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Abstract 

 

 

Varroa destructor is a devastating ectoparasitic mite of Apis mellifera honey bees. To 

manage it, beekeepers employ Integrated Pest Management, including the strategic use of 

chemicals like oxalic acid. Here, I performed colony-level field studies to examine the effects of 

continuous and multi-day release methods of oxalic acid application that target V. destructor as it 

emerged from brood cells alongside young A. mellifera. I observed that the tested continuous 

release method employing shop towels and cellulose boards had no effect on V. destructor or A. 

mellifera colonies. However, I observed that the tested multi-day application of oxalic acid via 

sublimation had a negative effect on V. destructor but no effect on A. mellifera colonies. Because 

of the need to identify diverse V. destructor management options for beekeepers, more work is 

needed to fine-tune the practical use of oxalic acid in A. mellifera colonies rearing brood. 
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Chapter 1: Literature Review 

 

Statement of purpose 

The ectoparasitic mite Varroa destructor (Anderson and Trueman) (Acari: Varroidae) is a 

major threat to beekeeping globally, causing widespread mortality of managed Apis mellifera L. 

(Hymenoptera: Apidae) honey bee colonies (Koleoglu et al. 2017). Oxalic acid is a natural 

varroacide with considerable promise; however, its current use is limited by colony and 

environmental conditions. Investigating novel ways for beekeepers to use oxalic acid would 

promote effective Integrated Pest Management against this devastating parasite. 

 

1.1 Honey bees (Apis mellifera) 

Angiosperms, or flowering plants, depend on the movement of pollen from the anther, the 

male part of the flower, to the stigma, the female part of the flower, for sexual reproduction 

(Yamaji and Ohsawa 2016). Often, the plant is unable to do this on its own, and instead relies 

upon an animal to complete this process, known as pollination (Mitchell et al. 2009). Pollination 

by insects is among the most important ecosystem services provided by animals (Sandhu et al. 

2016). One of the most important animal pollinators is the Western honey bee, Apis mellifera, 

which is services both agricultural and natural systems (vanEngelsdorp and Meixner 2010; Hung 

et al. 2018). In the United States, pollination by A. mellifera is estimated to be worth $15 billion 

(Ricigliano et al. 2019), and globally 87 of the most important food crops depend upon them and 

other bees for pollination (Klein et al. 2007). Many examples include economically important 

crops such as almonds, blueberries, and cucurbits (Klein et al. 2007). Although not all flowering 

plants rely on insect pollinators, they do benefit from increased pollen movement from insect 
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pollinators. One great example is increased cotton yields between 27-31% in the presence of A. 

mellifera (Stein et al. 2017). 

A. mellifera is regarded as one of the most efficient pollinators is due to its biology and 

sociality, which has historically allowed for its management in large numbers (Degrandi-

Hoffman et al. 2019). As a result, A. mellifera can be found outside of its native Eurasian range, 

inhabiting every continent permanently occupied by humans (Weber 2012). Furthermore, 

innovation in management over the last several hundred years has allowed it to be relatively 

easily transported to areas of crop production in high volumes during brief periods when 

pollination is required (Sáez et al. 2020). 

Apis mellifera is unique among insect pollinators, as they are eusocial. This highly advanced 

social structure in animals is characterized by overlapping generations, cooperative brood care, 

and reproductive division of labor in females (Wilson and Hölldobler 2005). Because of their 

eusociality, the entire colony is frequently regarded as a superorganism (Page et al. 2016) 

composed of a single queen (the reproductive female), many thousands of workers (the non-

reproductive females), and a few thousand drones (the reproductive males). Drones are only 

present during certain times, however, such as during the spring and summer, whereas the queen 

and workers are present during all times of the year (Rangel and Fisher 2019). 

The queen is arguably the most important individual within the A. mellifera colony. The 

queen has the shortest development time of all other bee types within the colony, which is 16 

days (Sammataro and Avitabile 2011). Also unique to queens are the cells in which they 

develop, which are oriented vertically compared to horizontal workers and drone cells (Pirk 

2018). Additionally, a developing queen is fed large amounts of royal jelly, a protein and 

nutrient-rich food produced by the workers that determines whether the female larva will become 
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a queen or worker (Merzendorfer 2011, Sagili et al. 2018). The queen is the sole reproductive 

force within the colony, laying up to 2,000 eggs per day during the active season (Leimar et al. 

2012).  

The queen, unlike workers and drones, is the only perennial member of the colony, living 

several years, though they are commonly replaced annually by beekeepers (Sammataro and 

Avitabile 2011). Upon cell-emergence, the newly emerged virgin queen will orient herself with 

her new colony. After orientation, she will then leave the hive and commonly mate with up to 

12-14 drones at drone congregation areas, a form of lek mating behavior (Richard et al. 2007, 

Beaurepaire et al. 2014, Heidinger et al. 2014). This polyandrous mating behavior increases 

genetic diversity of future generations of the colony which subsequently improves resistance or 

tolerance to disease (Ostroverkhova et al. 2016, Ding et al. 2017). The reproductive performance 

of queens is heavily dependent on the quantity and quality of sperm obtained during mating. This 

in turn also relies on the quality of the drones she had mated with previously (Al-Sarhan et al. 

2019). Mating quality and proper care of queens by the workers enhance the survival and 

acceptance of the queen by the workers of the colony. If the queen begins to fail, or lays fewer 

eggs or more drone brood, the workers may then replace her (Sammataro and Avitabile 2011). 

Workers are nonreproductive females, and as their name implies perform housekeeping 

duties of the A. mellifera colony. Workers, similar to queens, are fed royal jelly, but are switched 

to beebread, a mixture of nectar and pollen, after three days of feeding (Sammataro and Avitabile 

2011). Workers have a development time of 21 days, which is intermediate compared to queens 

and drones. Workers are the most numerous individuals of the colony, and are present at all 

times of the year although they can be physiologically different depending on the season. For 

example, winter A. mellifera workers are produced towards the end of the active season and 
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exhibit low titers of Juvenile Hormone and have larger fat bodies that ultimately allows them to 

live up to 6 months. During the winter months, the workers participate in thermoregulation and 

care for the queen, and if present, brood (Mattila et al. 2001, Behrends and Scheiner 2010). This 

is in stark contrast to A. mellifera workers during the active season, which live up to 42 days, and 

have lower levels of proteins and lipids (Sammataro and Avitabile 2011, Kunc et al. 2019). 

Workers also exhibit temporal polyethism (Beshers et al. 2001). Juvenile hormone, secreted 

by the corpora allata, regulates the physiological processes associated with division of labor and 

age polyethism in A. mellifera workers (Robinson 1987, Beshers et al. 2001, Johnson 2010). 

When workers first emerge, their duties are restricted to the brood nest where they clean brood 

cells and feed the developing larvae. Workers then transition to tasks outside of the the brood 

nest, such as building comb and processing nectar and pollen. Finally, once they are around 3-

weeks old, they then transition into foragers – the life stage which perform pollinations via 

gathering food from floral resources (Page et al. 2006, Johnson 2010, Sagili et al. 2011). 

Workers are also responsible for feeding the queen, and if present, any drones in the colony 

(Johnson 2010). Workers are also the caste that makes honey, a highly prized food substance 

throughout the world. Honey is made from nectar, which is gathered from floral resources. The 

nectar then undergoes chemical transformation, breaking down sugars. Water is then evaporated 

from the nectar by the workers and eventually capped with wax (Sammataro and Avitabile 2011, 

Eyer, Neumann, et al. 2016). 

