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Abstract

Varroa destructor is among the greatest biological threats to western honey bee (Apis mellifera L.) health worldwide. 
Beekeepers routinely use chemical treatments to control this parasite, though overuse and mismanagement of 
these treatments have led to widespread resistance in Varroa populations. Integrated Pest Management (IPM) is 
an ecologically based, sustainable approach to pest management that relies on a combination of control tactics 
that minimize environmental impacts. Herein, we provide an in-depth review of the components of IPM in a Varroa 
control context. These include determining economic thresholds for the mite, identification of and monitoring for 
Varroa, prevention strategies, and risk conscious treatments. Furthermore, we provide a detailed review of cultural, 
mechanical, biological, and chemical control strategies, both longstanding and emerging, used against Varroa 
globally. For each control type, we describe all available treatments, their efficacies against Varroa as described in 
the primary scientific literature, and the obstacles to their adoption. Unfortunately, reliable IPM protocols do not 
exist for Varroa due to the complex biology of the mite and strong reliance on chemical control by beekeepers. 
To encourage beekeeper adoption, a successful IPM approach to Varroa control in managed colonies must be 
an improvement over conventional control methods and include cost-effective treatments that can be employed 
readily by beekeepers. It is our intention to provide the most thorough review of Varroa control options available, 
ultimately framing our discussion within the context of IPM. We hope this article is a call-to-arms against the most 
damaging pest managed honey bee colonies face worldwide.
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Varroa destructor (Anderson & Trueman) is considered by many 
honey bee researchers as one of the most significant pests of western 
honey bee (Apis mellifera L.) colonies globally (Carreck et al. 2010, 
Guzman-Novoa et al. 2010, Le Conte et al. 2010, McMenamin and 
Genersch 2015). It has had a devastating impact on apiculture since 
its spread from its natural honey bee host, the eastern or Asian honey 
bee (Apis cerana (Hymenoptera: Apidae)), to the western honey bee 
(hereafter called honey bee). Varroa plays a major role in the colony 
losses observed worldwide (van der Zee et al. 2015, Kulhanek et al. 
2017, Beyer et  al. 2018, Brown et  al. 2018, Brodschneider et  al. 
2019). With a nearly global distribution (Ellis and Munn 2005, 
Rosenkranz et al. 2010, Iwasaki et al. 2015, Boncristiani et al. 2021), 
this parasitic mite will severely weaken or cause the collapse of most 
honey bee colonies if left untreated (Boecking and Genersch et al. 
2008, Thompson et al. 2014, Frey and Rosenkranz 2014).

Collaborative efforts from insect pathologists, acarologists, and 
apiculturists have yet to yield long-term solutions for Varroa control. 
Thus, the continuous development of new and innovative control 

methods for Varroa should remain a priority among honey bee re-
searchers and funding agencies (Dietemann et al. 2012). However, a 
single control strategy is unlikely to provide a permanent solution to 
Varroa control. Despite this, beekeepers heavily rely on one primary 
method to control the mite in most managed honey bee colonies: 
chemical control (Haber et al. 2019). Consequently, there is a need 
to review research that supports a combination of multiple strategies 
available for Varroa control.

Integrated Pest Management (IPM) is an ecologically based, sus-
tainable approach to pest management. It relies on a combination of 
control tactics and minimizes the impact that controlling a given pest 
has on the environment (Frisbee and Luna 1989). An effective IPM 
program consists of identifying economic thresholds, monitoring 
the pest population, performing a suite of preventative techniques, 
and applying a step-by-step treatment plan depending on need 
(Flint 2012). Unfortunately, there has largely been a failure by many 
beekeepers to adopt IPM principles in their Varroa management 
programs, primarily due to gaps in knowledge and deficiencies in 
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training (Whitehead 2017). Herein, we discuss the core principles of 
IPM, how they relate to Varroa management, current Varroa control 
options, and offer perspectives on sustainable solutions. While other 
recent reviews on Varroa biology and control offer discussions on 
various Varroa control strategies (Rosenkranz et al. 2010, Gregorc 
and Sampson 2019, Noël et al. 2020, Roth et al. 2020), we aim to 
provide a single, comprehensive review of Varroa control within an 
IPM framework.

Determining Thresholds

IPM is based on the premise that certain levels of pests and injury are 
tolerable and do not require eradication (Ostlie and Pedigo 1987). As 
such, establishing thresholds for the point at which the pest density 
will cause economic damage and the pest density at which control 
measures should be applied is really the cornerstone of IPM (Higley 
and Peterson 2009). These thresholds are indispensable as they 
direct the course of action to be taken in any management situation.

The first step in IPM is to quantify the pest density that will justify 
the cost of applying control measures. The economic injury level (EIL) 
is defined as the lowest population density that will cause economic 
damage (Stern et al. 1959). The EIL is a simple cost–benefit equation, 
where the costs associated with management of the pest are balanced 
with the benefit of preventing losses due to management (Pedigo et al. 
1986). The simplest equation used to calculate the EIL is:

EIL = C÷ V× I×D

where C = cost of management per production unit (example: $/ha), 
V = market value per unit of produce (example: $/bushel), I = injury 
units per pest per production unit (example: percent defoliation/in-
sect/acre, expressed as a proportion), D = damage per unit injury 
(example: bushels lost/ha/injury unit) (Pedigo et al. 1986).

The economic threshold (ET) is the number of pests at which 
control measures should be initiated in order to avoid reaching the 
EIL (Stern et al. 1959), sometimes referred to as the action threshold. 
The ET is a time parameter, with pest numbers used as an index for 
when to implement management (Pedigo and Rice 2009). Generally, 
there are no formulas used to quantify ETs because of the variabil-
ities among different management actions (Pedigo et al. 1986). The 
ET is always set at a lower value than the EIL because the pest popu-
lation will continue to grow until treatment. It is, therefore, impera-
tive to act as soon as the pest populations reach the ET to reduce 
populations before they can reach the EIL (Fig. 1). No action is taken 
at levels below the ET.

Challenges Associated with Determining Varroa 
Thresholds
To determine a Varroa-specific EIL, beekeepers must be able to iden-
tify the variables in the given formula specific to their Varroa man-
agement situation. The cost of management/hive (C = $/colony) and 
the market value per unit of produce (V = $/kg of honey, or $/loss 
of pollination, etc.) are relatively easy to quantify. However, some 
variables are more difficult to quantify due to the complex nature of 
honey bee colonies and the lack of information regarding Varroa’s 
effect on the overall colony. For example, the injury caused per pest, 
per production unit is hard to quantify. Varroa are primarily per-
ceived as a threat to honey bee colonies due to the risk of transfer-
ring viruses (Martin et  al. 2012); therefore, quantifying injury (I) 
in terms of percent of bees with a virus per Varroa per colony is 
difficult to calculate. According to our knowledge, this has not been 
determined in honey bee colonies. One may be able to calculate the 

costs of colony death, including the cost of replacement, opportunity 
costs from unfulfilled pollination contracts, or unrealized honey 
production. Still, for the purposes of creating an EIL equation, one 
cannot include a variable that deals in absolutes such as “alive” 
or “dead”. Furthermore, without understanding the unit of injury, 
quantifying the damage (D) per unit injury is impossible. For ex-
ample, a beekeeper might be able to estimate the loss in kg of honey 
per colony due to a high infestation (Emsen et al. 2014), reduced pol-
lination efficacy, or reduced ability to make splits, but not at an indi-
vidual injury unit which is required for an accurate EIL calculation.

Without a clear EIL for Varroa management, it is also difficult 
to determine a true ET. Several researchers have proposed ETs for 
Varroa management (Delaplane and Hood 1997, 1999; Strange and 
Sheppard 2001, Currie and Gatien 2006), but none are based on an 
EIL calculation. To complicate matters further, treatment efficacies 
for Varroa management vary by season and location (Currie and 
Gatien 2006, Gracia et al. 2017). Apiary-level factors, such as the 
density of honey bee colonies and available forage in the area, can 
affect a colony’s mite load (Seeley and Smith 2015, Smart et  al. 
2016). These all play an important role in establishing ETs. Thus, it 
is necessary that beekeepers determine individual thresholds relevant 
to their location, management preferences, and management goals.

Previously Derived Varroa Thresholds
Within the U.S., ETs for Varroa have been derived for the 
southeast region (Georgia and South Carolina) and northwest re-
gion (Washington State). Thresholds for both regions were based 
on 300-bee ether rolls. Delaplane and Hood (1999) reported that 
early season (February) and late season (August) thresholds were 
0.13–0.93 mites/100 bees and 5–12.67 mites/100 bees, respect-
ively. In the northwest, Strange and Sheppard (2001) reported an 
early season (April) threshold of 3 mites/100 bees, a summer season 
(August) threshold of 14 mites/100 bees, and a late season (October) 
threshold of 3 mites/100 bees. In the prairie region of Canada, treat-
ment thresholds were established using mites/100 bees determined 
from alcohol washes. Currie and Gatien (2006) reported the ETs 
for Varroa treatment as 2 mites/100 bees in the spring (April) and 4 
mites/100 bees in the late season (September).

A thorough search of the literature revealed that ETs are not 
commonly reported outside of North America. Le Conte et al. (2010)  

Fig. 1.  Graph demonstrating the relationship between the economic 
threshold (ET) and the economic injury level (EIL). The pest population 
crosses the ET twice (noted by two arrows). Here, management activity is 
necessary to prevent the pest population from reaching the EIL. When the EIL 
is reached (right-most arrow), the colony’s health/productivity decreases to 
the point that the beekeeper experiences an economic loss.
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mentioned in their review that beekeepers in Germany are required 
to treat if their natural mite drop exceeds 10 mites/24 h, but there 
is no reference to the literature source of this threshold. Likewise, 
other groups report ~3 mites/100 bees as the ET, though they do not 
cite their sources (Honey Bee Health Coalition 2018). Nevertheless, 
it appears that ~2–5 mites/100 bees is a generally accepted ET 
for Varroa as it is often taught to beekeepers (Goodwin and Van 
Eaton 2001, Honey Bee Health Coalition 2018, Ontario Ministry 
of Agriculture, Food and Rural Affairs 2020), though there is a sur-
prising lack of research data to support this number. Establishing 
ETs for Varroa management has been previously identified as an av-
enue of critical research needed for appropriate control of the mite 
(Dietemann et al. 2012). We further emphasize it here given that a 
successful IPM strategy is built on the back of knowing accurate and 
actionable EILs and ETs.

Identification and Monitoring

Accurate identification of the pest is a crucial component of IPM, as 
misidentification can lead to needless treatment, wasting of resources, 
and potential harm to the agricultural system. Although Varroa in-
festations are widespread (Ellis and Munns 2005, Boncristiani et al. 
2021), proper diagnosis of Varroa in a colony is crucial before 
making any management decisions.

There are two main things beekeepers may want to know about 
Varroa: (1) their presence/absence and (2) some sort of estimate of 
Varroa populations. The standard methods for these are presented 
in the BEEBOOK (Dietemann et al. 2013). However, we expand on 
their discussion here.

Identifying Varroa
Physical Characteristics of Varroa destructor
Beekeepers are most likely to see the adult female mites, as they are 
visible on the bodies of adult bees (Infantidis, 1983). Other review 
articles describe Varroa anatomy and morphology in much greater 
detail than we will do here (Dillier et  al. 2006, Rosenkranz et  al. 
2010). Nevertheless, we note key physical characteristics useful for 
beekeepers to identify the pest as Varroa correctly. While this may 
seem unnecessary, there is at least one other honey bee commensal 
that can be mistaken for Varroa, the adult wingless fly Braula coeca 
(Kulincevic et al. 1991).

Adult female Varroa are reddish-brown to dark brown in color 
and shaped like an oval (Fig. 2). They are typically ~1.1 mm long 
and 1.6  mm wide (Anderson and Trueman 2000) and are visible 
with the naked eye. As Varroa are arachnids and not insects, they 
have eight legs (Fig. 2A). They have a large dorsal shield (Fig. 2B), 

an anterior region called the gnathosoma (Fig. 2A-III), which con-
tains the mouth, and their bodies are almost entirely covered in setae  
(Fig. 2A-IV).

Honey Bee Brood Examination
Varroa reproduction occurs entirely within the capped cells con-
taining honey bee brood (Ifantidis 1983, Boot et al. 1994, Donze 
and Guerin 1994, 1997, Martin 1994). In fact, ~>70% of Varroa 
in a colony are present in capped cells while brood is abundant 
in the colony (Boot et  al. 1995, Frey and Rosenkranz 2014). 
Varroa demonstrate a preference for drone brood over worker 
brood (Fuchs 1990, Boot et al. 1995) due to longer periods of time 
prior to sealing (Ifantidis 1988, Boot et al. 1992), more frequent 
tending by nurse bees (Calderone and Kuenen 2003) and longer 
developmental time (Boot et al. 1995) for drones, thus allowing 
mites more time to reproduce. Therefore, examining drone brood 
will increase the probability of detecting Varroa within colonies 
(Dietemann et al. 2013). That said, Varroa also are found within 
worker brood cells and can be easily detected when Varroa are 
present in moderate-to-high levels. Hence, brood cells provide a 
good location to detect Varroa.

One can confirm the presence of the mites on the brood or within 
the cell by opening the cells and removing the honey bee brood con-
tained within. One method is to flush the honey bee pupae out of 
their cells with a stream of warm water over a sieve to observe the 
mites contained within the cells (Dietemann et al. 2013). Once the 
pupae are removed from the cells, the feces of the mites may also be 
visible along the cell walls.

