance management strategies. Their model
incorporated variables such as fitness effects on the pest, the
rotation of different insecticides, and the use of refuges. Their
findings revealed that the primary determinant of the optimal
strategy was the reproductive strategy of the pest. For pests with a
sexual reproductive mode, employing a pesticide mixture emerged
as the nearly always optimal strategy for IRM. Interestingly, a
reduced application dose mixture often outperformed the label
dose mixture, and regardless of the pests reproductive mode, a
reduced dose mixture frequently represented the optimal strategy
(Helps et al., 2020). There is reason to expect that mixtures might be
beneficial for varroa IRM. For example, coumaphos resistance on
the Greek the island of Andros has been linked to varroa down-
regulating the activation of a P450 monooxygenase enzyme
(Vlogiannitis et al., 2021b). Perhaps this resistance could be
negated or exploited by using an alternative or a mixture of
pesticides. Vlogiannitis et al. (2021b) discuss their results in
regard to IRM, citing other instances of how the gene expression
in the P450 pathway of other pests confers resistance to one
pesticide but can increase the susceptibility to chemicals. Such
negative cross-resistance between different insecticide or pro-
insecticides caused by differential gene regulation in resistant
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insects could be exploited for varroa IRM via a push-pull strategy
(Vlogiannitis et al., 2021b).
In summary, regarding varroa IRM through multiple attack:

» There is currently no empirical evidence indicating that
pesticide resistance imposes a specific relative fitness cost on
varroa. There is a pressing need for pesticide-specific,
laboratory-based assessments of fitness costs associated
with resistance. Such assessments would provide valuable
insights into the implementation of various aspects of
varroa IRM. It is possible that fitness costs may arise for
some pesticides or specific genetic mutations linked to
resistance but not for others.

* Pesticide rotation has been frequently suggested a key
component of IRM for varroa, although there is limited
current evidence that rotation is or could be effective. A
simulation model suggests rotation is likely to be ineffective
for varroa IRM (but would not be deleterious). There is an
urgent need for a nuanced analysis or rotation and how it
might be best integrated into varroa IRM strategies.

* Pesticide mixtures are projected to hold potential value for
IRM based on simulation models, yet experimental
investigations in this area are lacking and warrant further
research before implementation can be considered.

3 Varroa management by saturation

Management by saturation requires an elimination of the
selective advantage of resistant individuals, perhaps by increasing
insecticide uptake through attractants or by suppressing of
detoxication enzymes via synergists (Georghiou, 1994).

Semiochemical attractants or lures are used as a component of
IRM in a range of pest management systems. The ‘Ture and kill’
approach has been proposed as an effective method for pest control
and even potential eradication (El-Sayed et al., 2006). These
treatments of lure and kill can be further combined with
additional pheromone disruption practices (Suckling et al., 2016).
Varroa produce or respond to a wide variety of semiochemicals that
influence their behavior and physiology (Plettner et al., 2016). Some
semiochemicals can deter and repel varroa (Pernal et al.,, 2005),
arrest their movement (Calderone and Lin, 2001), alter their host-
selection behavior (Eliash et al., 2014), or even induce gravid adult
females to reabsorb eggs (Frey et al., 2013). Despite these
observations, no commercially available attractants that lure or
attract varroa currently exist. Research in this area is ongoing, with
one report of an experimental attractant capable of causing 35-50%
of mites to disengage from bees (Suszkiw, 2009). An efficient
attractant that could enhance varroa exposure to pesticides would
be of significant value for IRM, as would non-pesticide control
options such as mating disruption. In addition to ‘lure and kill’
approaches being used directly on the mites, an additional or
alternative approach would be to investigate ways to selectively
attract varroa-infested bees to acaricide treatments.
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There is potential for the suppression of detoxification enzymes
through synergists, which could in some situations enhance or sustain
the effectiveness of synthetic chemicals in varroa IRM. For example, in
pyrethroid-resistant mosquito populations the benefits of using a
synergistic pesticide (synergist piperonyl butoxide, or PBO) are
thought to be via the inhibition of the cytochrome P450 enzymes
that catalyse pyrethroid detoxification (Farnahm, 1998). The degree of
pyrethroid enhancement via the PBO synergist was found to be
mosquito species-dependent and dependent on the level of
pyrethroid resistance in the population (Churcher et al., 2016). PBO
was similarly shown to restore pyrethroid efficacy in resistant
populations of whitefly and cotton bollworm (Young et al., 2006).
Similarly, to chemical synergists, dsSRNA can silence P450 genes that
confer resistance to pests against plant defenses (Mao et al,, 2007).
dsRNA can also knock-down host immune responses and augment
the virulence of pathogens (Wang et al,, 2021; Felden et al., 2023). The
synergistic use of biopesticides has also been observed to substantially
increase pyrethroid efficacy (Nishimatsu and Jackson, 1998). An
important caveat in the use of synergists for varroa, however, is that
synergists may only be of benefit in situations where resistance arises
from metabolic mechanisms. Alternatively, if the major mechanism is
the target site modification, as with the majority of know resistance
cases for varroa to date (Mitton et al., 2022), it is unlikely that there
will be significant benefits from the use of such compounds.