Workers may also be the most infamous individual type of A. mellifera, as it is capable of 

stinging in self-defense. Although queens possess stingers, they are not barbed like stingers of 

workers (Sammataro and Avitabile 2011, Wu et al. 2014). Workers that defend the colony are 

older, and have transitioned to foragers near the end of their lives (Nouvian et al. 2016). The 
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venom possessed by A. mellifera is not unlike other venomous animals, and is composed of 

protens, alkaloids and peptides (Danneels et al. 2015).  

Drones, or male honey bees, have the longest development time, which lasts 24 days. They 

are easily distinguishable from workers and queens, as they have very large eyes and rounded 

abdomens (Sammataro and Avitabile 2011). Drones are only present during the active 

season,when they seek to mate with virgin queens from other colonies at drone congregation 

areas (Langowska and Zduniak 2020).There, hundreds of drones gather high above the ground. 

Sensing the virgin queens’ sex pheromone, they will then follow, and mate with her (Butler et al. 

1962, Bastin et al. 2017). Upon mating, the drone then dies. The population dynamics of drones 

fluctuate throughout the year, and is believed to be connected to the population of workers 

present within the colony (Rowland and McLellan 1987). Although drones were thought to not 

perform any work in the hive, it has been shown they do contribute to some thermoregulation of 

brood during times of colony stress (Harrison 1987).  

The Apis mellifera colony, made up of thousands of individuals that work together, acts as a 

single organism. Worker A. mellifera work together to raise brood, regulate internal conditions, 

such as temperature and humidity, within the hive, defend the hive, and gather food for all 

members (Sammataro and Avitabile 2011, Straub et al. 2015, Page et al. 2016). However, a 

minimum number of workers are needed to carry out normal colony conditions and behaviors. 

Stressors, both biotic and abiotic, threathen the life of A. mellifera colonies when enough 

workers have succumbed to these stressors (Straub et al. 2015).    

Many factors contribute to the health and quality of drone sperm. Drones are born with all 

the sperm they will use in their lifetime, though viability and quantity released has been shown to 

decrease over time (Rousseau et al. 2015). Other factors that contribute to sperm quality include 
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the in-hive environment, such as brood-nest temperature (Stürup et al. 2013). Commonly used 

insecticides, such as the neonicotinoids, and acaricides, such as fluvalinate, also influence the 

health of sperm (Ciereszko et al. 2017, Rangel and Fisher 2019). 

 

1.2 Apis mellifera colony loss  

Despite the widespread distribution and commercial management of Apis mellifera, 

beekeepers have experienced increased colony loss across the globe in recent years (Kulhanek et 

al. 2017, vanEngelsdorp et al. 2017, Bruckner et al. 2020, Gray et al. 2020, Oberreiter and 

Brodschneider 2020, Stahlmann-Brown et al. 2020). Many groups, such as the Bee Informed 

Partnership in the United States and COLOSS in Europe, have conducted colony loss surveys via 

information from participating beekeepers in order to understand the spatial and temporal 

dynamics of colony loss. In the years 2019-2020, it was reported that U.S. beekeepers lost 43.7% 

of their colonies (Bruckner et al. 2020), which is about double what beekeepers deem to be 

normal (Kulhanek et al. 2017). Reasons for colony mortality include both abiotic and biotic 

factors, acting singly or in combination (vanEngelsdorp and Meixner 2010, Havard et al. 2020). 

Abiotic factors that have led to A. mellifera colony loss include environmental conditions, 

pesticides, and beekeeper management (Kulhanek et al. 2017). Because workers regulate the 

brood temperature, and keep the colony at a constant temperature during the winter, high and 

low temperatures in the extremes can be detrimental to A. mellifera colonies (Southwick and 

Heldmaier 1987, Petz et al. 2004). Extreme high and low temperatures prohibit foraging workers 

from collecting pollen and nectar (Park et al. 2015, Li et al. 2018). Pesticides, especially 

insecticides, are often discussed as a reason for colony loss, and can elicit lethal and sub-lethal 

effects, such as oxidative stress (Chakrabarti et al. 2015). Furthermore, because some pesticides 
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are systemic in plants, these chemicals can leave residues in nectar and pollen, contaminating the 

stored food in colonies (Mullin et al. 2010). It has been observed that migratory beekeepers, or 

those that transport their colonies to different agricultural areas for pollination often experience 

high colony loss (Simone-Finstrom et al. 2016).  

Biotic stressors to Apis mellifera include floral resources, pests, and parasites. Though A. 

mellifera are extremely important and used extensively in agricultural systems, monocropping, 

or only one type of plant available, reduces floral diversity, restricting A. mellifera’s intake of 

appropriate nutrients (Rands and Whitney 2010). Furthermore, the landscape, being natural, 

agricultural or suburban, has an effect on nutritional intake of A. mellifera, due to differences in 

floral diversity (Smart et al. 2019). This can result in increased susceptibility of colonies to 

parasites (Branchiccela et al. 2019). Pests, such as the small hive beetle (Aethina tumida Murray 

(Coleoptera: Nitidulidae)) cause damage to wax and can make hive products, such as honey, 

unsellable for the beekeeper (Stief et al. 2020). Finally, a plethora of endemic and introduced 

parasites play an important role in A. mellifera health. Among the most damaging s the 

introduced ectoparasitic mite Varroa destructor, which feeds on the fat body of A. mellifera and 

can cause significant disease (Koleoglu et al. 2017b). 

 

1.3 Varroa mite (Varroa destructor) 

Varroa destructor, an introduced parasite to A. mellifera, was originally a parasite of the 

Eastern honey bee Apis cerana (Beaurepaire et al. 2015). The first report of this host switch 

occurred in 1957 in Japan (Sakai and Okada 1973). V. destructor arrived in Europe in the early 

1970s, and in America in the 1980s, plaguing  beekeeping industries since its introduction 

(Griffiths and Bowman 1981). Unlike A. cerana, A. mellifera did not evolved alongside V. 
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destructor; therefore, A. mellifera lacks the defense strategies that A. cerana developed to keep 

infestations at a non-damaging level. These defense stragies include grooming behavior, drone 

brood trapping, and hygienic behavior (Peng et al. 1987).  

The lifecycle of V. destructor is entirely dependent on the lifecycle of its honey bee host. For 

A. mellifera and other honey bee species, there are two distinct life stages of V. destructor – the 

dispersal stage, when mites travel and feed on adult A. mellifera, and the reproductive stage, 

when mites reproduce and develop alonside A. mellifera late stage larvae and pupae within 

capped brood cells (Mondet et al. 2018, Roth et al. 2020, Traynor et al. 2020). Varroa destructor 

is most often introduced to colonies via robbing of collapsing colonies and drifting of A. 

mellifera workers (Peck and Seeley 2019). The reproductive stage begins when a parasitized 

adult worker comes in contact with a brood cell containing a 5th instar larvae. The mite then 

leaves her adult host and enters the cell. From there, she buries herself under the brood food and 

waits for cell-capping. Once the cell is capped, the foundress mite begins to feed on the 

developing A. mellifera brood by creating a small slit in the cuticle with her gnathosoma 

(Ramsey et al. 2019). Approximately seventy hours later, the foundress lays a single haploid egg 

on the wall of the brood cell, which develops into a male, followed by diploid eggs that become 

daughter mites (Rosenkranz et al. 2010, Piou et al. 2016). On average, up to 1.5 and 2.5 

daughters are produce in worker and drone cells, respectively (Traynor et al. 2020). Because 

drones take longer to develop and nurses tend to drone cells more than worker cells (Boot et al. 