Adult Honey Bee Examination
Mature female Varroa also can be detected on adult honey bees 
(Delfinado-Baker et  al. 1992, Kuenen and Calderone 1997, 
Dietemann et al. 2013). Though one can see Varroa on adult bees 
with the naked eye, they are difficult to spot on moving bees, espe-
cially given their preference for feeding on the underside of the bee’s 
abdomen (Ramsey et  al. 2019). It is best, then, if Varroa are dis-
lodged from adult bees for visualization and quantification purposes.

Debris Examination
Debris from hives equipped with a screened bottom board can be 
examined for the presence of Varroa (Rosenkranz et al. 1997, Webster 
et al. 2000, Branco et al. 2006). Bees may groom Varroa from their 
bodies or the Varroa may naturally fall from the comb and through 
the screened bottom board (Arechavaleta-Velasco and Guzman-Novoa 
2001, Harbo and Harris 2004). Consequently, a sticky board (a thin 
piece of cardboard or plastic coated with a sticky substance such as 

Fig. 2.  Varroa destructor anatomy: A. Varroa ventral view; B. Varroa dorsal view; (I). Legs, (II). Dorsal shield, (III). Gnathosoma, (IV). Setae. Photo credit: N. Noble, 
University of Florida. 
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vegetable oil, petroleum jelly, or Tanglefoot) can be placed beneath the 
hive to catch the falling mites and used to quantify mite population, as 
dead mites can be visualized on the boards (Ostiguy and Sammataro 
2000, Calderone and Lin 2003). Similarly, screen-covered sticky boards 
can be placed in entrances of hives equipped with solid bottom boards. 
The screen prevents bees from getting stuck on the board.

Quantifying Varroa Populations
Frequent monitoring of the pest population is a crucial part of IPM 
(Moon and Wilson 2009). In order to make an educated control 
decision, it is necessary to know the current status of the Varroa 
population and compare it with the ET. There are many different 
diagnostic methods that have been used to estimate Varroa popu-
lations (Branco et  al. 2006, Lee et  al. 2010, Flores et  al. 2015). 
However, Varroa populations in honey bee colonies are generally es-
timated two ways: 1) counting the number of mites on a subsample 
of adult bees and converting that to a mites/adult bee ratio (usually, 
a mites/100 adult bees ratio or “infestation rate”), and 2) counting 
the number of mites that fall naturally to the bottom of a hive where 
they are collected on a sticky board, using this information to esti-
mate the entire population of mites in a colony.

The mites/adult bee ratio typically is the preferred method, and 
that is most used by beekeepers, because it gives an index of mite 
population regardless of the size of the colony. While estimating en-
tire mite populations using sticky boards is useful, especially for sci-
entific purposes, its practical application is limited given you can 
only use it to estimate the actual number of mites in a colony (see 
Natural Mite Fall below).

Dislodging Mites from Adult Bees
Multiple strategies can be used to determine the mites/adult 
bee ratio, all of which require dislodging mites from adult bees. 
Dietemann et al. (2013) reviewed four different substances that are 
used frequently to dislodge mites from adult bees: powdered sugar, 
ether, soapy water, and ethanol. A  2015 study demonstrated that 
ethanol was more effective at dislodging mites from adult bees than 
was powdered sugar (Flores et al. 2015); however, the advantage of 
powdered sugar is that it is non-lethal to bees. Many researchers rec-
ommend collecting about 300 adult bees (without the queen) from 
brood comb samples (Delaplane 1997, Strange and Sheppard 2001, 
Lee et al. 2010, Dietemann et al. 2013). If more precision is needed, 
one can take three samples of 300 bees (900 total) and average the 
counts (Lee et al. 2010), though caution should be taken on over-
collecting from weak colonies. By sampling at least eight colonies 
within an apiary, beekeepers can have an accurate estimate of the 
average Varroa infestation rate within that apiary (Lee et al. 2010). 
However, the more colonies sampled per apiary, the more accurate 
the estimate.

When using alcohol or soapy water to dislodge the mites, fill 
the jar containing the adult bees with either substance until ½–¾ of 
the jar is full. Put the lid on the container and shake vigorously for 
30 s. One can then dump the contents of the jar through a screened 
mesh or into a white container to count the mites. Alcohol and 
soapy water kill the adult bees, but this method allows you to count 
them to calculate an accurate mite/100 bee ratio. Most beekeepers, 
though, simply estimate a volume of adult bees that is ~300 bees 
when collecting them into a jar, without counting them directly. This 
results in less accurate mite/adult bee ratios but is quicker to do in 
the field.

When using powdered sugar to dislodge mites from adult bees, 
place about two tablespoons of powdered sugar (~20g) into a jar of 

~300 live bees. Place a lid made of screen mesh on the container and 
gently shake/roll the jar horizontally so that the powdered sugar is 
applied evenly to all the bees in the sample. Place the jar on a hard 
surface, in the shade, for 2 min to allow the mites time to become 
dislodged from the bees. Hold the jar upside-down and shake lightly 
over a white tray for 1 min. Count the mites and record the number 
of mites collected. The mite infestation rate can be determined by 
dividing the number of mites captured by the estimated number of 
bees in the sample and multiplying by 100. For example, if you shake 
out 15 mites from a jar containing ~300 bees, the infestation rate 
would equal the number of mites (15) divided by the number of bees 
in the sample (~300) multiplied by 100. The result in this example is 
~5 mites/100 bees or a 5% infestation rate.

Natural Mite Fall
Honey bees clean themselves (autogroom) or one another 
(allogroom) of dust, debris, pollen, and even mites. This behavior in-
volves brushing movements of the legs and biting Varroa with their 
mandibles (Boecking and Spivak 1999, Andino and Hunt 2011). 
Varroa may either be groomed off by the bees or naturally fall 
from the bees or combs through the action of normal hive activity. 
Consequently, one can sample Varroa by collecting them from below 
the hive, usually on a sticky board (Fries et al. 1991).

The assessment of natural mite fall from a colony is considered 
to be an effective method in determining whole colony mite popula-
tions (Fries et al. 1991, Harbo and Harris 2004, Branco et al. 2006, 
Flores et al. 2015). This non-invasive and non-destructive method 
is commonly used for long-term surveys and for testing the efficacy 
of treatments used in Varroa control. However, the standardization 
of the mite fall method when comparing different colonies is some-
what questionable as mite fall is largely determined by the amount of 
emerging brood within a colony (Dietemann et al. 2013). Unless you 
know your honey bee colony population, you should be cautious 
about making treatment decisions based on mite fall. In most cases, 
beekeepers should make treatment decisions based on the infestation 
rate (mites/100 adult bees), rather than the entire mite population.

When measuring natural mite fall, place a sticky board under-
neath a hive equipped with a screened bottom board or adhere the 
sheet to the underside of a screen, sliding the entire structure, sticky 
side up, into the entrance of a hive. Remove the sticky board from 
the hive after 72 h, which ensures a more robust sampling period 
(Jack et al. 2020a), and count the total number of mites found on 

the board. The mite population within a colony can be estimated 

using the formula x = 3.76−y
−0.01  by substituting the total number of 

mites captured on a sticky board for y in the equation, solving for 
xand dividing by the number of days the sticky board was in the 
hive (K. Delaplane, personal communication; Jack et al. 2019). For 
example, if you captured 100 mites on your sticky board after 72 h, 
the total colony mite population (x) equals 3,208 mites in a colony 
(3.76 − 100 = –96.24; –96.24/0.01 mites = 9,624; 9,624/# of days in 
the hive (3) = 3,208).

Delaplane and Hood (1999) described a late season economic 
threshold for an overnight (20 ± 4 h) mite fall for their location in 
the southeastern U.S. as 59–187 mites for a mid-sized colony (one 
deep brood box and one medium super). While this threshold may 
not be appropriate for all locations and seasons, it can be used as an 
example of an ET for a colony of “average” strength.

Varroa population estimates can be misleading because an estimate 
of colony strength is necessary to know if the population estimate de-
termined by mite fall is harmful to the bees (Dietemann et al. 2013). 
For example, your screen counts may suggest that you have 3,000 
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mites in the colony. This would be extremely detrimental to a colony of 
10,000 bees, but less so to one with 50,000 bees. Thus, making treat-
ment decisions based on the mite infestation rate is more favorable. 
However, sticky boards used to monitor mite fall provide some infor-
mation and many beekeepers prefer to monitor Varroa levels this way.

There are other important considerations when using natural 
mite fall to monitor Varroa populations within a colony. With this 
method, the fallen mites can be removed from the sticky board by 
ants or bees, walk off the board (if the board is not sticky enough), 
etc. Thus, it is necessary to take precautions to limit mite removal 
from the combs (Dietemann et al. 2013). Furthermore, this sam-
pling method requires multiple visits to be made to the hive (in-
sert screens and remove screens) and additional time to count the 
mites on the screen. Thus, sticky boards are unlikely to be used by 
commercial or large-scale beekeepers unless subsamples of the en-
tire apiary are taken. Lee et al. (2010) demonstrated that sampling 
eight colonies per apiary is enough to give you an accurate esti-
mate of the average Varroa loads within an apiary using methods 
to dislodge mites from bees; however, apiary-level estimates have 
not yet been identified using natural mite fall. Stratified sam-
pling procedures can also significantly decrease the time of ana-
lysis without sacrificing the accuracy (Ostiguy and Sammataro 
2000, Calderone and Lin 2003, Kretzschmar et al. 2015). Sticky 
boards can be designed with grids and counting pre-designated 
cells (Ostiguy and Sammataro 2000) or circles (Kretzschmar et al. 
2015) within the grids can still give you an accurate estimate of 
the number of mites falling on the sticky boards.

Dangerous or Ineffective Monitoring Methods
Visual observations of the mites are ineffective. Varroa are difficult 
to see given they are often hidden underneath the sclerites of honey 
bees (Ramsey et  al. 2019). Instead of monitoring Varroa, some 
beekeepers choose to look for signs of infestation caused by the mite. 
However, common signs of infestation, such as spotty brood pat-
terns, are not solely due to Varroa infestation (Boecking and Spivak 
1999, Tarpy and Page 2002) and should not be the primary metric 
used to determine treatment. Additionally, some beekeepers choose 
to observe the infestation rates of drone brood as they remove them 
from the hive (Wilkinson and Smith 2002). While robust sampling 
of capped cells from a brood frame could be informative as an in-
festation rate, drone brood production is seasonal (Charriere et al. 
2003, Branco et al. 2006). Thus, sampling only drone brood would 
not be effective for most of the year and this method lacks any kind 
of standardization.

For several decades, ether rolls were used as a common moni-
toring method. This method is performed similarly to other methods 
used to dislodge mites from the bodies of the bees. Briefly, ether is 
sprayed into a jar containing the sample of bees, killing the bees 
and the mites. The dying bees regurgitate the nectar or honey from 
their crops. After rolling the jar for about a minute, dead mites will 
adhere to the sides of the jar, making it possible to count the mites 
easily (Dietemann et al. 2013). Unfortunately, this method is envir-
onmentally unfriendly and dangerous because of the highly flam-
mable nature of ether. Therefore, it is not recommended to use ether 
rolls to monitor Varroa populations.

Prevention

One aspect of IPM that is often overlooked is prevention. Prevention 
involves removing the conditions that attract pests or help them to 
build their populations (Pedigo 1995). As Varroa occurs throughout 

much of the world (Boncristiani et  al. 2021), complete preven-
tion is nearly impossible. Furthermore, Varroa only feed on honey 
bees and only reproduce in their brood cells (Donzé and Guerin 
1994, Rosenkranz et al. 2010); thus, there currently is no way for 
beekeepers to remove the conditions that attract Varroa. While 
some beekeepers’ primary goal is to prevent the arrival of Varroa 
in their area, beekeepers should employ preventative practices to 
keep Varroa populations from spreading to different areas. Some 
preventative actions might include reducing drifting and robbing 
within apiaries, practicing effective swarm control, and regulating 
the movement of bees between areas.

Preventing the Spread of Varroa
Varroa can spread from colony to colony by a number of mechan-
isms, some due to the nature of honey bee biology, but others due 
to the nature of beekeeping. Mites can spread indirectly by moving 
to a neutral location, such as a flower, then to a new honey bee, 
and then onto a new colony (Peck et al. 2016). Nevertheless, this 
mechanism is unlikely to lead to significant dispersal of mites be-
tween colonies (Peck and Seeley 2019). Instead, it is more likely that 
Varroa transmission occurs directly when a honey bee carrying a 
mite moves from one nest to another through drifting or robbing 
(Frey et al. 2011). Drifting is when a honey bee leaves its hive and 
enters into a different colony’s hive. Robbing is when a honey bee 
enters another colony’s hive to steal honey or nectar and then returns 
to her own hive. Peck and Seeley (2019) demonstrated that robbing 
was more important for Varroa transmission than was drifting, 
given weak, collapsing colonies are robbed by neighboring bee col-
onies. However, they did observe drifting, especially from drones, 
which can carry Varroa when flying (Mortensen et al. 2018). Thus, 
beekeepers ideally should manage colonies so they remain strong 
(less prone to robbing) and space colonies >300 m within an apiary 
to prevent the horizontal transmission of Varroa from one colony to 
another by robbing or drifting (Seeley and Smith 2015, Nolan and 
Delaplane 2017, Peck and Seeley 2019). Nevertheless, spacing col-
onies at this distance is not practical for most beekeepers. Painting 
hives with unique colors and/or patterns can aid in the reduction of 
drift (Dynes et al. 2019).