In summary, regarding varroa IRM by saturation:

e Varroa respond to an array of semiochemicals, which could
be useful for IRM if mites could be attracted to pesticide
exposure as in ‘lure and kill’ methods. Semiochemical use
and development for varroa has been challenging and
further research is needed in this area.

* The suppression of detoxication enzymes via synergists is
also an under-studied area in varroa IRM, although may be
of limited benefit for varroa IRM if the key resistant
mechanisms are target site modifications. Results from
other IRM systems demonstrate that enhanced efficacy
and even the restoration of pesticide efficacy can be
achieved by the use of synergists.

e The elimination of the selective advantage of resistant
varroa might be achieved in some instances through the
use of a wide variety of synergists including other pesticides,
biopesticides including dsRNA.

4 Varroa IRM by moderation

Management by moderation acknowledges the value of
pesticide-susceptible genes and individuals as a valuable resource.
It entails reducing the selection pressure and complementing
control efforts with non-chemical measures (Georghiou, 1994).
These management actions may involve decreasing insecticide
application rates, reducing the frequency of application, using
non-persistent chemicals, or preserving susceptible genes and
individuals through the utilization of untreated refuge populations.
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Lowering or eliminating the selection pressure for a particular
pesticide is a crucial component for successful IRM in many pest
species. Low rates of application might be useful for IRM with many
pests that are yet to develop resistance. Pesticide resistance in
varroa, however, has developed and is already widespread (Mitton
et al., 2022).

Could lowering rates or infrequent application of pesticides
successfully cause a reversion of varroa populations to become
dominated by susceptible individuals? The inbreeding behavior of
varroa makes resistance development and management especially
challengingly and very different from many other pests. This mite
displays arrhenotokous parthenogenesis (Reams and Rangel, 2022).
In hives with low density mite infestations bee pupal cells are
typically occupied by single foundress mites. Inbreeding necessarily
then results, with the first offspring being a male from an
unfertilised egg. This male then mates with subsequent sister
female offspring that develop from fertilized egg. Outbreeding
between lineages only occurs in scenarios of high mite abundance
when multiple foundress mites inhabit a single bee pupal cell. Low
to moderate mite densities thus limit the opportunity for selection
and outbreeding and genes for pesticide resistance to be lost from
populations. It is the number of mites per brood cell in hives that
will determine the genetic populations structure of varroa, with
simulations demonstrating that inbreeding and low mite abundance
will enhance the fixation of mite with homozygous pesticide
resistance alleles (Beaurepaire et al., 2017). Resistant allele
homozygosity in varroa does appear to enhance physiological
pesticide resistance (Mitton et al., 2021; Vlogiannitis et al., 2021a).