1995, Rosenkranz et al. 2010). Once the A. mellifera worker or drone pupates, they emerge 

alongside fully developed female V. destructor mites (Rosenkranz et al. 2010, Roth et al. 2020, 

Traynor et al. 2020). During the dispersal stage, adult female V. destructor mites adhere 

themselves to A. mellifera adults and feed on the underside of their host’s abdomen on the fat 
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body (Li et al. 2019, Ramsey et al. 2019). Nurse A. mellifera are the preferred life stage of 

workers, as they have larger fat bodies (Xie et al. 2016, Ramsey et al. 2019), and stay near the 

brood nest. This stage of life of V. destructor lasts up to 10 days when brood are present, but up 

to 6 months when brood are absent during winter (Piou et al. 2016).  

Feeding by V. destructor elicits both sub-lethal and lethal effects on A. mellifera (Koleoglu et 

al. 2017b). The fat body, the organ which V. destructor feeds upon, is among the most important 

organs in insects, functioning in storage and regulation of metabolites and immunity (Raikhel et 

al. 1997, Arrese and Soulages 2010, Ramsey et al. 2019). Feeding by V. destructor can result in 

reduced longevity, weight, and size of individuals, vectoring of viruses, anatomical deformities, 

and immunosuppression (Bowen-Walker and Gunn 2001, Annoscia et al. 2012, 2019, Dainat et 

al. 2012, Noël et al. 2020). Furthermore, drones parasitized by V. destructor during development 

are less capable of reaching drone congregation areas, and have lower sperm production and 

weight (Duay et al. 2002, 2003). These viruses act synergistically with V. destructor, threatening 

and causing widespread losses to A. mellifera colonies (Francis et al. 2013). In addition to the 

direct negative effects of V. destructor, feeding can also result in susceptibility to other pests and 

pathogens and insecticides (Blanken et al. 2015, Rinkevich et al. 2017, Noël et al. 2020).  

At high infestations, V. destructor severely weakens colonies, ultimately leading to colony 

death. Because the life cycle of V. destructor is highly correlated with that of A. mellifera, 

V. destructor infestations can quickly reach damaging levels (Noël et al. 2020). Without 

intervention, severe infestations can negatively affect individuals so that the colony is unable to 

fend the infection, eventually resulting in colony death (Straub et al. 2015, Morawetz et al. 2019, 

Thoms et al. 2019). 
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1.4 Varroa destructor control 

At high infestations without successful treatment, V. destructor severely weakens 

A. mellifera colonies, and will eventually cause death (Guzmán-Novoa et al. 2010, Kulhanek et 

al. 2017). Because of the threats posed by V. destructor, a successfully implemented 

management strategy employing Integrated Pest Management (IPM) is the best opportunity for a 

beekeeper prevent colony death due to this devastating parasite (Delaplane et al. 2005). Setting 

an action threshold, or a point at which pest populations reach a level in which control is needed, 

is necessary for a successful IPM Program (US EPA 2015c). Currently, an infestation of 3% 

V. destructor per 100 A. mellifera is the standard action threshold for V. destructor treatment 

(Caron et al. 2018). Prevention strategies, such as cultural and mechanical practices, are the next 

steps of an IPM program. Cultural practices include the use tolerant or resistant stocks, some of 

which can detect and remove V. destructor from within brood cells, or groom V. destructor from 

themselves or conspecifics (van Alphen and Fernhout 2020). Mechanical means by beekeepers 

include drone brood removal, whereby a beekeeper removes an entire frame of parasitized drone 

brood, and making colonies artificially broodless to limit V. destructor reproduction (Gregorc et 

al. 2017). When all other treatment methods have not successfully maintained infestations below 

the action threshold, chemical treatments are often used. 

Currently synthetic and organic (i.e., plant derived compounds) are available for use for 

beekeepers against V. destructor; however, many of the former compounds have recently 

demonstrated development of resistance by V. destructor because of improper use (Hillesheim et 

al. 1996, Elzen et al. 2000, Thompson et al. 2002, Sammataro, Untalan, et al. 2005, Rinkevich 

2020). Furthermore, synthetic treatments can have long-lasting negative effects on A. mellifera, 

possibly because residues remain in bee products like bee bread, honey, and wax (Wallner 1999, 
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Mullin et al. 2010). For example, one such active ingredient, tau-Fluvalinate, can negatively 

impact A. mellifera learning and survival (Frost et al. 2013). Both synthetic and natural 

treatments are also limited to use, as some cannot be used when honey supers are present, or are 

restricted by temperature (US EPA 2016, Caron et al. 2018). 

Due to the limitations of effective control using synthetic varroacides, beekeepers have 

begun to rely on natural compounds for control. Compounds such as oxalic acid have 

considerable promise due to high efficacy, natural content in nectar, and low probability of 

resistance development in V. destructor (Bogdanov et al. 2002, Rademacher and Harz 2006a, 

Toufailia et al. 2015, Adjlane et al. 2016). Oxalic acid, though used extensively throughout 

Europe and Canada, was registered for apicultural use in the United States in 2015 (US EPA 

2015). Current registered application methods using oxalic acid include trickling, which is the 

deposition of liquid formulation of oxalic acid dissolved in a sucrose solution onto the colony, 

and sublimation, which is the application of gaseous oxalic acid to a colony using a heating 

device (Rademacher and Harz 2006a, US EPA 2015a). Although natural treatments such as 

oxalic acid are highly effective, their use is limited by weather and internal conditions within the 

colony. For example, the acaricidal properties of oxalic acid do not penetrate the wax capped 

brood cells where A. mellifera and V. destructor reside (Adjlane et al. 2016). Because of this, 

treatment using oxalic acid is limited to broodless periods, such as during the winter (Higes et al. 

1999). Oxalic acid has very few to no negative effects on A. mellifera (Rademacher et al. 2017a). 

Due to its high acaricidal effects and low negative effects on A. mellifera, oxalic acid continues 

to be an important tool in IPM among beekeepers. However, more research is required to 

understand and develop effective uses of oxalic acid during the active brood rearing season of 
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A. mellifera when the majority of V. destructor reside within the protective confines of capped 

brood cells. 

 

1.5 Oxalic acid 

Oxalic acid is a naturally occurring plant compound, found in commonly consumed foods by 

humans and other animals such as spinach, rhubarb, beets, and honey (Moosbeckhofer et al. 