Vertical transmission of Varroa is possible as colonies reproduce 
via swarming, with the swarming bees carrying mites to the new nest 
site (Wilde et al. 2005). In fact, Wilde et al. (2005) found that about 
25% of a colony’s mite population will leave with a swarm, leaving 
the other 75% of the mites with the parent colony. As untreated 
colonies are unlikely to stay healthy for long (Frey and Rosenkranz 
2014), they pose a risk to nearby (within 1.5 km; Frey et al. 2011) 
treated/managed colonies (Frey et al. 2011). Thus, effective swarm 
control should be practiced to prevent the vertical transmission of 
Varroa from a parent colony to a newly established one (Fries and 
Camazine 2001).

Role of Government Regulations
As with most pests or diseases, Varroa is much more difficult to 
eradicate than to prevent from arriving. Regulatory control is often 
practiced by government agencies to prevent the entry or spread of 
pests into an area. Typical efforts include inspection, quarantine, 
and destruction of infested materials (USDA APHIS 2020, BeeAware 
2021). This is of critical importance for beekeepers located near sea-
ports or airports as pests and diseases are most likely to invade a new 
area through these ports of entry. Therefore, intensive monitoring, 
sanitation, and training are required for beekeepers to protect the 
welfare of honey bee colonies in their specific regions.
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Varroa-Free Locations
Despite the general, widespread occurrence of Varroa globally, there 
are areas where Varroa do not yet occur (Boncristiani et al. 2021). 
These include many islands/island nations, Australia, and some re-
mote areas. These areas are beneficial for the fight against Varroa for 
two primary reasons. First, beekeepers in Varroa-free areas can enact 
strict regulatory requirements to limit Varroa movement to the area, 
i.e., prevent their occurrence. Second, and perhaps more importantly, 
they can serve as a source for Varroa-free bees for those wishing to 
acquire colonies that do not yet have mites. This was the case when 
Australia exported packages of bees to the U.S. during the 1990s 
(Manning 1996). However, there are potential drawbacks associated 
with using bees from areas where Varroa do not occur. Most notably, 
the bees cannot be expected to have developed any level of tolerance 
to the mite, likely making them highly susceptible to mite pressures 
should they ever encounter Varroa. Nevertheless, acquiring Varroa-
less bees and then managing them to prevent infestation remains 
possible in some areas globally.

Prevention vs. Management
Prevention refers to the measures employed to prevent the arrival of 
pests into/signs of infestations in an area. This is especially important 
for destructive pests or those that are the most difficult to control. 
Management refers to control measures employed after the pest or 
signs of infestation are detected. Management includes cultural, 
mechanical, biological, and chemical control (Fig. 3). As Varroa is 
already present in many areas globally, the greatest focus now must 
be on its management rather than its prevention. We present a sum-
mary of the efficacies of all Varroa treatment strategies in Table 1.

Cultural Control

The main goal of cultural control is to change the hive environment 
to make it less suitable for the pest or disease, while minimally af-
fecting the honey bees. In many instances, cultural controls act as 
preemptive measures, simply to minimize the impact of the pest or 
disease on the colony. An example of a cultural control would be the 
use of a hygienic honey bee stock, which is able to remove pest or 
disease-infested brood from the nest (Boecking and Spivak 1999). 
Caging the queen to cause a break in the honey bee brood rearing 
cycle can disrupt Varroa mating biology and improve the efficacy of 

chemical treatments (Wagnitz and Ellis 2010, Gregorc et al. 2017). 
Also, sanitary practices used by the beekeeper, such as comb culling 
or sterilization of hive equipment, would be considered cultural 
controls.

Breeding for Varroa Resistance
Breeding for Varroa resistant honey bees has been a focal point 
for researchers and breeders throughout the world (reviews by 
Büchler et  al. 2010, Rinderer et  al. 2010, Guichard et  al. 2020, 
Le Conte et  al. 2020). Resistance is most often defined as an 
organism’s ability to limit parasite burden, while tolerance refers to 
an organism’s ability to limit the damage caused by a given burden 
(Råberg et al. 2009). Thus, resistance is the correct term to describe 
honey bees that keep Varroa infestations at a relatively low level 
(Danka et al. 2013).

There are obvious advantages of breeding Varroa-resistant 
honey bees; these include reducing the use of in-hive acaricides and 
reducing the labor involved in mite control efforts. Varroa resist-
ance, however, does not derive from a single trait, but is the result 
of successful interactions between the mites and honey bees within 
the hive (Büchler et al. 2010). Unfortunately, the process of creating 
suitable resistant stock often takes breeders decades. Furthermore, 
identifying selectable genetic traits is extremely challenging due to 
the complex interactions between the two species and the mating 
biology of honey bees. Nevertheless, genetic research and breeding 
efforts will continue to be major areas of focus as long as Varroa 
remains a problem for honey bee colonies.

Selectable Traits
Hygienic Behavior. The selection of hygienic bees has been practiced 
for decades. Hygienic worker bees have the ability to detect diseased/
infested brood, uncover the wax capping covering the cell containing 
the diseased/infested individual, and remove the diseased/infested 
larvae or pupae (Boecking and Spivak 1999). Hygienic behavior 
was first described by Rothenbuhler (1964) who found workers re-
moving brood infected with the bacterial disease known as American 
foulbrood (Paenibacillus larvae). Since then, many other studies have 
emerged describing hygienic behavior as a mechanism for resisting 
chalkbrood (Milne Jr. 1983, Gilliam et al. 1988), a fungal disease 
of honey bee brood, European foulbrood (Palacio et al. 2000), and, 
of course, Varroa (Spivak 1996, Spivak and Reuter 1998, Ibrahim 
et al. 2007). Hygienic behavior is now considered a social immune 
response of honey bees (reviewed by Evans and Spivak 2010 and 
Simone-Finstrom 2017).

Hygienic behavior is effective at reducing Varroa popula-
tions in a colony because it disrupts the reproductive cycle of the 
mite, thus prolonging the less damaging time that the mite spends 
on adult workers (Spivak and Gilliam 1998). Varroa’s natural 
host, A.  cerana, is typically more hygienic than is A.  mellifera, 
which is one of the main reasons that Varroa populations are 
lower in A. cerana colonies than in A. mellifera ones (Rath 1999, 
Rosenkranz et al. 2010). However, A. mellifera colonies selected 
for heightened hygienic expression have demonstrated the ability 
to maintain lower mite populations than those not selected 
for the trait (Kefuss 2004, Danka 2012). This trait is also con-
sidered moderately heritable with heritability estimates ranging 
from 0.17 – 0.65 (Harbo and Harris 1999, Boecking et al. 2000, 
Stanimirović et  al. 2008, Pernal et  al. 2012). Additionally, the 
mode of inheritance of hygienic traits is likely due to maternal 
effects and is not easily reduced by drones from less hygienic col-
onies (Unger and Guzman-Novoa 2010).

Fig. 3.  IPM Treatment Pyramid. Beekeepers should employ non-chemical or 
low-risk control methods at the bottom of the pyramid first and move up the 
pyramid to chemical or high-risk methods as the situation requires. 
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Standardized methods for identifying hygienic behavior are based 
on the removal of brood by adult bees (described in Büchler et al. 
2014, reviewed by Leclercq et al. 2018a, Spivak and Danka 2021). 
Common methods include killing capped brood using a pin (Spivak 
and Downey 1998) and using cuticular hydrocarbons of diseased 
brood to elicit a response (Wagoner et al. 2020). However, the most 
common identification method involves placing an open cylinder on 
a section of comb containing sealed pupae and pouring liquid ni-
trogen into the cylinder, thus freeze-killing the brood (Leclercq et al. 
2018a). The freeze-killed brood is returned to the colony, which then 
uncaps and removes some fraction of the dead brood over a desig-
nated period, usually 48 h. A colony is considered hygienic when it 
removes at least 95% of the dead brood within 48 h (Spivak and 
Downey 1998), though there is a stronger correlation between the 
removal of dead bees and disease resistance when the removal of 
dead bees within 24 h is considered. While freeze-kill brood assays 
may not predict Varroa-resistance for unselected stocks (Leclercq 
et al. 2018b), it has been used quite successfully to identify hygienic 
behavior in “hygienic” stock (Spivak and Rueter 1998, 2001b; 
Masterman et al. 2001).

Grooming Behavior. Grooming is an important social behavior of 
honey bees. Grooming involves brushing movements of the meso-
thoracic legs over the body and biting Varroa with their mandibles 
(Boecking and Spivak 1999). This behavior may injure the mites 
by mutilating their legs or in some cases, crushing the mite in their 
mandibles (Ruttner and Hänel 1992). Grooming is thought to be 
an important resistance mechanism towards Varroa for A.  cerana 
and African subspecies of A.  mellifera (Peng et  al. 1987, Büchler 
et  al. 1992, Moretto et  al. 1993, Rath 1999, Frazier et  al. 2010). 
A.  cerana is the most efficient groomer, having been observed to 
remove and damage 73% of the mites placed upon them (Peng 
et al. 1987). Büchler et al. (1992) observed that A. cerana workers 
caught 32% of Varroa on their bodies with their mandibles,  
while A. mellifera workers caught none. Additionally, they observed 
that A. cerana ultimately removed 75% of mites from their bodies, 
while A.  mellifera only removed 48%. In another study, Aumeier 
(2001) observed A.  m.  scutellata remove 18% of Varroa through 
vigorous autogrooming behavior.

Grooming is heritable, though it is considered to have low 
heritability, with heritability estimates ranging from 0.16to0.49 
(Stanimirović et al. 2010). To test the practical efficacy of grooming 
behavior, researchers often perform laboratory assays by collecting 
bees from specific colonies and specific ages, then placing Varroa 
onto the thoraces of the worker bees to observe their behavioral re-
sponses (Peng et al. 1987, Büchler et al. 1992, Boecking and Ritter 
1993). Grooming is often measured as the proportion of damaged 
mites to undamaged ones found on the bottom board (Guzman-
Novoa et  al. 2012, Morfin et  al. 2020, Smith et  al. 2021). The 
process of analyzing the fallen mites within a colony can be time-
consuming and somewhat subjective as mite injuries may be caused 
by other factors such as other insects like ants and wax moths (Szabo 
and Walker 1995), temperature, and humidity (Currie and Tahmasbi 
2008), or physiological issues with mite development (Davis 2009). 
Furthermore, measuring bee grooming ability by simply analyzing 
fallen Varroa may be flawed because some mites may fall to the 
bottom of the nest during the regular house cleaning activities of 
bees removing mites that died of natural causes (Büchler et al. 1992, 
Rinderer et al. 2013). Recent studies have focused on finding better 
ways to quantify grooming behavior in order to improve the effi-
cacy of selective breeding for resistance to Varroa, such as the age of 

fallen mites (Rinderer et al. 2013), injuries of fallen mites (Rinderer 
et  al. 2014b) or genetic mapping of bees (Arechavaleta-Velasco 
et  al. 2012). Interestingly, the expression of the gene AmNrx-1 
(neurexin-1) is significantly higher in honey bee stock selected for 
intense grooming, potentially making it a promising tool for marker-
assisted selection of grooming behavior (Hamiduzzaman et al. 2017, 
Morfin et al. 2020).

Other Potential Traits. Hygienic and grooming behaviors are cur-
rently the most common traits selected for in breeding programs 
(reviewed by Zakar et  al. 2014). There are, however, other traits 
thought to be potentially useful against Varroa, though mechanisms 
for selecting these traits have not yet been fully identified. One trait 
that is increasingly being investigated is brood cell uncapping and 
recapping by workers (Oddie et al. 2018). The resulting reduction 
in Varroa reproductive success is thought to be from the opening of 
pupal cells, thereby causing changes in temperature and humidity 
within the pupal cells and disrupting mite reproduction (Martin 
et al. 2019, Oddie et al. 2019). The physical removal of mites from 
the colony by adult bees is another trait that may confer bee resist-
ance to Varroa (Lodesani et al. 1996, Rinderer et al. 2010). Lodesani 
et al. (1996) measured the amount of damage to mites and found 
that 46% of mites carried out the front entrance were damaged com-
pared to the 26% found on the bottom boards. Another potential 
trait was described by Kralj and Fuchs (2006) who suggested that 
Varroa-infested foragers may not return to their colony in an ef-
fort to reduce colony mite levels, though this could be an example 
of a behavior rigged by the parasite to facilitate horizontal trans-
mission of the mite (Schmid-Hempel 1998). This behavior is diffi-
cult to quantify and may not realistically be a trait for which one 
might select.

The use of polyandrous queens may also support Varroa resist-
ance in synergy with, or instead of, classical trait-based selection. 
Honey bee queens typically mate with an average of 12 males (Tarpy 
et  al. 2004), though mating with 40 males or more has been ob-
served (Estroup et  al. 1994). While researchers have not observed 
significant reductions in pest or pathogen rates in colonies headed 
by queens mated with a slightly above average number of drones 
(16–20) (Delaney et  al. 2011, Tarpy et  al. 2015), Delaplane et  al. 
(2015) found significantly more brood and a lower proportion of 
samples positive for Varroa in colonies whose queens were insemin-
ated with 30 or 60 drones. Thus, there may be a colony-level benefit 
of hyper polyandry on Varroa management, though additional re-
search should confirm these findings.