Compounding this inbreeding outcome, low mite densities limit
the propensity of varroa to move between hives. In low abundance,
mites appear likely to remain within the bee colony by an ability to
selectively chose nurse bees and quickly move to new cells for
reproduction (Cervo et al., 2014). It is only when mites attain higher
densities that they are more frequently found on older foraging bees
that have a higher likelihood of movement outside the hive and
between hives.

What implications does the varroa life history and inbreeding
have for a beekeeper in an area where varroa have developed
resistance to synthetic chemicals? These mites (and their genes)
have been moved around between beekeeping operations due to
management practices such as receiving packaged bees that may
already have pesticide resistance (Strange et al., 2008). Natural mite
movement behaviors can also contribute to the spread of resistance
genotypes, including via bee drifting (Kulhanek et al., 2021),
robbing (Peck and Seeley, 2019), or even by mites moving
between bees while foraging on flowers (Peck et al, 2016). A
beekeeper who acquires resistant mites but successfully maintains
low varroa infestations, possibly even without relying on synthetic
chemical pesticides and instead employing varroa-resistant bee
strains and oxalic acid treatments, might inadvertently facilitate
the persistence of resistance to synthetic chemicals. By sustaining
low mite densities, this diligent beekeeper essentially perpetuates
inbreeding and limits opportunities for outbreeding. Genetic drift
alone cannot be counted on to eliminate genetic variation, and the
inbreeding mating behavior of varroa will likely result in numerous
inbred mite lineages, each harbouring different alleles in a
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homozygous state (Beaurepaire et al., 2017). Even if all beekeepers
in the region cease using a particular pesticide for several years,
those who successfully maintain low mite numbers during this
period are essentially preserving reservoirs of resistance. Thus,
management actions that involve decreasing insecticide
application rates, reducing the frequency of application, or even
using non-persistent chemicals may not contribute toward IRM
in varroa.

The use of ‘refuges’ can be beneficial for the management other
pests including with other mite species (Lester et al., 1998).
However, refuges may offer limited utility in the context of varroa
management. For varroa IRM, a requirement for refuges would be
to maintain populations of homozygous, susceptible females. These
susceptible females would need to migrate from refuges to cohabit
bee pupal cells with resistant mites to enable the potential for
crossbreeding between lineages. As noted previously, for
cohabitation or co-occurrence to occur would generally require
high mite densities. Deleterious fitness effects are also assumed as
necessary for the selection of and reversion to susceptible genotypes.
It is possible that beekeepers who use non-chemical means of
controlling varroa could develop such refuge populations of
acaricide-susceptible varroa. However, it is hard to be optimistic
regarding the use of refuges for varroa IRM given the previously
discussed, frequent long-term maintenance of resistance in varroa
after the cessation of pesticide use. Further, the national and
international movement of bees could negate any benefits of
refuges. Beekeeping operations frequently entail the movement of
bee colonies within and between regions, countries, and even across
continents. Packages or nucleus colonies of bees, and even
truckloads of entire hives, inadvertently carrying varroa mites and
associated viruses, are transported within countries and globally
(Martin, 2004; Strange et al., 2008; Budge et al., 2020). The high rate
of varroa movement within and between countries via bee packages
or the transport of entire hives makes resistance development in one
region a global problem. Any benefits for resistance management
that beekeepers may accrue through the use of refuges could be
negated through hive and mite movement.