2003, Morrison and Savage 2003). An organic compound with the  molecular formula of 

C2H2O4, it commonly occurs in its crystalline as a dihydrate (C2H6O6) in its solid form. It has a 

molecular weight of 90.03 g/mol and is a white, odorless solid, and is an end product of ascorbic 

acid (Vitamin C) oxidation (Knight et al. 2016, National Center for Biotechnology Information 

2020). Oxalic acid is often sold as wood bleach, as it removes stains but does not affect the 

natural coloration of wood (Herstedt and Herstedt 2017). Oxalic acid has been used extensively 

in beekeeping in both Europe and Canada to control the V. destructor mite, but was not approved 

for use in the United States until 2015 (Gregorc and Planinc 2001, Rademacher and Harz 2006a, 

US EPA 2015b). It is believed that oxalic acid damages the mouthparts and cuticular damage of 

V. destructor (Toufailia et al. 2015, Papežíková et al. 2017). Although it has been used for many 

years, V. destructor (Anderson and Trueman) have not developed resistance, as it did to synthetic 

compounds that also had widespread use. Possible reasons for its low probability of resistance 

development include rapid degradation of oxalic acid within the colony, its contact toxicity, and 

its limited use by beekeepers (Imdorf et al. 1999, Maggi et al. 2016). Because of its acaricidal 

effects and low probability of resistance development, oxalic acid is a promising tool for a 

successful Integrated Pest Management for V. destructor.  
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Thesis objectives 

 

The overall objective of my thesis research was to investigate novel application methods for 

oxalic acid against the Apis mellifera honey bee parasite Varroa destructor. I did this by 

performing colony-level studies that investigated the continuous release of a liquid oxalic acid 

solution from shop-towels and cellulose boards, and by investigating intermittent release of 

oxalic acid gas via sublimation. 
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Chapter 2 

Effects of multi-day continuous release oxalic acid on Varroa destructor mites and 

Apis mellifera honey bees 

 

2.1 Abstract 

The ectoparasitic mite Varroa destructor (Anderson and Trueman) is among the most 

detrimental biological stressors to the Western honey bee, Apis mellifera L.. Parasitism can result 

in multiple negative effects, including virus transmission, deformities, and reduced longevity. 

The organic compound oxalic acid is often used by beekeepers to manage V. destructor due to its 

acaricidal properties. Unfortunately, existing application methods do not allow oxalic acid to 

pass through the wax cappings of honey bee brood cells, where V. destructor reproduces. Due to 

this limitation, there is a need to develop a novel multi-day continuous release technique using 

oxalic acid that targets V. destructor as it emerges from A. mellifera brood cells. To investigate 

this, we established 54 double-deep brood chambered colonies; 19 received cloth towels 

containing 6g oxalic acid, 5 ml glycerin and 6.5 ml water, 16 received cardboard strips 

containing 17 g oxalic acid and 33.33 ml glycerin, and 19 were untreated controls. Treatments 

were applied to colonies for 42 days, or two worker brood cycles. During the experiment, 

colonies were assessed twice for V. destructor abundance, and once for A. mellifera adult 

workers and capped brood, as well as mass. We found no effect of treatment on V. destructor 

abundance, A. mellifera worker adults and brood cells, and colony mass. This study showed that 

under our experimental design that the tested multi-day continuous release oxalic acid treatments 

had no effect on V. destructor or A. mellifera. 
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2.2 Introduction 

Pollinators are crucial for successful crop production in global agricultural systems. Of 

the roughly 300 agricultural crops, more than 80% benefit from insect pollination (Allsopp et al. 

2008). Among the most commonly used commercial insect pollinators is the Western honey bee, 

Apis mellifera L. (vanEngelsdorp and Meixner 2010). Apis mellifera, a generalist pollinator, 

feeds on a variety of flowering plants, both managed and unmanaged, that benefit or rely on 

insects for pollination (Allsopp et al. 2008, Aizen et al. 2009). Part of the widespread use of A. 

mellifera for global agriculture is due to its biology and sociality. Apis mellifera live in colonies 

composed of thousands of workers, the caste which pollinates flowers. Colonies can be easily 

transported to areas of crop production, such as in the early spring for almond pollination in 

California (Hung et al. 2018, Sáez et al. 2020). However, the global decline in insect pollinators, 

especially A. mellifera, has led to concerns about agricultural production and food security.  

Recently, it has been highlighted that the American beekeeping industry has been 

threatened by increased colony mortality (vanEngelsdorp et al. 2017). In years 2019-2020, 

United States beekeepers reported an annual loss of 43.7%, with a 22.2% winter loss (Bruckner 

et al. 2020). The reasons for the increase in colony loss can be attributed to both abiotic and 

biotic stressors (Havard et al. 2020). Many stressors affect the health of A. mellifera, including 

insecticides, pests and diseases, and nutrition, among other stressors (Rosenkranz et al. 2010, 

Zhang and Nieh 2015, Pettis et al. 2016, Branchiccela et al. 2019, Burnham 2019, Havard et al. 

2020).  

Among the most detrimental biological stressors associated with colony mortality is the 

introduced obligate ectoparasitic mite, Varroa destructor (Anderson and Trueman) (Rosenkranz 

et al. 2010). Historically a parasite of the Eastern honey bee, Apis cerana (Fabricius), the 
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lifecycle of V. destructor can be categorized into two major phases  – the dispersal phase, which 

travels and feeds on adult A. mellifera, and the reproductive phase, which reproduces and 

develops within A. mellifera brood cells (Rosenkranz et al. 2010, Roth et al. 2020). The 

reproductive stage begins when a female V.  destructor mite enters an A. mellifera brood cell 

containing a 5th instar larvae. Once the brood cell is capped, the foundress mite begins feeding on 

the developing A. mellifera. Seventy hours later, the foundress lays a single haploid egg that 

develops into a male, followed by repeated deposition of diploid eggs that develop into females 

(Rosenkranz et al. 2010, Piou et al. 2016). On average, up to 1.5 and 2.5 daughters are produced 

in A. mellifera worker and drone brood cells, respectively (Sammataro and Avitabile 2011, 

Traynor et al. 2020); the difference in number of offspring produced is because drone 

development time is longer than that of workers (Sammataro and Avitabile 2011). The female V. 

destructor remains in the dispersal stage for up to 10 days, until they once again come in contact 

with a cell containing a 5th instar A. mellifera larva (Piou et al. 2016). During the dispersal stage, 

the adult female V. destructor feeds on the fat body of nurse A. mellifera, which is the preferred 

life stage of worker A. mellifera, as nurses have larger fat bodies (Xie et al. 2016, Ramsey et al. 

2019). Damage to the fat body includes decreased lipid synthesis, impaired metabolic function 

and decreased longevity (van Dooremalen et al. 2013, Ramsey et al. 2019). 

Varroa destructor elicits both lethal and sub-lethal effects on A. mellifera (Koleoglu et al. 

2017b). V. destructor feeds on the fat body (Ramsey et al. 2019), an important organ of the 

insect involved in storage and regulation of metabolites and immunity, of A. mellifera (Raikhel et 

al. 1997, Arrese and Soulages 2010). Additionally, feeding can result in virus transmission, 

reduced immune response, shortened lifespan, anatomical deformities, among other negative 

effects to A. mellifera (Yang and Cox-Foster 2007, Conte et al. 2010, Rosenkranz et al. 2010, 
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Annoscia et al. 2012). At high infestations, V. destructor severely weakens the colony, ultimately 

leading to its death if left unmanaged by the beekeeper (Guzmán-Novoa et al. 2010, Kulhanek et 

al. 2017). 

To mitigate the negative effects of V. destructor, beekeepers rely on Integrated Pest 

Management strategies to keep infestation at a non-damaging level. (Delaplane et al. 2005). 

Integrated Pest Management begins with prevention strategies such as cultural practices like 

using tolerant or resistant stock, and mechanical means like drone brood removal or making 

colonies broodless to limit V. destructor reproduction (Gregorc et al. 2017, Panziera et al. 2017, 

Roth et al. 2020). Chemical treatment is most often used when all other control strategies have 

not successfully maintained infestation below the treatment threshold, which is currently set at 3 

percent infestation of adult A. mellifera (Caron et al. 2018). Currently, both synthetic and natural 

compounds are available to beekeepers for V. destructor control (US EPA 2016). Overuse of 

synthetic varroacides without changing modes-of-action has led to resistance in V. destructor 

populations, as is the case with many pests in important agricultural crops (Thompson et al. 