Breeds of Resistant Stock
Minnesota Hygienic Bees
Minnesota hygienic bees were bred from Italian stock (A.m. 
ligustica) to have high levels of hygienic behavior, thus reducing 
the presence of American foulbrood, chalkbrood, and Varroa 
in colonies (Spivak and Gilliam 1998, Spivak and Reuter 2001, 
Ibrahim and Spivak 2006). Spivak and Reuter (1998) found that 
Minnesota hygienic bee colonies removed, on average, 94.2% of 
freeze-killed brood and had an average Varroa load of 0.6 mites 
per 100 bees compared to non-hygienic colonies which only re-
moved 82% of dead brood and had an average of 1.0 mites per 
100 bees by the end of the experiments. There does not appear to 
be any negative trade-offs from breeding for hygienic behavior. 
However, the freeze-kill brood assay is somewhat labor-intensive, 
which makes the selection process somewhat slow (Spivak and 
Gilliam 1998).
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Varroa Sensitive Hygiene
Breeding efforts by Jeff Harris and John Harbor at the USDA la-
boratory in Baton Rouge, Louisiana, USA focused on a heritable 
trait originally called “suppressed mite reproduction” (Harbo and 
Harris 1999, 2000). Bees with this trait were believed to inter-
fere with Varroa reproduction in the cells. It was later determined 
that the mite suppression was due to the selective removal by bees 
of pupae infested with a reproducing Varroa. Brood in cells con-
taining non-reproducing Varroa were ignored by the bees. This led 
the trait to be called “Varroa Sensitive Hygiene” (VSH—Harbo and 
Harris 2005). The VSH stock is considered to be more hygienic than 
the Minnesota hygienic stock of bees (Ibrahim and Spivak 2006). 
Ibrahim and Spivak (2006) used several metrics to compare the two 
lines with the most notable finding being that VSH bees removed 
85% of infested pupae while the Minnesota hygienic bees removed 
66%.

Russian Honey Bees
Researchers at the USDA Honey Bee Research Laboratory in Baton 
Rouge, Louisiana, USA searched in Asia for a stock of Varroa-
resistant A. mellifera that had potentially been exposed to Varroa 
longer than were A. mellifera colonies elsewhere around the world. 
The premise was that A.  mellifera taken from Europe into Asia 
decades earlier would have been exposed to Varroa naturally and 
possibly developed resistance to the mite. They found a promising 
stock in the Primorski region of the far-eastern side of Russia. These 
bees (now called “Russian honey bees”) had been exposed to the 
mite for potentially 45–100 yr longer than had other populations of 
A. mellifera in Asia (Danka et al. 1995).

Russian honey bees have shown to be more resistant to Varroa 
and tracheal mites (Acarapis woodii) than are other A. mellifera stock 
(Rinderer et al. 2001a, de Guzman et al. 2005, Tarpy et al. 2007, Ward 
et al. 2008, Kirrane et al. 2018). The utility of this honey bee stock 
for commercial operations has been well documented (Rinderer et al. 
2001b, Danka et al. 2012, Rinderer et al. 2014a). The mechanisms 
of Russian honey bee resistance to Varroa is thought to be due to 
low brood attractiveness, reduced mite reproduction, and an extended 
phoretic period (Rinderer et al. 2010). In 2008–2009, Russian honey 
bees were compared with VSH and Italian-derived honey bees during 
commercial pollination events (Danka et al. 2012). The Italian-derived 
honey bees were treated for Varroa infestation twice each year, as per 
the standard commercial practice. Danka et al. (2012) found that all 
groups performed similarly, though Russian bee colonies were smaller 
in size than colonies of the other bee types during the early spring 
almond pollination season. Nevertheless, they rebounded in size by 
summer pollination season. The treated Italian bees consistently had 
the lowest mite counts. Similar comparisons were made in 2010–
2012, though control colonies were not treated for mites (Rinderer 
et  al. 2014a). Rinderer et  al. (2014a) noted that during periods of 
honey production and almond pollination, colony sizes were similar 
among all stocks, though Russian bees had 36–54% lower Varroa in-
festation than the untreated control colonies.

One major negative to Russian honey bee stock is the high frequency 
of queen loss when managed commercially (Danka et al. 2012). Danka 
et al. (2012) observed that nearly 75% of original Russian queens died 
each year. The Russian Bee Breeders Association has been distributing 
the stock to the beekeeping industry in the U.S. (Brachman 2009).

Survival Stock
Some honey bee researchers have taken a different approach to 
develop Varroa resistant bees. Instead of routinely treating their 

colonies with acaricides, they do nothing to treat against Varroa and 
allow colonies that cannot combat the mites to die, leaving only a 
few naturally surviving colonies. An approach known as the “Bond” 
test (after James Bond: “live and let die”) was first implemented in 
France by Kefuss et al. (2004) in 1993. After nine years, all but three 
of the colonies had died (Kefuss et al. 2004). The surviving colonies, 
a hybrid of local A.m. carnica (bees native to the study area) and 
A.m. intermissa colonies (imported from Tunisia to France), were 
selected as breeder colonies based on their hygienic behavior and 
Varroa infestation levels (colonies with lower levels were favored by 
the researchers). Kefuss et al. (2009) later reported that about 2/3 
of the colonies died, but Varroa infestation remained below 5% in 
surviving colonies.

The Bond test was applied to 150 colonies located on the Swedish 
island of Gotland in 1999 (Fries et al. 2006). The colonies were al-
lowed to swarm. Only 10–15 colonies survived after seven years of 
no Varroa treatment applications. Both Fries and Bommarco (2007) 
and Locke and Fries (2011) suggested that the mite loads were sig-
nificantly lower in their selected colonies than in Varroa-susceptible 
ones, though their results are difficult to interpret. In a later exam-
ination of these bees, Locke et al. (2014) observed that the Gotland 
bees had mite loads >30 mites/100 bees, well above what is typic-
ally sustainable, yet the colonies survived the following winter. Le 
Conte et al. (2020) recently reviewed many other examples of sur-
viving honey bee populations worldwide, including those found in 
Avignon, France, the Østlandet region of Norway, and the Arnot 
Forest, NY. Currently, it appears that beekeepers do not have access 
to these Varroa-tolerant bees for purchase.

The long-term success of survivor stock populations is possible 
because many beekeepers are averse to chemical treatments and due 
to the rise in acaricide resistance among many Varroa populations 
(Lodesani et al. 1995, Elzen and Westervelt 2002). However, the con-
cept of survivor stock leads to many questions. The major issue is 
that survivor bees are not necessarily selected for Varroa resistance 
or tolerance, as other pressures may be the main driver of selection 
in a given season. The pressures include weather, nutrition factors, 
other pests or diseases, etc. Furthermore, just because a stock of 
bees can survive Varroa infestation does not necessarily make them 
bees that you would want to keep. Without selection, the traits that 
beekeepers desire (gentleness, honey production, spring build-up, 
etc.) may be lost within a short amount of time. Until survivor bees 
are able to demonstrate productivity as well as survivability, they 
will likely not gain much popularity among the world’s commercial 
beekeepers. While the possibility of developing survivor stock, argu-
ably, has been demonstrated, its practical usefulness has not.

Emerging/Other Varroa-Resistant Stocks
Breeding efforts to obtain a productive, yet Varroa-resistant or tol-
erant stock can take decades. There are several emerging stocks 
that, at this time, are not widespread, but may one day be so in the 
future. One is the Indiana “mite-biter” stock, produced at Purdue 
University, IN (Hunt et al. 2016). These bees have demonstrated an 
increased grooming behavior and have been selected for increased 
mutilation of Varroa (Morfin et al. 2020). There is some evidence 
that this stock has structural changes in the worker mandibles 
(Smith et al. 2021) and can reduce mite populations when compared 
to non-selected stocks (Hunt et al. 2016), with Morfin et al. (2020) 
reporting a nearly three-fold increase in fallen mites.

Another emerging stock is the POL-line Hygienic Italian honey 
bee. This bee was bred by scientists at the USDA-ARS laboratory 
located in Baton Rouge, LA. They are the result of outcrossing VSH 
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queens to U.S. commercial stocks and then selecting for low mite in-
festations (Danka et al. 2016). To date, there is not much evidence to 
support that POL-line bees significantly reduce Varroa populations 
compared to untreated controls (Danka et al. 2016). Additionally, 
these bees appear to be more sensitive to virus infections (Deformed 
Wing Virus—Khongphinitbunjong et  al. (2016) and Israeli Acute 
Paralysis Virus infections—Bhatia et  al. 2021) and exhibit a low 
pesticide tolerance in brood (Milone et  al. 2020) when compared 
to other commercial stocks. This suggests that more breeding efforts 
are needed before this stock will be widely accepted by beekeepers.

In Canada, several new stocks of bees are under development 
(De la Mora et al. 2020, Maucourt et al. 2020). In Saskatchewan, 
Canada, the Saskatraz bees were established by crossing a number 
of different races (A. m. carnica, ligustica, mellifera) with Russian 
bees in an isolated apiary. The goal was to promote gentleness, prod-
uctivity, and Varroa-resistance in the stock (Robertson et al. 2014, 
2020). From the limited research conducted on this stock, it appears 
that the Saskatraz bees are successful at reducing brood infestation 
levels as much as ~68% compared to non-resistant stock (Robertson 
et al. 2014). They also survive longer and produce more honey than 
non-resistant stock (Robertson et al. 2020). Nevertheless, more re-
search is needed before use recommendations can be made.

Using Molecular Genetics to Breed for Resistance
Genetic markers can be used to identify the relevant genes or traits 
that contribute to bee tolerance of Varroa, making this a useful 
tool for breeding purposes. Navajas et al. (2008) compared pupae 
from Varroa-resistant and Varroa-susceptible genetic stocks bred 
in Avignon, France. They found that Varroa infestation did induce 
changes in gene expression and that Varroa-resistant bees expressed 
differences in genes regulating neuronal sensitivity and olfaction. 
Navajas et al. (2008) suggest that bee olfaction and neuronal sensi-
tivity may play an important role in the detection of Varroa-infested 
brood cells and, therefore, be associated with hygienic and grooming 
behaviors.

More recently, the location of genes influencing hygienic and 
grooming behavior have been identified using quantitative trait locus 
(QTL) mapping (Oxley et al. 2010, Arechavaleta-Velasco et al. 2012, 
Tsuruda et al. 2012). QTL mapping is used commonly to explain 
the function of genes within identified regions of DNA. A  recent 
study by Lattorff et  al. (2015) compared samples of the Gotland 
bees before (2000) and after (2007) selection. They found that bee 
genetic diversity greatly decreased over the selection process and that 
the genes responsible for the volatiles emitted by bee larvae, which 
might be essential to trigger oogenesis in Varroa, had changed in the 
Varroa-resistant Gotland bees. Experiments that identify the main 
behavioral or physiological mechanisms of Varroa resistance pro-
vide a well-defined target for current and future breeding efforts.

Brood Interruption
Brood interruption refers to a process through which beekeepers dis-
rupt the regular Varroa reproductive cycle by causing a colony-level 
break in the honey bee brood cycle (Lodesani et  al. 2014), i.e., a 
colony goes without brood for a period of time. A beekeeper can 
cause a break in the brood cycle by placing the queen in a cage and 
preventing her from laying eggs for a complete brood cycle (about 24 
d) or by completely removing the brood from a hive. This interrupts 
the growth of the Varroa population, which is otherwise closely asso-
ciated with that of the honey bee (Rosenkranz et al. 2010). Artificial 
brood interruption is not a sufficient stand-alone treatment strategy 
for Varroa (Gregorc et al. 2017, Jack et al. 2020a). Giacomelli et al. 

(2016) observed that caging the queen for 20 d reduced Varroa 
populations by ~40%. However, the real benefit of imposing a 
brood interruption is that all mites are forced onto adult bees in 
the absence of brood in the colony. This makes them vulnerable to 
grooming behaviors or treatment with an acaricide. Therefore, artifi-
cial brood interruption typically is used in conjunction with organic 
treatments such as formic acid, oxalic acid, and/or thymol (Lodesani 
et al. 2014, Giacomelli et al. 2016, Gregorc et al. 2017, Büchler et al. 
2020). Caging queens to create broodless periods in a hive requires 
handling the queen, which can be risky. With good beekeeping skills, 
queen mortality can be low to none after 24 d of caging (Giacomelli 
et al. 2016, Gregorc et al. 2017, Jack et al. 2020a).

“Failed” Cultural Control Method
Small cell foundation is a cultural control method that, anecdotally, 
seemed promising initially, but ultimately failed to hold up to experi-
mental rigor, i.e., failed to control Varroa in colonies. Foundation 
is the part of the frame on which bees build comb. Standard foun-
dation has cell bases ~5.3  mm wide while small cell foundation 
was composed of cells ~4.9 mm wide (Ellis et al. 2009a). The re-
duced cell size was originally believed to affect mite behavior in-
side the cell, squeezing the mite between the brood and the cell wall 
(Message and Goncalves 1995). Also, it was once noted that small 
cell foundation resulted in shorter developmental times of honey 
bee pupae, interfering with Varroa reproduction because adult bees 
would emerge before the mites reached maturity (Camazine 1986). 
However, the reduced cell size had no measurable impact on mite 
population growth in several studies (Taylor et al. 2008, Ellis et al. 
2009a, Berry et al. 2010, Coffey et al. 2010, Seeley and Griffin 2011).