Additional, new synthetic chemical acaricides are being
investigated including carbamates (Jack et al., 2022) and lithium
salts including lithium formate (Ziegelmann et al., 2018; Sevin et al.,
2022). Non-synthetic acaricide measures may be a key method to
reducing varroa selection pressure and complementing control
efforts. The ‘soft’ acaricides that include oxalic acid, thymol, and
formic acid have become widespread, with oxalic acid often seen as
most effective of the soft acaricides in terms of mite control and
honey yield (Qadir et al,, 2021). In 2020/2021 the most common
acaricide treatment method in the UK was oxalic acid, followed by
thymol and amitraz (Valentine and Martin, 2023). There has been
no reported evidence of resistance to oxalic acid treatments. An
additional emerging technology is gene silencing or dsRNA based
biopesticide treatments, which can have be directly lethal to varroa
(Garbian et al, 2012) or be used in the silencing of genes in
resistance pathways (Vlogiannitis et al., 2021b). Honey bee
bacterial symbionts have recently been produced to express
dsRNA for both DWV and varroa control (Leonard et al., 2020).
Another bee-safe approach might be through selective acaricides
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targeting the varroa mite-specific neuropeptides and signaling
systems (Jindal et al., 2022). These biopesticides and soft
acaricides offer an opportunity for enhancing varroa IRM, as they
could reduce acaricide selection pressure and complement synthetic
pesticide control efforts (Georghiou, 1994).

In summary, regarding varroa IRM through moderation:

* Pesticide-susceptible genes and individuals represent a
valuable resource. Currently, it remains unclear how IRM
practices can be effectively employed to increase the
frequency of susceptible genes and individuals within
a population.

* Due to varroa’s inbreeding system, resistance is likely to
persist in populations even after discontinuing the use of a
particular pesticide. This is especially true in scenarios
where mite populations are kept at low levels.
Consequently, IRM strategies like infrequently applying
different acaricides with diverse modes of action are
expected to have limited efficacy in reversing resistance in
varroa populations.

* Resistance is already widespread in varroa, likely implying
that in IRM management actions such as lowering
insecticide application rates having limited value. The
value of refuges could be via supplying homozygous,
susceptible females that could reduce or dilute resistance.
However, the value of refuges is largely unknown for
varroa IRM.

* The adoption of non-persistent soft acaricides like oxalic
acid, as well as the introduction of new acaricides and
emerging treatments such as biopesticides including varroa-
specific double-stranded RNA (dsRNA), presents
opportunities for IRM. The integration of these
alternatives into varroa IRM strategies should be
encouraged as well as resistance monitoring in mite
populations to understand their benefit.

5 Conclusions

The global plan for managing insecticide resistance in malaria
vectors was formulated by the World Health Organization Global
Malaria Program (WHO, 2012). This plan has been recognized as
one of the few comprehensive documents addressing the
management of a worldwide insecticide resistance crisis. It places
a strong emphasis on five interconnected “pillars” for a global
strategy, namely: (i) devising and implementing insecticide
resistance management strategies, (ii) ensuring ongoing resistance
monitoring, (iii) developing novel control tools, (iv) addressing
knowledge gaps, and (v) establishing essential enabling
mechanisms, which encompass advocacy and the allocation of
financial resources (WHO, 2012; Sternberg and Thomas, 2018;
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Dusfour et al., 2019). My assessment is that IRM is far less
developed for varroa than it is for malaria vectors or than for
other pests including lepidopteran species in horticulture (Walker
et al,, 2017). Varroa IRM needs a global strategy that could be
modelled using the malaria vector approach.

Varroa management encompasses three fundamental, broad
beekeeping practices: employing resistant bee strains, implementing
apitechnical measures such as brood removal, and utilizing
chemical control methods (Bubnic et al., 2021). Chemical control
methods are likely to remain as one of these key pillars for the
foreseeable future, and thus IRM should be a priority. Research is
required across nearly all the facets of varroa IRM, including the
evaluation of mixtures, synergists, assessing fitness costs associated
with resistance, and even in exploring the advantages of acaricide
rotation. Among the numerous avenues and approaches proposed,
the examination of the effectiveness and advantages of pesticide
mixtures and synergists stands out as particularly promising (Helps
etal, 2020), as well as the continuing development and use of oxalic
acid, new chemicals including lithium salts, and biopesticides such
as dsRNA. New developments and long-term analyses in varroa
IRM are desperately needed in order to help stem colony losses due
to varroa infestations around the globe.
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