2002, Sammataro, Olafson, et al. 2005, Silva et al. 2012, Gregorc et al. 2018a, Rinkevich 2020). 

It has also led to chemical residues detected in bee products (Mullin et al. 2010). Due to the 

limited availability of efficacious varroacides, as well as product use limitations with respect to 

colony condition and weather (US EPA 2016, Underwood and López-Uribe 2019), there is a 

need to identify new compounds and control techniques that can be used to treat V. destructor 

effectively under a variety of conditions (Caron et al. 2018).  

Organic acids, such as oxalic acid, have become increasingly popular among beekeepers 

due to their high efficacy and low probability of resistance development in V. destructor (Maggi 

et al. 2015, Adjlane et al. 2016). The low probability of resistance development is thought to be 
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due to its rapid degradation within the colony, limited use by beekeepers, and that it does not 

affect neurons (Imdorf et al. 1999, Maggi et al. 2016). Oxalic acid is most often applied via 

trickling, sublimation, or spraying (Rademacher and Harz 2006a). Although oxalic acid has 

shown considerable promise for managing V. destructor infestations, its effectiveness is 

dependent on weather and conditions within the hive. For example, its acaricidal effects do not 

extend to within the wax capped brood cells where V. destructor reproduce and develop 

alongside A. mellifera (Adjlane et al. 2016). Therefore, treatment with oxalic acid is most often 

implemented in winter, when there is little to no A. mellifera brood within the colony (Higes et 

al. 1999). Due to this limitation, there is an interest to develop novel delivery systems for oxalic 

acid to effectively control V. destructor during the brood-rearing season. 

Recently, Maggi et al. (2015) developed a multi-day continuous release technique using 

cellulose strips containing oxalic acid, glycerin, and water draped over A. mellifera brood frames 

for 42 days, or two A. mellifera worker brood cycles, to gain control of V. destructor as they 

emerged from A. mellifera brood cells and entered the dispersal phase. Oliver (2017) 

experimented with different ratios of oxalic acid, glycerin, and water using different matrices, 

like cloth shop towel and cellulose boards placed between the hive brood boxes for 42 days in an 

effort to identify a product with high efficacy that could be easily applied by commercial 

beekeepers managing thousands of A. mellifera colonies. Subsequent work found that using a 

ratio of equal parts oxalic acid, glycerin and water for oxalic acid shop towels led to ease of 

application and effective V. destructor control.  

Because promise of these treatments has been shown by Maggi et al. (2015) and Oliver 

(2017) in Argentina and California, and because environmental conditions are known to 

influence effectiveness of chemical treatments against V. destructor, the specific objective of this 
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study was to determine the effects of these continuous release applications on V. destructor 

abundance and A. mellifera colony strength in the Southeast United States during the brood 

rearing season of A. mellifera. Based on the results of Maggi et al. (2015) and Oliver (2017), a 

negative effect of treatment on V. destructor abundance, and no effect on A. mellifera colony 

strength, was predicted. 

 

2.3 Methods 

 

2.3.1 Experimental design 

The experiment was performed in Lakemont, Georgia from August to September 2017 using 

Apis mellifera honey bee colonies maintained in double-deep Langstroth hive equipment. Prior 

to the study, colonies were preliminarily screened for queen status, worker adult and capped 

brood numbers, mass, and Varroa destructor abundance to identify those uniform in strength and 

health (Delaplane et al. 2013, Dietemann et al. 2013). Ultimately, 54 colonies were allocated to 

one of three experimental groups – 16 received an oxalic acid cellulose board treatment 

(hereafter OA Cardboard), 19 received an oxalic acid shop towel treatment (hereafter OA Shop 

Towels), and 19 received no treatment (hereafter Control). Within the apiary, colonies were 

arranged ~3m apart in a non-uniform row with entrances randomly directed Northeast, East, or 

Southeast to minimize drifting of workers that could have adhering V. destructor (Bordier et al. 

2017). Prior to treatment application, colonies were again assessed for V. destructor. Colonies 

were exposed to their respective treatment group applications for 42 days, which corresponds to 

two worker brood cycles (Sammataro and Avitabile 2011) and to similar V. destructor control 

products marketed in other countries (Maggi et al. 2015, Rodríguez Dehaibes et al. 2020). 
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2.3.2 Treatment Groups 

OA Shop Towels were made one day prior to application using a modified protocol based on 

Oliver (2017) and Maggi et al. (2015). In brief, 715 ml distilled water (Nice!, Deerfield, IL) was 

slowly brought to 83 C, then added to a 400 ml beaker containing 660 g oxalic acid dihydrate 

(Brushy Mountain Bee Farm, Moravian Falls, NC), which was further heated to 325 C using a 

hot plate (VWR, Radnor, PA) until the oxalic acid dihydrate was fully dissolved (Fig. 1). These 

temperatures were monitored using a calibrated thermometer (VWR, Radnor, PA). Next, 550 ml 

vegetable glycerin (Froggy’s Fog, Columbia, TN), previously warmed in a microwave 

(Sunbeam, Boca Raton, FL) for 1 min, was added and homogenized by stirring. The solution was 

allowed to cool, then poured onto a 13.95 x 13.2 cm 55-sheet-roll of blue shop towels (Scott, 

Neenah, WI) that was previously cut in half transversely and placed in a metal cake pan 

(Mainstays, Bentonville, AR) (Fig. 2). The fully soaked towel roll, containing 55 sheets cut in 

half, was left in a ventilated room overnight to allow evaporation of excess moisture. Similar to 

the OA Shop Towels, OA Cardboard were cut into 11.43 x 25.4 cm sections and soaked in a 

solution containing 2400 g of oxalic acid and 4800 ml of glycerin per cellulose board; they were 

also allowed to evaporate overnight (Fig. 3). This solution was enough to make 60 cellulose 

boards. 

The following day, three 14 x 27 cm OA Shop Towels, each containing ~6 g oxalic acid 

dihydrate, 5 ml vegetable glycerin, and 6.5 ml distilled water were placed across the top bars of 

the bottom brood box of each colony allocated to the OA Shop Towels treatment group (n=19). 

Similarly, three 11.43 x 25.4 cm cardboard strips, each containing 17 g oxalic acid dihydrate and 

33.33 ml vegetable glycerin, were placed across the top bars of the bottom brood box of each 

colony allocated to the OA Cardboard treatment group (n=16). OA Shop Towels and OA 
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Cardboard were spaced ~2.5 cm apart to allow A. mellifera workers to move between brood 

boxes (Fig. 4). In summary, colonies from both the OA Shop Towels and OA Cardboard 

treatment groups were each exposed to 18 and 51 g oxalic acid dihydrate, respectively. These 

amounts are similar to the amounts used in the studies conducted by Maggi et al. (2015) and 

Oliver (2017). 