Mechanical Control

Mechanical control implies that the pest is controlled using physical 
methods or mechanical devices such as equipping hives with screen 
bottom boards, drone brood trapping, or heat treatments. Varroa 
populations can be reduced significantly via the implementation 
of certain beekeeping cultural or mechanical practices. These non-
chemical approaches are considered essential for long-term, sustain-
able solutions to Varroa control (Rosenkranz et al. 2010); however, 
they are rarely sufficient as stand-alone treatments. The effectiveness 
of some of the mechanical control methods described next is contro-
versial, as many studies have produced conflicting results due to dif-
ferences in honey bee behavior across the study regions and a general 
lack of standardization of the studies.

Screened Bottom Boards
The use of a screened bottom board, rather than a solid one, on a 
colony is a strategy employed by beekeepers to reduce Varroa popu-
lations in a hive. Screened bottom boards are believed to work by 
allowing mites that ordinarily fall from bees or the comb to fall out of 
a hive rather than landing on the solid bottom board and returning to 
the hive on bees entering the nest. Researchers testing the efficacy of 
screened bottom boards found that they indeed reduce Varroa popu-
lations (Pettis and Shimanuki 1999, Webster et al. 2000, Ellis et al. 
2001, Rinderer et al. 2003, Harbo and Harris 2004, Delaplane et al. 
2005), though they only provide a modest impact of about 11–14% 
(Delaplane 2005) and should not be used as a stand-alone treatment.

Drone Brood Trapping
Drone brood trapping involves removing drone brood from a hive in 
an attempt to lower Varroa populations. It is based on the principle 
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that Varroa preferentially invade drone cells at a higher rate than 
they do worker brood cells (Fuchs and Langenbach 1989, Boot et al. 
1995). Thus, removing or destroying drone cells in a hive can re-
duce Varroa populations. Drone brood removal can be achieved in a 
few ways. First, the beekeeper can simply cut out or remove capped 
drone cells constructed by the bees from the colony. Second, the 
beekeeper can place a frame that includes drone foundation into the 
brood-rearing area of the colony. The bees will construct drone-sized 
cells on the foundation and the queen lay unfertilized (drone) eggs in 
the resulting cells. The frame can be removed from the colony once 
all the cells are capped, frozen (effectively killing all the developing 
mites and drones contained within), and returned to the colony to 
allow the bees to abort the dead drones and mites. After this, the 
queen will lay eggs in the drone cells and the process can start again. 
This method has been shown to be effective at lowering mite levels as 
much as 50.3–93.4% (Calis et al. 1999, Wilkinson and Smith 2002, 
Charriere et al. 2003, Calderone 2005, Wantuch and Tarpy 2009), 
though it is only useful in the spring and early summer seasons 
when the colonies actively rear drones (Wantuch and Tarpy 2009). 
Drawbacks with drone removal include the intensive labor associ-
ated with the practice, the required sacrifice of many drones, and the 
danger of rapid Varroa population growth if one accidentally leaves 
the drone frames within the hive without killing the mites.

Hyperthermia
Hyperthermia is a mechanical control method whereby Varroa are 
exposed to a sustained lethal temperature that does not harm the 
bees. This strategy has been investigated as an avenue of Varroa con-
trol since the 1970s and has been used in many countries (reviewed 
by Tihelka 2016). Several investigators have shown that temperat-
ures ≥40°C are lethal to Varroa, while short exposures to the same 
temperatures do not affect bees negatively (Hoppe and Ritter 1987, 
Le Conte et al. 1990, Tabor and Ambrose 2001), though they often 
become agitated (Goras et al. 2015). Historically, hyperthermia was 
most often achieved by placing hives in “thermal boxes” (incubators) 
to raise the nest temperature (Tihelka 2016), though efficacy data 
was not noted. More recently, devices have been created to either 
heat-treat the brood chamber electronically (Thermovar, Varroa 
Terminator, Vatorex, The Victor, Mighty Mite Killer, Silent Future 
Tec Varroa Kill II) or the hive will include modifications, such as 
windows, to facilitate heating the colony periodically (Thermosolar 
Hive). Unfortunately, the efficacies of only a small number of prod-
ucts have been published in peer-reviewed research journals. Goras 
et al. (2015) found that the Thermovar device killed >90% of mites 
in a hive after 360 to 480 min of treatment.

A device called the Mite-Zapper combined the concept of drone 
brood trapping with that of hyperthermia (Huang 2001). The Mite-
Zapper is a drone comb embedded with heating elements that can 
be connected to a 12-volt battery for 1–5 min, causing the combs 
to reach temperatures of 43°C (Huang 2001). Preliminary results 
showed 100% efficacy (Huang 2001)  but with no peer-reviewed 
studies available on the product. The use of heat as a Varroa control 
is promising and many beekeepers and industry partners are eagerly 
creating new products to sell. However, there is a desperate need for 
researchers to investigate the efficacies, safety, and practicality of the 
many devices available.

“Failed” Mechanical Control Methods
One mite treatment that had anecdotal promise, but unproven ef-
ficacy, was the use of powdered sugar as colony dust. Some data 
suggested that dusting colonies with powdered sugar caused the 

mites to lose their grip on the bees, falling from them to the bottom 
board (Fakhimzadeh et al. 2011). The sugar also was believed to ini-
tiate grooming responses among the bees, leading to increased mite 
fall. A few initial studies demonstrated the potential effectiveness of 
mite removal with powdered sugar (Fakhimzadeh 2001, Macedo 
et al. 2002, Aliano and Ellis 2005, Fakhimzadeh et al. 2011); but 
long-term, comprehensive field studies failed to achieve any level of 
mite control (Ellis et al. 2009b, Berry et al. 2012). Thus, dusting col-
onies with powdered sugar, or other inert dust, is not effective as a 
Varroa control (Berry et al. 2012).

There are other examples of impractical, failed, or unproven 
Varroa control strategies. Some of these approaches include the 
use of ultrasound, electromagnetic fields, and energized water 
(Rosenkranz et  al. 2010). Such strategies should only be adopted 
after their efficacy against Varroa has been demonstrated so that 
unsubstantiated claims will not cause beekeepers to lose money 
implementing a doomed strategy.

Biological Control

The traditional definition of biological control is a pest management 
tactic that involves the purposeful manipulation of a living agent 
to reduce a pest’s status (Pedigo and Rice 2009). There are two 
kinds of biological control: classical—in which a natural enemy is 
brought to a new location to control the pest; and augmentative—
in which the population of a biological control agent is increased 
or released into an environment where presently there are too few 
(O’Neil and Obrycki 2009). Researchers have been exploring the 
idea of biological control of Varroa for decades, testing various 
pathogens and predators against the mite (Chandler et  al. 2001). 
A  successful control requires the biological control agent to focus 
primarily on the mite while leaving the honey bee unharmed. This 
is difficult to achieve as the mite is sheltered inside honey bee hives 
and often within the honey bee brood cells (Rosenkranz et al. 2010). 
Nevertheless, the discovery of a biological control agent that could 
effectively reduce Varroa populations within the hive would be of 
benefit to beekeepers.

Theoretically, biological controls can self-perpetuate as long as a 
host remains present. The biological control agent even may spread 
to other nearby colonies, depending on the organism. Nevertheless, 
honey bee colonies may act as a Varroa refuge where they are pro-
tected from potential natural enemies. This could explain why no 
natural enemies of the mite have been discovered to date (Chandler 
et  al. 2001). This has made the selection of an effective and 
self-perpetuating biological control agent extremely difficult. That 
said, some biological control agents have been tested against Varroa, 
with mixed, but generally low, success.

Entomopathogenic Fungi
Entomopathogenic fungi have been the most heavily researched 
biological control agent for Varroa and are considered to have 
the highest potential for success based on their control of other 
mites (reviewed by Chandler et  al. 2001). The two main species 
of entomopathogenic fungi evaluated have been Metarhizium 
anisopliae Metschnikoff (Hypocreales: Clavicipitaceae) and 
Beauveria bassiana Balsamo (Hypocreales: Cordycipitaceae) due to 
their success controlling other arthropod pests in agricultural sys-
tems (Meikle et al. 2012). Both fungi have been tested extensively 
for the biological control of Varroa (Shaw et al. 2002, Kanga et al 
2003, Hamiduzzaman et al. 2012, Sinia and Guzman-Novoa 2018). 
In the laboratory, Shaw et al. (2002) observed that three isolates of 
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M. anisopliae and one of B. bassiana killed 100% of Varroa within 
one week postexposure. Similarly, Hamiduzzaman et al. (2012) ob-
served that two isolates of M.  anisopliae and one of B.  bassiana 
killed 100% of Varroa that were hand-dipped into the fungal sus-
pensions. The mites were dead one week postexposure, though the 
honey bee brood was also infected. Initial reports of field trials 
testing M. anisopliae were promising. Kanga et al. (2003) observed 
Varroa efficacy equal to that of the miticide Apistan. However, all 
others have been unsuccessful in field trials (reviewed by Meikle 
et  al. 2012). Sinia and Guzman-Novoa (2018) observed in field 
trials that an isolate of M. anisopilae killed 62% of Varroa while 
treatments of B. bassiana killed 41–53% of Varroa.

There does appear, however, to be many challenges with using 
entomopathogenic fungi to control Varroa. Meikle et al. (2012) sug-
gest that the formulation, duration of application in the hive, risk of 
contaminating bees and hive products, and the ability to target the 
different life stages of Varroa all present challenges in the develop-
ment of effective fungal biopesticides. It may be possible to combine 
other IPM tactics with M. anisopliae or B. bassiana application to 
increase efficacy (Sinia and Guzman-Novoa 2018); thus, further ex-
plorations to overcome these challenges are warranted.

Predators
One possible avenue for the biological control of Varroa is using 
predators that feed upon or negatively disrupt the mites. Donovan 
and Paul (2005) speculated that some chelifers (also known as 
pseudoscorpions) could feed effectively on Varroa. They also con-
sidered the use of pseudoscorpions as a potentially viable option be-
cause they have been observed to feed on Varroa within A. cerana 
colonies (Donovan and Paul 2006) and can be massed reared (Read 
et al. 2014). It was shown in a laboratory study that a single pseudo-
scorpion fed on as many as 1–9 Varroa per day (Fagan et al. 2012) 
and that the predation of Varroa by pseudoscorpions found in 
honey bee colonies was confirmed by molecular analysis (van Toor 
et  al. 2015). However, feelings towards using pseudoscorpions to 
control Varroa are mixed as Thapa et al. (2013) observed pseudo-
scorpions prefer to feed on dead A. cerana larvae and adults rather 
than Varroa. There has been no evidence that pseudoscorpions have 
reduced Varroa populations within a colony. It is unlikely that aug-
menting honey bee colonies with pseudoscorpions would result in 
any kind of Varroa control.

The Stratiolaelaps scimitus (Mesostigmata: Laelapidae) mite, 
used as a biological control agent for the sciarid fly Bradysia 
matogrossensis (Diptera: Sciaridae) in commercial mushroom pro-
duction (Castilho et al. 2009), has also been examined as a possible 
Varroa control candidate. In laboratory trials, Rangel and Ward 
(2018) observed that S. scimitus killed 97% of Varroa housed in the 
same vials, though in honey bee hives, the predators were completely 
ineffective against Varroa. Risk assessment by Rondeau et al. (2018) 
found that S. scimitus will feed on unprotected bee larvae or eggs 
and that the mites would not attack any Varroa that were attached 
to adult honey bees. In field studies, Rondeau et al. (2019) also ob-
served that S. scimitus were completely ineffective within the honey 
bee hive, regardless of season. As S. scimitus has demonstrated risk 
to honey bee brood and no benefit within the hive, it does not appear 
likely that this predatory mite will ever be an effective biological 
control agent for Varroa.

Bacteria
Bacillus thuringiensis (Bt) (Bacillales: Bacillaceae) is considered by 
some to be the bacterial pathogen with the greatest potential to 

control Varroa (Chandler et al. 2001). Bt has been deemed safe for 
use in honey bee colonies, as it has been used as a biological con-
trol for the greater wax moth (Galleria mellonella (Lepidoptera: 
Pyralidae)), another honey bee pest (Vandenberg and Shimanuki 
1990). In an in vitro laboratory study, several Bt strains demon-
strated promise in controlling Varroa destructor, killing >80% 
of mites within 48 h (Alquisira-Ramírez et al. 2014). Additional 
laboratory experiments showed that two of the effective Bt 
strains were essentially harmless to honey bee adults and larvae 
(Alquisira-Ramírez et  al. 2017), though field testing has not yet 
occurred.

There are several other bacterial strains that have been shown to 
be effective against Varroa. Tsagou et al. (2004) found strains of bac-
teria from both the Micrococcacea and the Bacillaceae families that 
decreased the amount of time it took mites to reach 50% mortality 
by several hours, thus demonstrating some effect against the mites. 
The bacteria Serratia marcescens (Enterobacterales: Yersiniaceae) 
(GEI strain), an isolate from the gut of the workers of Apis cerana, 
has been found in the laboratory to degrade chitin and kill 100% of 
Varroa within a few days (Tu et al. 2010). Still, none of these bac-
teria have demonstrated an ability to control Varroa within a honey 
beehive. Thus, future research is needed before a determination can 
be made about the promise of these bacteria as biological control 
agents.