 

 

 

Fig. 1. Mixing of oxalic acid dihydrate in distilled water for the OA Shop Towel treatment. For 

OA Shop Towels, 660 g of oxalic acid dihydrate was added to 715 ml hot distilled water until 

fully dissolved. 550 ml of vegetable glycerin was then added to the oxalic acid/distilled water 

mixture, homogenized, and then poured over the half-roll of shop towels and allowed to 

evaporate excess moisture overnight in a ventilated room. 
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Fig. 2: For the OA Shop Towel treatment, each 14 x 27 cm half-sheet containing 6 g of oxalic 

acid dihydrate, 5 ml of vegetable glycerin, and 6.5 ml of distilled water. OA Shop Towels were 

placed on the top bars of the lower brood box’s frames, with the upper brood box placed on top, 

and were left in the colony for 42 days.  
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Fig. 3. For the OA Cardboard treatment, each 11.43 x 25.4 cellulose board containing 17 g of 

oxalic acid dihydrate and 33.33 ml of vegetable glycerin. Similar to OA Shop Towels, three OA 

Cardboard strips were placed on the top bars of the lower brood box’s frames, with the upper 

brood box placed on top, and were left in the colony for 42 days. In total, each colony received ~ 

51 g of oxalic acid and 100 ml of vegetable glycerin.  
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Fig. 4. Application of shop towels onto the top bars of the bottom brood box in an Apis mellifera 

honey bee colony belonging to the OA Shop Towel treatment group. Each colony received ~ 18 

g of oxalic acid, 15 ml of vegetable glycerin, and 19.5 ml of distilled water . OA Shop Towels 

were left in the colony for 42 days.  
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2.3.3 Colony strength 

Each colony was visually assessed on Day 21 for the presence of an egg-laying queen and 

rough estimates of frames containing A. mellifera worker adults and capped brood. This was to 

ensure that potentially collapsing colonies could be removed from the trial to in order to prevent 

their influence on other colonies (Peck and Seeley 2019). Furthermore, colony strength was 

quantified twice during the experiment according to Delaplane et al. (2013) – immediately prior 

to experimental treatment application at Day 0 and then again at Day 42 days post application. 

During evaluations on Days 0 and 42, colony mass was quantified using a tripod crane scale 

(KLAU, China), whereas total percent coverage of deep Langstroth frames was estimated for 

worker adults and capped brood. Total number of adult workers and developing worker brood 

was estimated by assuming that 1215 adults and 3.8 brood cells per cm2 occupy a deep 

Langstroth frame (Delaplane et al. 2013). Total percent coverage by adult workers was divided 

by 100 and multiplied by 1215 to determine the total number of individuals inside the colony. 

Similarly, the total percent coverage by capped brood was divided by 100 and then multiplied by 

880 and 3.8 to find the total number of capped brood cells inside the colony. For colony mass, 

contributions from woodenware, including frames with new foundation, was removed from the 

overall measurement to identify mass of drawn comb, its contents such as brood or stored food, 

and adult workers. Colony death, defined by when colonies were hopelessly queenless or when 

less than 2 deep frames of adult workers were present, was recorded at each inspection. 

 

2.3.4 Varroa destructor abundance 

Varroa destructor was quantified every 21 days in each colony by collecting ~300 adult 

workers from a frame containing open worker brood (Dietemann et al. 2013). Individuals were 
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shaken into a 40 x 31.8x15.2 cm holding container (Sterilite, Townsend, MA), collected using a 

½ cup scoop (Measurex, Cupertino, CA), and placed in a 1-gallon Ziploc freezer bag (Ziploc, 

Racine, WI). Samples were subsequently frozen for 24 hours, then 100 bees were weighed, along 

with the total weight of the sample, to estimate total number of workers collected. Adult workers 

were then washed with 70% isopropyl alcohol using a Burrell Wrist-Action Shaker (Pittsburgh, 

PA) for 35 minutes (Bee Informed Partnership 2017). The alcohol, including its contents, was 

then passed through a fine-mesh strainer (Oneida, Lincolnshire, IL) so that mites could be 

counted. V. destructor abundance was determined by dividing the number of mites washed by 

the total weight of the sample, then multiplied by the weight of 100 bees. 

 

2.3.5 Statistical analyses 

All data manipulation and analyses were performed in RStudio (Version 1.1.463). We 

removed any colonies from the analysis that did not have complete data for the 42 day 

experimental period. For each variable (V. destructor abundance, worker and capped brood, and 

colony mass) we used two analyses. For the first analysis, we used a generalized linear mixed 

modelling (GLMMs) for analyzing data with multiple timepoints (repeated measures) to account 

for nested structure. For the GLMMs, we used the ‘afex’ package (Singmann et al. 2020), which 

interfaces with the ‘lme4’ package (Bates et al. 2015). For the second analysis, we used the 

mixed ‘mixed’ function with likelihood-ratio tests to perform type-III anovas to confirm 

significance. We used Poisson-distributed error structures for V. destructor abundance data after 

rounding upwards to the nearest whole V. destructor (ceiling transformation), and Gaussian-

distributed error structures for worker adults and capped brood, and colony mass. The 

‘emmeans’ package was used to generate compact letter displays for plotting of data (Lenth, 
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2020). This package generates compact letter displays of all pairwise comparisons of estimated 

marginal means. When a p-value exceeds 0.05, the means will have at least one letter in 

common, denoting similarities between data.  

We also analyzed V. destructor by calculating a change between Days 0 and 42 – effectively 

a ‘delta (Δ)’ value. For the effect of treatment on these single-value per colony data (delta 

variables), we used type-II anovas (‘car’ package (Fox and Weisberg, 2019)) assuming a 

Gaussian-distribution. In all cases, for both mixed-models and anovas, response variable 

distributions were graphically inspected as histograms and tested using a Shapiro-Wilk test for 

normality, although emphasis was principally placed on inspection of residuals vs fitted values. 

QQ-Plots were used to check analytical and model assumptions, with the exception of the 

Poisson-distributed V. destructor abundance response variable using mixed modelling. 

For V. destructor abundance, we also calculated a Henderson-Tilton’s efficacy measure of 

each treatment by comparing each treatment block to the control block; for this we used the 

mean values of all colonies in a block for the ‘plot’ value (Gama 2015). This efficacy measure 

accounts for a non-uniform population, and for infestations of individuals. 
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2.4 Results 

 

2.4.1 Colony Strength 

There was no significant difference among treatment groups concerning the number of 

A. mellifera worker adults (p=0.25), or between sampling period (Days 0 and 42) (p=0.46) 

(Fig. 5). Although there was no significant difference among treatment groups on the number of 

A. mellifera worker capped brood cells (p=0.95), there was a significant difference between 

sampling period (Days 0 and 42) (p<0.001) (Fig. 6). Furthermore, there was no significant 

difference among treatment groups concerning colony mass (p=0.15), but there was a significant 

difference between sampling period (Days 0 and 42) (p<0.001) (Fig. 7).  
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Fig. 5: Apis mellifera worker adult populations at each sampling period (Day 0 and Day 42) 

among treatment groups - Control (n=19) (white), OA Cardboard (n=16) (light grey), and OA 

Shop Towel (n=19) (dark grey). There was no statistical difference among treatment groups 

(p=0.25) or sampling period (p=0.46). Different letters above each plot indicate significant 

differences (p<0.05). The boxplots show the inter-quartile range (box), the median (black line 

within the box), data range (horizonal black lines from box), and outliers (black circles).  
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Fig. 6: Apis mellifera worker capped brood populations at each sampling period (Day 0 and Day 

42) among treatment groups Control (n=19) (white), OA Cardboard (n=16) (light grey), and OA 

Shop Towel (n=19) (dark grey). There was no significant effect among treatment groups 

(p=0.95); however, there was a significant effect between sampling days (p<0.001). Different 

letters above each plot indicate significant differences (p<0.05). The boxplots show the inter-

quartile range (box), the median (black line within the box), data range (horizonal black lines 

from box), and outliers (black circles).  
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Fig. 7: Colony mass (kg) at each sampling period (Day 0 and Day 42) among treatment groups 

Control (n=19) (white), OA Cardboard (n=16) (light grey), and OA Shop Towels (n=19) (dark 

grey). There was no significant difference among treatment groups (p=0.15); however, there was 

a significant difference between sampling period (p<0.001). Different letters above each plot 

indicate significant differences (p<0.05). The boxplots show the inter-quartile range (box), the 

median (black line within the box), data range (horizonal black lines from box), and outliers 

(black circles).  

 

 

2.4.2 Varroa destructor abundance 

There was no significant difference of V. destructor abundance among treatment groups 

(p=0.23); however, there was a significant difference among sampling period (Days 0, 21, and 

42) (p=0.044) (Fig. 8). Compared to Control, efficacy for OA Cardboard and OA Shop Towel 

was 61% and 49%, respectively. We found evidence for significantly increasing V. destructor 

abundance with time across the 42-day experiment (p = 0.04, positive coefficient), but no effect 
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of treatment on this rate of increase (p=0.23). Furthermore, we found no significant effect of 

treatment on change in V. destructor abundance between Day 0 and 42 (p=0.071) (Fig. 9). 

 

Fig. 8: Varroa destructor abundance at each sampling period (Day 0, Day 21, and Day 42) 

among treatment groups Control (n=19) (white), OA Cardboard (n=16) (light grey), and OA 

Shop Towel (n=19) (dark grey). Different letters above each plot indicate significant differences. 

We found no significant difference among treatment groups (p=0.23); however, there was a 

significant difference among sampling periods (p=0.044). The boxplots show the inter-quartile 

range (box), the median (black line within the box), data range (horizonal black lines from box), 

and outliers (black circles).  
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Fig. 9: The effect of treatment on the change of the number of Varra destructor mites for each 

Apis mellifera colony modeled over the 42-day experimental period. Control (n=19) is 

abbreviated as “C”, OA Cardboard (n=16) as “CB”, and OA Shop Towel (n=19) as “ST”. There 

was no significant difference for the change in V. destructor abundance (p=0.071). 
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2.5 Discussion 

 

Oxalic acid is believed to be a promising tool of an Integrated Pest Management program 

for beekeepers to limit the negative effects of Varroa destructor on Apis mellifera colonies 

(Toomemaa et al. 2010, Gregorc and Sampson 2019). In this study, we found that multi-day 

continuous release oxalic acid shop towels or cellulose boards did not significantly reduce 

V. destructor in A. mellifera colonies. This is in contrast to Maggi et al. (2015) and Oliver 

(2017). However, similar to Maggi et al. (2015) and Oliver (2017, 2018), we observed that the 

multi-day continuous release treatments did not have any negative effects on A. mellifera worker 

adults and capped brood, or colony mass. 

Although many compounds are available to beekeepers for control of V. destructor, 

colony loss due to this devastating parasite is still increasing (Guzmán-Novoa et al. 2010, 

Kulhanek et al. 2017). Due to instances of acaricide resistance to synthetic chemicals in 

V. destructor populations, natural acaricides have become frequently used among beekeepers 

because there has been no evidence of resistance of V. destructor to these compounds 

(Sammataro, Olafson, et al. 2005, Rademacher and Harz 2006a, Gregorc et al. 2018b, Rinkevich 

2020). Our study suggests that currently communicated methods of multi-day continuous release 

of oxalic acid using shop towel or cellulose matrices placed between A. mellifera brood 

chambers does not effectively control V. destructor, at least under our experimental conditions. 

As a natural compound, oxalic acid has become increasingly popular among beekeepers. 

It is commonly used during the fall or winter when brood is absent by trickling, spraying or 

sublimation (Rademacher and Harz 2006a). Due to the limitation of oxalic acid to only effect 

V. destructor present on adult worker A. mellifera, research is ongoing to establish a continuous 

release formulation that will kill V. destructor emerging from A. mellifera brood cells over 
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sustained periods of time, especially during major brood-rearing periods. Previous studies using 

cellulose strips containing oxalic acid and glycerin (Maggi et al. 2015), and shop towels 

containing oxalic acid, water, and glycerin (Oliver 2017), found significant control of 

V. destructor during brood-rearing periods under their experimental conditions.  

We found no difference among treatment groups for V. destructor abundance. Our results 

differed from both Maggi et al. (2015) and Oliver (2017), who found a significant difference 

between treatment groups for V. destructor quantity. It is worth noting that Maggi et al. (2015) 

used less oxalic acid and vegetable glycerin for their oxalic acid treatments. The possible impact 

of differing environmental conditions (i.e., humidity) may have led to different results than 

Maggi et al. (2015) and Oliver (2017). It is possible that the high environmental humidity caused 

colonies to remove more moisture from the air, thus causing the cellulose boards and shop towels 

to lose moisture making the oxalic acid less available for A. mellifera to pick up and come in 

contact with V. destructor (Human et al. 2006, Brasil et al. 2013). We did find that colonies that 

received both oxalic acid continuous release treatments had a diminished range of V. destructor 

abundance when compared to controls. Therefore, treatment using shop towels and cellulose 

boards may be better for use as a maintenance strategy for keeping V. destructor infestation at a 

non-damaging level within a colony, rather than a control strategy to severely reduce high levels 

of V. destructor infestation. 

It is interesting to note that Maggi et al. (2015) used cellulose matrices cut into 45 cm x 

3  cm x 1.5 mm strips that were draped over frames 2, 4, 6 and 8 of the bottom brood box, 

directly next to emerging V. destructor and A. mellifera. The cellulose matrices each held 10 g of 

oxalic acid and 20 ml of glycerin. In our study, both cardboard strips and shop towels were 

placed over the tops of frames in the bottom brood box in an attempt to reduce potential 
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application time by beekeepers. Our cellulose boards were cut into 11.43 cm x 25.4 cm strips and 

each held 17 g of oxalic acid and 33.33 ml of vegetable glycerin. This difference in delivery 

method may have led to a difference in results for V. destructor abundance, although each 

cardboard strip in our experiment contained more oxalic acid. Oliver’s (2017) treatment using a 

1:1:1 ratio of 18 g oxalic acid and 18 ml each of glycerin and water impregnated in shop towels 

per colony had considerable efficacy. It is also interesting that Oliver (2017) study used the same 

amount of oxalic acid, though we used different amounts of vegetable glycerin and water. 

Current registered varroacides delivering active ingredients like amitraz and formic acid are 

placed between brood frames, thus more directly exposing nurse and emerging A. mellifera 

which are more likely to carry V. destructor (Rosenkranz et al. 2010). However, some currently 

registered varroacides, such as thymol, are placed on top of the frames of the upper brood box. 

Evaluating how product placement of registered treatments influences efficacy is certainly 

warranted. 

In this study, we did not find that multi-day, continuous release of oxalic acid via shop 

towels or cellulose boards had a negative effect on A. mellifera worker adults. These results were 

similar to both Maggi et al. (2015) and Oliver (2017), in which neither study found any negative 

effects. It has been documented that A. mellifera are able to tolerate normal oxalic acid 

treatments (trickling, spraying, sublimation), although an oral application of oxalic acid has 

caused high mortality to A. mellifera in a laboratory setting (Rademacher et al. 2017b). 