Chemical Control of Varroa
Varroa control is most commonly attempted using chemical treat-
ment, though, within an IPM paradigm, chemical control should be 
used sparingly and in combination with other methods to control 
damaging populations (Flint 2012). Synthetic compounds, often 
referred to as “hard chemicals”, are widely used due to the con-
venience of application, low costs, and generally higher efficacy 
(Rosenkranz et al. 2010). Organic compounds, sometimes referred 
to as “soft chemicals,” are frequently used as well, though these 
substances are not necessarily safer for humans or honey bees des-
pite their “soft” moniker (Budavari 1989). A wide range of chem-
ical products used to control Varroa are available worldwide, 
though not all products are registered in every country (Table 2). 
Chemical treatment of Varroa continues to be a complex issue due 
to concerns of resistance management and in-hive accumulation 
of residues.

Organic Chemicals
Many beekeepers are opposed to administering synthetic chemicals 
to their honey bee colonies out of a belief that these compounds 
are harmful to the bees, and thus not safe to use. Other beekeepers 
simply seek to augment the number of tools available to use against 
Varroa. In any case, there are several natural compounds shown to 
be effective at controlling Varroa. These mostly include organic acids 
such as formic acid (marketed as MAQS, Nassenheider Professional, 
Varterminator), and oxalic acid (Api-Bioxal), but also include the es-
sential oil thymol (Apiguard, Api Life Var, Thymovar). Additionally, 
hop beta acids (HopGuard) are becoming an increasingly popular 
treatment in North America. Organic chemicals typically do not per-
sist within honey bee hives (reviewed by Rademacher and Harz 2006, 
Gregorc and Sampson 2019) and are applied to colonies differently 
from one another due to the varying nature of the chemicals, the 
formulations used, and the labeled use restrictions. Correspondingly, 
the use and efficacies of natural compounds are highly variable com-
pared to those of synthetic chemicals.
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Table 2.  Chemical treatments available to control Varroa destructor in Apis mellifera colonies globally

Country Synthetic “Hard” Natural “Soft”

 Amitraz  
(formamidine)

Coumaphos  
(organophosphate)

Fluvalinate  
(pyrethroid)

Flumethrin  
(pyrethroid)

Formic acid Oxalic acid Thymol Hop beta  
acids

Western Hemisphere         
Argentina     X X X  
Canada X X X  X X X X
Chile       X  
Colombia    X     
Costa Rica    X X  X  
El Salvador    X     
Jamaica   X    X  
Mexico   X X   X  
Nicaragua  X  X     
Paraguay       X  
Trinidad and Tobago   X      
United States X X X  X X X X
Uruguay   X    X  
Europe and Eurasia         
Albania X X X X   X  
Austria X   X X X X  
Azerbaijan    X     
Belgium      X X  
Bosnia and Herzegovina       X  
Bulgaria  X X X X  X  
Croatia  X  X   X  
Cyprus  X X X X  X  
Czech Republic X  X  X  X  
Denmark X      X  
Estonia   X X   X  
France X  X  X X X  
Georgia    X     
Germany  X  X X  X  
Greece  X X X X  X  
Hungary X X  X X X X  
Ireland    X X X X  
Italy X  X  X X X  
Latvia   X X   X  
Lithuania X  X X X  X  
Luxembourg       X  
Macedonia    X   X  
Malta   X X X  X  
Moldova    X   X  
Montenegro       X  
Netherlands   X    X  
Poland X   X   X  
Portugal X X X X X X X  
Romania X X X X X  X  
Russia   X X   X  
Serbia  X     X  
Slovakia X  X X X X X  
Slovenia  X  X X X X  
Spain X X X X X  X  
Sweden X X X X   X  
Switzerland  X  X X T X  
Turkey X  X X   X  
Ukraine    X   X  
United Kingdom T  X X X X X  
Near Eastern         
Algeria X  X X  X X  
Egypt       X  
Iran   X X   X  
Iraq T  X    X  
Israel  X       
Lebanon X      X  



14� Journal of Insect Science, 2021, Vol. 21, No. 5

Formic Acid
Formic acid (FA) was investigated as a potential Varroa control 
and has been used regularly by beekeepers since the mid-1980s 
(Moosebeckhofer and Derakhshifar 1986). Though the mode of ac-
tion is not well understood, FA likely inhibits electron transport in 
the Varroa mitochondria by binding cytochrome c oxidase (reviewed 
by Johnson et al. 2010). There are several different formulations of 
FA. They can be applied to honey bee colonies as a gel (MAQS), 
tablet (Varterminator) or liquid solution (Nassenheider Professional) 
(Eguaras et al. 2003, Giovenazzo and Dubreuil 2011, Giusti et al. 
2017, Pietropaoli and Formato 2019). Performance of FA appears to 
be somewhat better using slow-release gel formulations (Ostermann 
and Currie 2004, Pietropaoli and Formato 2019) and it is the only 
miticide that has demonstrated an ability to kill both phoretic mites 
and reproductive mites contained within the sealed brood cells 
(Fries 1991). Most experiments through which the efficacy of formic 
acid against Varroa has been tested have yielded positive results 
(Calderone and Nasr 1999, Satta et al. 2005, Vandervalk et al. 2014, 
Giusti et al. 2017, Pietropaoli and Formato 2019), with the efficacy 
typically ranging in the 35–75% Varroa mortality range. Factors 
such as ambient temperature, the amount of brood in a colony, and 
the distance of the brood from the site of formic acid volatilization 
can affect treatment efficacy (Eischen 1998, Calderone and Nasr 
1999, Skinner et  al. 2001, Underwood and Currie 2003). Formic 
acid can result in the mortality of honey bee brood and queens if 
the ambient temperature is too warm (Elzen et al. 2004, Giovenazzo 
and Dubreuil 2011). It can also negatively affect honey bee memory 
(Gashout et  al. 2020). Formic acid is commonly used throughout 
North America and Europe (Table 2).

Oxalic Acid
Oxalic acid (OA) is permitted for use in the U.S., several European 
countries, and in New Zealand (Table 2). This compound has been 
used effectively for several decades (Popov et al. 1989) with no reports 

of mite resistance (Maggi et al. 2017). While the mode of action for 
OA is not fully understood, OA kills Varroa upon contact (Aliano 
et al. 2006, Aliano and Ellis 2008) and is also effective at dislodging 
mites as it increases honey bee grooming behavior (Schneider et al. 
2012). Beekeepers commonly treat their colonies with a ≥3% OA 
solution by dissolving ~35 g of OA dihydrate (Api-Bioxal) into 1 l of 
1:1 sugar: water (weight:volume) solution and trickling 50 ml of the 
solution between the tops of frames (Charriere and Imdorf 2002, re-
viewed by Rademacher and Harz 2006). Some also choose to spray 
3–4 ml of the solution directly onto one side of the frames of bees 
(reviewed by Rademacher and Harz 2006). Other beekeepers, espe-
cially those in temperate climates, may choose to sublimate OA (or 
vaporize if using OA dihydrate) crystals inside a colony during the 
winter so that the colonies do not need to be opened.

Oxalic acid is most effective during broodless periods (Gregorc 
and Planinc 2001, Gregorc et al. 2016), as the chemical will not kill 
mites that are inside capped cells; however, some beekeepers treat 
with oxalic acid once a week for up to three weeks when brood is 
present in the hive (Gregorc and Planinc 2001, Jack et  al. 2021). 
Recent studies have produced contradicting results regarding which 
method of oxalic acid application is most effective at controlling 
Varroa (Al Toufailia et  al. 2015, Gregorc et  al. 2016). However, 
all application methods have demonstrated effectiveness, often re-
sulting in >90% Varroa mortality (reviewed by Rademacher and 
Harz 2006). That efficacy can rise to nearly 100% when colonies 
are broodless (Gregorc and Planinc 2001, reviewed by Gregorc and 
Sampson 2019). Negative impacts on honey bee brood develop-
ment, behavior, and longevity have been observed with the use of 
OA (Higes et al. 1999, Schneider et al. 2012).

Essential Oils
Thymol is the most commonly used essential oil Varroa treatment and 
likely works against Varroa by binding to octopamine or GABA re-
ceptors (reviewed by Johnson et al. 2010). The commercially available 

Table 2.  Continued

Country Synthetic “Hard” Natural “Soft”

 Amitraz  
(formamidine)

Coumaphos  
(organophosphate)

Fluvalinate  
(pyrethroid)

Flumethrin  
(pyrethroid)

Formic acid Oxalic acid Thymol Hop beta  
acids

Libya       X  
Morocco   X X   X  
Oman       X  
Saudi Arabia   X    X  
Syria    X   X  
Tunisia X  X    X  
Africa (Sub-Sahara)         
Madagascar   X      
Mauritius T  X      
South Africa X   X X    
South and Central Asia         
Afghanistan T        
Uzbekistan   X    X  
East Asia and Pacific         
Australia   E X X  X  
Japan X  X      
Korea, South    X   X  
New Zealand X  X X X X X  
Philippines   X      
Thailand   X X     

Registered, X; Temporary Permit, T; Emergency Permit, E.
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thymol-treatments (Apiguard, Api Life Var, Thymovar) are formulated 
in different matrices such as gel packets, vermiculite tablets, and cellu-
lose wafers to supply a steady release of the volatile (Melathopoulos 
and Gates 2003, Gregorc and Planinc 2012, Coffey and Breen 
2013). Like formic acid, thymol efficacy is dependent upon tempera-
ture and the amount of brood within the colony (Calderone 1999). 
Additionally, the volume of air above the combs where the treatment 
is placed can affect the overall efficacy of thymol, with larger air 
space increasing the rate of sublimation, thus increasing its efficacy 
(Lodesani and Costa 2008). Temperatures between 20 and 30°C are 
generally when thymol will be most effective, with it losing its effect-
iveness below 15°C (Imdorf et al. 1995). The thymol-based treatments 
generally kill 50–80% of Varroa (Melathopoulos and Gates 2003, 
Gregorc and Planinc 2012, Coffey and Breen 2013). However, thymol 
can be quite harmful to honey bee brood and queens when applied 
during periods of high ambient temperatures (Floris et al. 2004). The 
use of thymol-based products is permitted nearly worldwide (Table 2).

There are literally hundreds of other essential oils that have been 
tested against Varroa (Imdorf et  al. 1999). The main component 
of most essential oils are monoterpenes and, like thymol, most of 
these essential oils act as a fumigant (Imdorf et al. 1999). However, 
others such as garlic, clove, and menthol have demonstrated contact 
acaricidal properties against Varroa (Gashout and Guzman-Novoa 
2009, Goswami and Khan 2013). The efficacy of essential oils varies 
greatly, with the large majority providing no or negligible control 
of Varroa. Perhaps the main obstacle for achieving high levels of 
consistent mite control, regardless of location or climatic conditions, 
is the lack of efficient delivery methods and formulations that re-
lease constant doses of the oils (Sabahi et al. 2017). However, a few 
promising essential oils have been discovered. In laboratory studies, 
menthol, clove, and origanum oil caused 87, 96, and 100% mite 
mortality, respectively (Gashout and Guzman-Novoa 2009), and 
rosewood and fennel oil both caused 65% mite mortality (Lin et al. 
2020). In the field, garlic oil killed 73% of Varroa (Goswami and 
Khan 2013), oregano oil delivered with electric vaporizers killed 
97% (Sabahi et al. 2017), and neem oil killed 85% (Gómez et al. 
2016), though the latter did impact honey bee larvae and queens 
negatively. Imdorf et al. (1999) reviewed the efficacies of many other 
different essential oils as Varroa treatments. At this point, consider-
able essential oil use in honey bee colonies by beekeepers is off-label, 
with the violations typically going unenforced.

Hop Beta Acids
Beta plant acids, specifically compounds called lupulones derived 
from hop plants, are the active ingredients in a product called 
HopGuard. The mode of action of hop beta acids is not fully under-
stood, but lupulones have been shown to have a repellent effect 
on the two-spotted spider mites (Tetranychus urticae) (Jones et  al. 
1996). Initially, many North American beekeepers were hopeful that 
HopGuard would be a valuable product for several reasons. One, it 
can be applied easily on formulated cardboard strips that are hung 
between frames, similar to how the synthetic acaricides are applied. 
Also, HopGuard can be applied to both packages and colonies 
during the summer when temperatures are high (DeGrandi-Hoffman 
et  al. 2012). Finally, hop beta acids are non-toxic to humans and 
have demonstrated low toxicity to bees (Rademacher et  al. 2015). 
However, reports on the effects of HopGuard in the field have been 
quite mixed. Rademacher et al. (2015) observed up to 88% mite mor-
tality in treated colonies while Vandervalk et al. (2014) and Gregorc 
et al. (2018) observed efficacies of just 43% and 64%, respectively. 
Currently, HopGuard is only labeled for use in the U.S. and Canada.

Synthetic Chemicals
Of the different synthetic chemical treatments used to control 
Varroa across the world, there are four common active ingredients 
(AIs). These include the formamidine amitraz (marketed as Apivar), 
the organophosphate coumaphos (most common is Checkmite), and 
two pyrethroids, flumethrin (Bayvarol and PolyVar Yellow) and tau-
fluvalinate (Apistan). These acaricides are most commonly admin-
istered to honey bee colonies by placing plastic strips impregnated 
with the chemicals into the brood area. The bees contact the strips as 
they move about the surface of the combs, thus exposing the mites 
to the AIs. Large-scale, commercial beekeepers typically prefer to 
use these compounds as they can be applied rapidly and demon-
strate high efficacy against Varroa (Rosenkranz et  al. 2010). That 
said, there have been many reported cases of Varroa resistance to 
these AIs (Table 3).

Formamidines
Amitraz is registered for use in many countries (see Table 2). 
Formamidines, such as amitraz, are octopamine mimics that block 
the regular neuromodulating octopamine receptor (Casida and 
Durkin 2013). Apivar, registered for use in the U.S. in 2013, is for-
mulated amitraz in plastic strips that hang between brood frames, 
one strip per five frames of brood for 42 d. Many studies have shown 
amitraz to be a highly effective control (Floris et al. 2001, Semkiw 
et al. 2013, Vandervalk et al. 2014, Al Naggar et al. 2015, Gregorc 
et al. 2018), consistently killing 75–90% of Varroa. Recently, amitraz 
usage among U.S. beekeepers was associated with low winter colony 
losses from survey data (Haber et al. 2019). Thus, amitraz use has 
become popular and is frequently used throughout the world to con-
trol Varroa (Table 2).

While efficacious, Apivar is not considered affordable by many 
beekeepers. Often, beekeepers will purchase other products con-
taining amitraz and concoct their own homemade treatments, typic-
ally soaking a paper towel with their concoctions and placing it on 
top of the brood frames. In the U.S., for example, amitraz was re-
gistered as a product named Miticure from 1992 to 1994 (reviewed 
by Johnson et al. 2010). However, it lost its registration for use in 
colonies, at which time many beekeepers found the AI in another 
product (Taktic) that was registered for the control of cattle ticks 
(Chen et al. 2007, Oliver 2014). Taktic is popularly used as an off-
label amitraz treatment in the U.S.

Amitraz at high dosages can negatively impact brood survival (Dai 
et al. 2017, 2018, Tome et al. 2020), drone sperm viability (Fisher and 
Rangel 2018), honey bee cardiac function, and virus tolerance (O’Neal 
et al. 2017). Varroa resistance has been reported for decades and in 
many regions (Elzen et al. 1999, 2000; Rodríguez-Dehaibes et al. 2005, 
Maggi et al. 2010, Kamler et al. 2016, Rinkevich 2020, Table 3), though 
mite populations have remained susceptible to amitraz for much longer 
than they have to fluvalinate and coumaphos.

Organophosphates
Coumaphos is registered for use in Europe as well as the U.S., Canada, 
and Nicaragua (Table 2). Organophosphates such as coumaphos in-
hibit acetylcholinesterase, and this prevents the hydrolysis of acetyl-
choline at synapses (Casida and Durkin 2013). There have been 
several coumaphos-based products, each with different formula-
tions. Asuntol50 was formulated as a powder and applied by mixing 
with powdered sugar, and sprinkling between the brood frames 
(Martel et al. 2007). However, Asuntol50 is not available to many 
beekeepers. Other products like Perizin, which is formulated as a 
liquid and applied to colonies by trickling between brood frames 
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(Blacquière et al. 2017) and CheckMite which is formulated as strips 
that are hung between brood frames (Kast et al. 2020) are widely 
available. However, products containing coumaphos generally 
have low efficacies and have largely been abandoned by beekeepers 
(Haber et al. 2019).

Varroa resistance to coumaphos has been widely reported 
around the world (Spreafico et al. 2001, Pettis et al. 2004, Maggi 
et  al. 2009, Medici et  al. 2016, Table 3), rendering the treatment 
effectively useless. Furthermore, even when treatment of coumaphos 
has been absent for a decade, a reversion to coumaphos suscepti-
bility does not appear likely (Mitton et al. 2018). Moreover, many 
beekeepers do not want to treat with coumaphos because of the 
harmful negative effects it may cause to honey bees. For instance, 
coumaphos has been observed reducing honey bee learning and 
memory (Williamson et al. 2013), brood survival (Dai et al. 2018), 
queen survival (Haarmann et al. 2002), viability of sperm stored in 
queens’ spermatheca (Chaimanee 2016), and many honey bee meta-
bolic responses (Boncristiani et al. 2012).

Pyrethroids
Nearly every country where honey bees are managed permits the 
use of a pyrethroid to control Varroa because of this group’s ability 
to kill mites at low concentrations with correspondingly low tox-
icity to honey bees (Perez-Santiago et al. 2000, Johnson et al. 2010) 
(Table 2). Pyrethroids disrupt the mite’s neurotransmission by 
blocking sodium transport at the voltage-gated sodium channels 
(Casida and Durkin 2013), resulting in prolonged channel openings 
(Dong et al. 2014). The success of these chemicals is mainly due to 
their ability to initiate repetitive synaptic disturbances, causing the 
mites to convulse (Casida and Durkin 2013) and fall off their honey 
bee host.

Both the products Apistan (AI—tau-fluvalinate) and Bayvarol 
(AI—flumethrin) are formulated as strips impregnated with 
their respective active ingredients. The strips are hung between 
brood frames for 6–8 wk. Apistan was widely used in the 1980s 
in Europe and in the early and mid-1990s in the U.S.  and had 
efficacies >90% (Cabras et al. 1997). However, beekeepers less-
ened their use of Apistan when resistance issues became wide-
spread (Lodesani et al. 1995, Elzen et al. 1998, Mozes-Koch et al. 
2000, Thompson et  al. 2002, reviewed by Johnson et  al. 2010, 
Table 3)  due to mutations in the mite’s voltage-gated sodium 
channels (González-Cabrera et  al. 2016). Most of the research 
conducted on the negative effects of acaricides on honey bees has 
focused mainly on fluvalinate. Notable negative effects include 
reduced brood survival (Dai et al. 2017, 2018), the production of 
smaller queens (Haarmann et  al. 2002), increased susceptibility 
to viruses (Locke et al. 2012), and reduced learning and memory 
(Frost et al. 2013).

The efficacy of Bayvarol has remained relatively high, killing 
73–97 % of mites (Smodiš Škerl et al. 2011, Olmstead et al. 2019), 
though resistance to Bayvarol has also been reported (Surlis et al. 
2016, Table 3). PolyVar Yellow is flumethrin formulated as a strip. 
However, instead of being hung between brood frames, the strip is 
placed at the hive entrance and has holes through which the bees 
enter and leave, thereby becoming exposed to the AI. Where tested, 
PolyVar Yellow has proved incredibly effective, killing 99.9% of 
mites in one study (Blacquière et al. 2017). The negative effects to 
honey bees associated with flumethrin appear to be considerably less 
severe than those elicited by fluvalinate, with only increased adult 
stress being observed (Qi et al. 2020).

Abandoned Synthetic Acaricides
There are a few synthetic acaricide treatments that were used 
for a period of time but were abandoned due to ineffectiveness 
or concerns over honey bee health. For instance, cymiazole, an 
iminophenyl thiazolidine derivative formulated in the product 
Apitol, was fed to bees via sugar syrup. Apitol is a systemic acari-
cide, working through the honey bee hemolymph (Stanimirovic 
et al. 2005). However, field efficacy of Apitol has not demonstrated 
much success (Imdorf et  al. 1996), possibly due to the fact that 
Varroa primarily feed on fat tissue instead of hemolymph as was 
once believed (Ramsey et  al. 2019). Furthermore, cymiazole is 
water-soluble and could be easily detected in honey (Cabras et al. 
1994, Wallner 1999).

Another abandoned acaricide was bromopropylate, commercial-
ized as fumigation strips as the product Folbex-VA. Bromopropylate 
has been used to control twospotted spider mites (Tetranychus 
urticae) (Van Leeuwen et al. 2010) but was also used in the early 
1980s in Europe to control Varroa (Ravoet et  al. 2015). Though 
Folbex-VA proved moderately effective (Marchetti et al. 1984), its 
use in bee colonies was banned in Europe because of the consistent 
contamination of hive products (Lodesani et al. 1992, Wallner 1999, 
Bogdanov 2006, Ravoet et al. 2015).

Fenpyroximate, a pyrazole that acts as a METI (mitochondrial 
electron transport inhibitor) acaricide, is another example of an 
abandoned Varroa treatment. It was first introduced into the U.S. in 
2007 as Hivastan, formulated as a patty (reviewed by Johnson 
et  al. 2010). Fenpyroximate was used to kill two-spotted spider 
mites, but they became resistant (Kim et al. 2004). After issues of 
fenpyroximate affecting honey bee health (Johnson et al. 2013a, b), 
Hivastan quickly lost popularity among beekeepers.

Residue Control
Acaricides are among the most abundantly detected chemical res-
idues in honey bee colonies (Mullin et  al. 2010, Wu et  al. 2011, 
Sanchez-Bayo and Goka 2014, Ostiguy et  al. 2019). Amitraz, 
bromopropylate, coumaphos, flumethrin and tau-fluvalinate can 
be found in pollen, bee bread, and, most commonly, beeswax 
(vanEngelsdorp 2009, Johnson et  al. 2010, Mullin et  al. 2010). 
Given that most synthetic acaricides used to control Varroa are lipo-
philic and nonvolatile (reviewed by Wilmart et al. 2016), except for 
cymiazole (Wallner et al. 1999), they readily accumulate in wax. The 
chronic exposure of mites to acaricides via wax residues is thought 
to contribute to the development of mite resistance to these com-
pounds (Medici et al. 2016).

Numerous studies highlight the negative effects of these residues 
on honey bee health and their potential interactions with other 
stressors (Johnson et al. 2009, Boncristiani et al. 2012, Medici et al. 
2012, Wu et  al. 2011, Berry et  al. 2013, Johnson et  al. 2013a, b, 
Williamson and Wright 2013). Many beekeepers attempt to elim-
inate pesticide residues in a colony by replacing old wax combs with 
new foundation, thus encouraging bees to build new comb (Johnson 
et al. 2010). While traces of acaricides can be found in most wax 
foundations around the world, (Wallner 1999, Mullin et al. 2010), 
rotating combs every few years appears to be a worthwhile endeavor 
(Berry and Delaplane 2001, Döke et al. 2015).

Resistance Management
Varroa has rapidly evolved resistance to several of the noted acari-
cides due to AI overuse or misuse by beekeepers. Resistance to the 
prevalent synthetic chemicals amitraz, coumaphos, flumethrin, and 
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fluvalinate has been well-documented worldwide (Lodesani et  al. 
1995, Thompson et  al. 2002, Elzen and Westervelt 2002, 2004; 
Pettis 2004, Goodwin et al. 2005, Sammataro et al. 2000; Gracia-
Salinas et al. 2006, Maggi et al. 2009, 2010, Bak et al. 2012, Kamler 
et  al. 2016, Table 3). Fortunately, most organic chemicals used to 
control Varroa have a low risk of accumulating in bee products 
as they are water soluble, more volatile and generally break down 
faster (Wallner 1999). Therefore, Varroa have a lower likelihood of 
developing resistance to organic chemicals after repeated exposure 
to the AIs (Rosenkranz et al. 2010).

Rotation of Chemical Treatments
Rotating among the different acaricides is the optimal strategy for 
preventing the development of Varroa resistance to any one AI 
(Sudo et al. 2018). An effective resistance management plan should 
incorporate as many different chemical classes as possible to avoid 
Varroa developing cross-resistance, when resistance to one acaricide 
confers resistance to another (FAO 2012). Acaricide rotation plans 
have been suggested by honey bee researchers (Elzen et al. 2001). 
However, each treatment should be unique to specific regions. If the 
steps of IPM are followed, chemical treatments will be used only 
when necessary, in combination with other non-chemical treatments, 
and will be selected according to the efficacy and appropriate timing 
for a given region. Therefore, it is not appropriate to prescribe spe-
cific treatment plans to every beekeeper.

 The rotation of chemical treatments may only be a short-term 
solution for beekeepers if not adopted by the beekeeping commu-
nity (Rosenkranz et al. 2010). Mites can move to neighboring col-
onies, hitching rides on drifting or robbing workers (Peck and Seeley 
2019). If careless beekeepers increase mite resistance to a certain 
chemical treatment due to overuse, those mites could eventually mi-
grate to colonies appropriately managed. Researchers have identified 
the molecular mechanisms of chemical resistance in Varroa popula-
tions to specific acaricides (Gonzalez-Cabrera et al. 2013, Strachecka 
et al. 2015, Gonzalez-Cabrera et al. 2016), though additional work 
is needed in this field of study. Once the mechanisms of resistance 
are identified, more research efforts could be invested into targeting 
those resistance genes and silencing them through RNAi to maintain 
the efficacy of chemical treatments currently available (See RNAi).

Resistance Detection
When an acaricide appears to not be as effective as expected, re-
sistance is not always to blame. Product performance problems 
may include the incorrect timing of the treatment, poor application 
coverage, or the use of an incorrect dose (FAO 2012). However, fre-
quent use of synthetic chemical treatments can and do lead resist-
ance and should be monitored closely (Roth et al. 2020). Monitoring 
colony Varroa populations using techniques described previously 
(see Quantifying Varroa Populations) before and after treatment is 
key to early detection of chemical resistance.

Simple field assays have been used to detect Varroa resistance 
to synthetic acaricides formulated into strips (Pettis et  al. 1998, 
Rinkevich 2020). Rinkevich (2020) used the following method to 
determine Apivar resistance in commercial apiaries. (1) Cut a small 
4 × 4 cm square from the chemical strip and glue it perpendicularly 
to the bottom of a disposable plastic cup. (2) Collect about 300 adult 
bees from brood frames and place them into the container with the 
chemical treatment. (3) Fashion a lid from screen mesh, attach it to 
the container and invert the container. (4) Suspend the container a 
few cm over a sticky board in the shade at ambient field conditions 
for an amount of time determined by the researcher (usually several 

hours). Standardization of the exposure time is critical to com-
pare resistance across colonies. (5) At the end of the testing period, 
wash the bees in the containers with warm water, dislodging the 
remaining “resistant” mites. (6) Add the number of remaining mites 
to the number of dropped mites to determine the total Varroa in the 
sample. (7) Finally, divide the number of dropped Varroa by the total 
Varroa to calculate the treatment efficacy.

Screening for New Acaricides
Chemical control of Varroa will likely remain a major part of Varroa 
IPM in the foreseeable future. Ensuring that there are enough ef-
fective chemical controls that can be rotated as part of a management 
regimen is important to the sustainability of the existing controls. 
As such, the discovery of new compounds active against Varroa is 
worthy of continual pursuit. However, it is not enough simply to 
find a compound toxic to Varroa. Both Varroa and honey bees be-
long to the phylum Arthropoda and, as such, have somewhat similar 
physiologies. Identifying new compounds requires extensive testing 
on chemical toxicity for both species before a compound can be ap-
proved for use against Varroa while demonstrating low risk to honey 
bees. An ideal compound will be toxic to Varroa in low dosages, 
while only toxic to honey bees at extremely high dosages, or not 
toxic to them at all. Observations of the selectivity of a compound 
can be made by dividing the toxicity of a compound to honey bees 
by the toxicity of the same compound to the mite (Lindberg et al. 
2000). Such selectivity ratios (SR) provide a simple, yet efficient way 
to compare compounds and to make comparisons between studies.

For years, researchers worldwide have been screening compounds 
for toxic selectivity to the mite (Lindberg et al. 2000, Fassbinder et al. 
2002, Ruffinengo et  al. 2005, Damiani et  al. 2009, Gashout and 
Guzman-Novoa 2009, Riva et al. 2019, Lin et al. 2020). In most cases, 
research groups are able to select some promising candidates to move 
forward into field level tests. However, the costs required for chemical 
companies to bring a product to market is so high that it prohibits 
most positive hits from future testing, calling into question the logic 
of exploring new chemistries. Nevertheless, there are many chemicals 
designed to target other mites, insects or arthropods that are already 
on the market and have not yet been tested on Varroa or honey bees. 
Thus, chemical screenings are still a worthwhile endeavor, though to 
increase the likelihood of adding new legal products to beekeeper’s 
arsenal of treatments, more targeted screenings are required.

Chemical Treatment vs. Non-Treatment
Many beekeepers do not want to put chemicals into their hives for 
fear of the negative effects these chemicals might have on honey bee 
health. Treating honey bee colonies with chemicals to control Varroa 
can lead to unintended negative side effects for the drones, queens 
and workers (Johnson et al. 2009, Boncristiani et al. 2012, Wu et al. 
2011, Berry et  al. 2013, Johnson et  al. 2013a, b, Williamson and 
Wright 2013, Chaimanee et al. 2016). However, without any kind of 
beekeeper intervention, Varroa and their associated viruses will almost 
certainly overcome managed colonies (Frey and Rosenkranz 2014, 
Thompson et al. 2014, Haber et al. 2019, Grozinger and Flenniken 
2019). While thoroughly vetted and labeled chemical treatments can 
harm honey bees, we argue that the harm caused by Varroa is worse 
than that of the approved acaricidal controls. Of course, it should 
be reiterated that chemical control should not be the sole method of 
control but should be used sparingly and in combination with other 
measures to reduce Varroa populations below the economic threshold 
(Flint 2012). Thus, diligent Varroa monitoring strategies should dem-
onstrate the need for chemical intervention.
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Emerging Varroa Control Technologies

With mites becoming increasingly resistant to once effective acari-
cides and with other IPM tactics offering only minor relief against 
Varroa infestations, the sustainable control of Varroa in honey 
bee colonies remains an expanding frontier of research. There are 
many avenues of Varroa control research currently in development 
(Dietemann et al. 2012). Here, we mention two technologies that ap-
pear to have the most promise, or at least the most resources devoted 
to exploring their efficacy against Varroa.

RNAi
Varroa researchers have placed an increased emphasis on new 
genomic approaches that can be used to target Varroa efficiently 
and disrupt the mite’s lifecycle since the partial sequencing of 
the Varroa genome (Cornman et al. 2010). Once such strategy 
involves RNA interference (RNAi) technology. RNAi works 
by reducing the RNA of specific, critical target genes, causing 
a reduced expression of that gene (Garbian et  al. 2012, Scott 
et  al. 2013). RNAi, in theory, is thought to have limited im-
pacts on non-target organisms (Niu et  al. 2018). The process 
starts by feeding honey bees with double stranded (dsRNA) cor-
responding to specific Varroa RNA sequences. The dsRNA pre-
sumably moves from the bee gut to its hemolymph, where it is 
acquired by feeding mites. This, in theory, ultimately causes gene 
expression changes that are lethal to or causes reduced fitness 
of the mites. This has been accomplished, for example, with a 
few bee viruses, where feeding bees viral dsRNA reduced titers 
of the target virus (Maori et al. 2009, Hunter et al. 2010, Desai 
et al. 2012, Chen et al. 2014). Despite the promise of RNAi, a 
great deal of research is required to ensure that the dsRNA does 
not contain fragments that match genes in the honey bee, as this 
may impact bees detrimentally (Nunes et al. 2013). Furthermore, 
studies are needed to determine whether chronic exposure to 
dsRNA will impact the honey bee immune system (Grozinger 
and Robinson 2015).

Recently, Huang et  al. (2019) discovered target genes im-
portant to Varroa survival and reproduction via injection. They 
found two genes that significantly reduced Varroa survival, killing 
96% and 70% of mites 72 h post-injection, and four genes that 
reduced Varroa reproduction, three of them by >50%. These 
genes, as well as many others, should be explored further as pos-
sible target sites in future research. A new method of delivery of 
dsRNA to Varroa has also recently opened new research avenues. 
Leonard et  al. (2020) found that engineered symbiotic bacteria 
within the honey bee guts could reach Varroa with target dsRNA, 
thus providing a new tool to study RNAi technology for honey 
bee health.

Chemical Ecology
The discovery of the chemical composition of female Varroa sex 
pheromones (Ziegelmann et al. 2013) highlights the role chemical 
ecology may play in the future control of Varroa. For example, the 
discovery of the sex pheromones offers a new control approach 
for the mite, possibly via the disruption of mite mating behavior. 
Ziegelmann and Rosenkranz (2014) tested the ability of the sex 
pheromones to disrupt mating behavior in both a laboratory assay 
and in the field study. The laboratory assay demonstrated that male 
mites cannot distinguish between receptive and unreceptive fe-
males during mating attempts after exposure to the pheromones. 
Furthermore, the time the mites spent mating was reduced signifi-
cantly. In the field, female daughters of foundress mites found in 

brood combs and sprayed with components of the mite sex phero-
mone had significantly fewer spermatozoa, suggesting reduced 
mating success.

Eliash et  al. (2014) discovered compounds that caused Varroa 
present on the bodies of adult nurse bees to move towards foraging 
bees within the laboratory. This movement away from nurse bees 
to forager bees is interesting, as mites within the hive could poten-
tially be carried away from the brood area and be more exposed 
to acaricidal applications. If in the future these compounds were 
formulated into a Varroa treatment, other treatments may become 
more effective, though higher incidents of drifting could be more 
likely to occur (Plettner et al. 2017). Regardless of the method, any 
future Varroa control manipulating the chemical ecology of the mite 
will likely be difficult to implement within honey bee colonies which, 
themselves, are filled with chemical signals (Nazzi and Le Conte 
2016). Nevertheless, the promise of manipulating Varroa behavior 
to the benefit of the honey bee is exciting and should be explored 
further.

Holistic Control of Varroa Using IPM

Varroa control treatments may vary in efficacy due to abiotic (lo-
cation, temperature, humidity, season, etc.) or biotic factors (mite 
resistance, honey bee colony population size, colony sensitivity to 
treatment, etc.). Consequently, there will never be a single Varroa 
control strategy that will work for every beekeeper. Beekeepers must 
be aware of the available and effective treatments for their own lo-
cation and situation. Nevertheless, we have created a treatment de-
cision chart to aid beekeepers in selecting the best treatments for 
their situation (Fig. 4). The chart recommendations are based on ef-
ficacy data reported in the literature (Table 1).

We make a broad recommendation that all beekeepers, re-
gardless of operational size, practice Varroa prevention measures 
as part of their routine management strategy, use Varroa resistant 
stock and equip hives with screened bottom boards during warm 
seasons. We developed the decision tree in Fig. 4 assuming these 
best management recommendations are followed. From there, it is 
necessary to know ones Varroa infestation rate as the tree’s initial 
decision is predicated on whether or not colonies have infestation 
rates ≥3 mites/100 adult bees, the standard economic threshold. 
Following that decision, the beekeeper must know if colony popu-
lations are decreasing or increasing naturally, if they are being used 
for production, etc.

Once all questions are answered, the beekeeper arrives at a list 
of various IPM treatment levels/categories: cultural, mechanical, 
organic chemical and synthetic chemical. These are either recom-
mended (check) or discouraged (X), based on their general efficacy 
specific to that condition. Biological controls are not included in the 
figure, as presently no effective commercial treatments are available 
to beekeepers. Additionally, we do not advise that beekeepers use 
synthetic chemical treatments when Varroa thresholds are below the 
3 mites/100 bee ratio. We do not recommend specific treatment strat-
egies within a given IPM treatment level/category. For example, we 
do not recommend which synthetic chemical should be used if the 
use of synthetic chemicals is checked in the flow chart. Beekeepers 
can review the efficacy of each specific treatment in Table 1 and de-
termine which they are comfortable using. While we do not provide 
the financial costs for these different treatments, it is important that 
beekeepers determine which treatments are economically feasible 
for their own operations. Furthermore, not all treatment options are 
available in every country (Table 2). Thus, we leave that decision to 



20� Journal of Insect Science, 2021, Vol. 21, No. 5

the beekeeper. Ultimately, we believe that this decision tree, when 
followed, represents a holistic IPM strategy for controlling Varroa 
effectively, regardless of where the colony is located.

Conclusion
Varroa continues to be a severe problem for honey bees despite dec-
ades of research into its control. The sustainable control of Varroa 
likely will not be achieved using a single control approach, but ra-
ther via integrating multiple approaches to achieve maximum efficacy. 
However, given that our understanding of how Varroa/virus trans-
mission affects honey bees is poor and that our current economic 
threshold is narrow (2 vs. >3 mites/100 bees), it is fair to consider if 
IPM is even a viable approach to Varroa control at all. Here, we high-
light what we believe to be important gaps in collective knowledge 
related to Varroa control and the development of IPM protocols.

1.	 Finish annotating the Varroa destructor genome. Annotation will 
allow researchers to identify new RNAi target sites or develop 
new molecular/genetic approaches for better Varroa control.

2.	 Develop a Varroa in vitro rearing method. An in vitro rearing 
method will allow for high-throughput screenings of chemical 
treatments and will greatly increase the speed in which Varroa 
may be studied (Jack et al. 2020b).

3.	 Improve chemical control of Varroa. This might be accomplished 
by:
a)  screening additional compounds,
b) � identifying the physiological means Varroa use to acquire re-

sistance to existing chemicals, and
c) � improving the formulation and application of existing miticides.

4.	 Advance existing alternative Varroa control strategies. This 
might be accomplished by:

a)  �continuing breeding programs aimed at improving honey bees 
resistance and tolerance to Varroa,

b) � utilizing chemical ecology strategies such as pheromonal dis-
ruption of mating, attractants or repellants, and

c)  identifying new candidate biological control agents.

5.	 Advance integrated pest management strategies for Varroa. This 
might be accomplished by:

a) � quantifying injury to a colony in terms of percent of bees with 
a virus per Varroa,

b) � outlining specific economic injury levels regionally to deter-
mine when chemical treatment of Varroa is necessary,

c) � investigating the efficacy of different combinations of treat-
ment regimes, and

d) � determining beekeeper barriers to adoption of IPM strategies.

6.	 Reduce the impact of Varroa-vectored viruses. This might be ac-
complished by:

a) � understanding the mechanisms by which Varroa transmit vir-
uses,

b) � investigating the impact of mite infestations on virus prevalence 
in colonies, and

c) � using novel technologies, such as RNAi, to reduce the impact 
of viruses on colonies.

Varroa has had a devastating impact on honey bee health and the 
sustainability of beekeeping globally. Despite this, beekeepers have 

Fig. 4.  Treatment decision chart to aid beekeepers in selecting the most appropriate Varroa treatments for their colony situation and management goals. To aid 
in development of this chart, several assumptions about beekeeper efforts to prevent and manage Varroa are made. Hyperthermia recommendations are made 
based on the research referenced in Table 1, but caution is required when using this control method, as research regarding the safety of these devices is limited. 
Specific organic and synthetic chemical treatments are not mentioned in the figure; thus, beekeepers must determine which chemical treatments are available 
to them and follow the label of the given treatment. Recommendations in this figure are only intended to guide the beekeeper to available treatment options 
given the colony situation and management goals.



Journal of Insect Science, 2021, Vol. 21, No. 5� 21

managed to keep colonies alive through labor intensive, costly Varroa 
control management programs. We believe addressing Varroa infest-
ations using the basic principles of IPM is possible and will benefit 
both honey bees and beekeepers alike.
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