Additionally, the spraying method of oxalic acid treatment can have more adverse effects on A. 

mellifera worker adults colonies than the trickling or sublimation methods of application 

(Toufailia et al. 2015). This could be caused by increased acidity to the cuticle or organs of the 

A. mellifera worker adults and brood (Higes et al. 1999, Toomemaa et al. 2010, Terpin et al. 
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2019). Currently, there are no data on the effects of a long-term continuous release oxalic acid 

formulation on A. mellifera mortality. Based on this work and others, it appears to be relatively 

safe to A. mellifera.  

The effects of long-term continuous oxalic acid treatments on A. mellifera worker capped 

brood were also examined. We did not observe that the continuous release oxalic acid treatments 

had a negative effect on A. mellifera worker capped brood when compared to control colonies. 

These results are also similar to Maggi et al. (2015) and Oliver (2017), in which neither studies 

found any negative effects. There was a decline in worker capped brood in all treatment groups, 

which is congruent with season, as this study was performed in autumn when colonies reduce 

worker population due to environmental cues in preparation for winter (Mattila et al. 2001). It is 

interesting that brood was not negatively affected by the increased acidity in the colony from the 

oxalic acid treatments, since liquid oxalic acid treatments like trickling and spraying can result in 

brood death (Higes et al. 1999, Gregorc et al. 2004, Rademacher et al. 2017b). Any potential 

long-term effects of the oxalic acid shop towels and cardboard were not determined in this study, 

so we cannot confirm that our 42 day continuous release oxalic acid treatments had any impacts 

on A. mellifera brood during the winter. 

The effects of continuous release oxalic acid via shop towels and cardboard on colony 

mass was also examined. We did not observe any negative effects of either oxalic acid treatment 

on colony mass. These results are similar to Oliver (2017), in which there were no observed 

negative effects of oxalic acid shop towels on colony mass. Colony mass is mostly comprised of 

carbohydrate storage – nectar, honey, and sugar water – but there are some contributions to mass 

from A. mellifera adults and brood, wax, and pollen. Carbohydrates and protein, obtained via 

flower nectar and pollen, respectively, are especially important for winter bee production and 



 61 

colony survival (Kunc et al. 2019). Additionally, nutritional stress can have adverse effects on A. 

mellifera colonies fending infection from viruses and other diseases such as Nosema 

(Branchiccela et al. 2019, Castelli et al. 2020). This highlights the importance of nutrition 

availability within A. mellifera colonies during the wintering period (Branchiccela et al. 2019).  

This study elucidates the potential of developing a multi-day continuous release 

formulation using oxalic acid to treat for V. destructor over an extended period of time that 

would potentially allow effective V. destructor control as foundress mites emerge from 

A. mellifera brood cells alongside her son and daughters. Although the two multi-day continuous 

released oxalic acid application methods studied here did not significantly control V. destructor 

under our experimental conditions, other authors have found promising results using similar 

delivery mechanisms (Maggi et al. 2015, Oliver 2017). Because there were no observable effects 

on colony strength from the oxalic acid treatments, a multi-day continuous release formulation 

appears safe to A. mellifera. As stated by Maggi et al. (2015), a continuous release treatment 

using oxalic acid may offer an effective alternative technique of applying oxalic acid to 

A. mellifera colonies possessing worker brood. This is the first study using a continuous release 

oxalic acid technique in the southeastern United States, which differs in climate from the western 

United States and South America where previous studies have been done. To establish a 

continuous release technique, different ratios of oxalic acid, glycerin, and water should be 

examined to find effective control in a laboratory setting, prior to moving to field trials. Future 

studies should investigate different delivery mechanisms and formulations that can be used in 

diverse climates across seasons in order to effectively control V. destructor, while maintaining 

safety to A. mellifera worker adults and capped brood and beekeeper applicators.  
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Chapter 3 

Effects of intermittent release of oxalic acid on Varroa destructor mites and Apis mellifera 

honey bees 

 

3.1Abstract 

Varroa destructor (Anderson and Trueman), a mite that parasitizes the Western honey bee, 

Apis mellifera L., is a devastating biotic stressor that commonly causes colony mortality. To 

combat the negative effects of V. destructor, beekeepers frequently rely on oxalic acid, a plant 

derived compound. Oxalic acid is usually applied in one of three ways − in liquid form via 

trickling or spraying, or in a gaseous form via sublimation − when colonies are broodless, with 

no developing individuals, as the acaricidal effects of oxalic acid do not penetrate the wax 

cappings of brood cells. To investigate the effects of oxalic acid sublimation on V. destructor 

abundance and A. mellifera colony strength during the brood-rearing season, we established 30 

double-deep brood chambered colonies − 15 received 1 g oxalic acid per brood box via 

sublimation seven times at 5 day intervals over a 30 day period; 15 were untreated controls.  

Colonies were assessed twice for V. destructor abundance, A. mellifera adult workers and brood 

cells, and stored carbohydrates. Oxalic acid sublimation reduced V. destructor abundance, but 

did not affect any A. mellifera colony strength measure. These results suggest that under certain 

circumstances, oxalic acid sublimation may be a useful tool for V. destructor management in 

brood-rearing A. mellifera colonies.  
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3.2 Introduction 

The Western honey bee, Apis mellifera L., is among the most important insect pollinator to 

agricultural and natural systems (Allsopp et al. 2008, vanEngelsdorp and Meixner 2010). They 

are used extensively throughout the world for pollination, as they can be easily transported, are 

generalist pollinators, and live in colonies consisting of thousands of workers (Aizen et al. 

2009,  Sáez et al. 2020). Despite its importance and widespread use, there is consensus that a 

global decline in A. mellifera health is occurring in many regions of the world. For A. mellifera 

in the United States and abroad, this decline manifests as increased colony losses (Kulhanek et 

al. 2017, vanEngelsdorp et al. 2017, Bruckner et al. 2020, Gray et al. 2020, Oberreiter and 

Brodschneider 2020, Stahlmann-Brown et al. 2020). Abiotic and biotic stressors are believed to 

play a major role in these losses. Abiotic stressors include mismanagement of A. mellifera 

colonies, pesticides, and weather, whereas, biotic stressors include pests, parasites, and forage 

availability (Zhang and Nieh 2015, Havard et al. 2020, Roth et al. 2020). 

The most damaging biotic stressor associated with A. mellifera colony loss is Varroa 

destructor (Anderson and Trueman), an introduced obligate ectoparasitic mite (Rosenkranz et al. 

2010). Varroa destructor was historically a parasite of the Eastern honey bee, Apis cerana 

(Fabricius), but experienced a host switch in the early 20th century to A. mellifera (Beaurepaire et 

al. 2015). The lifecycle of V. destructor is closely tied to that of its honey bee host, and can be 

categorized into two distinct phases – the dispersal stage, when a mite travels and feeds on adult 

A. mellifera, and the reproductive phase, when a mite reproduces and develops within sealed 

A. mellifera brood cells (Rosenkranz et al. 2010, Roth et al. 2020). The reproductive stage begins 

when a female V. destructor mite enters an A. mellifera brood cell containing a 5th instar larvae. 

Once the A. mellifera brood cell is capped, the foundress mite then lays one haploid egg that 
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develops into a male, followed by repeated deposition of diploid eggs which develop into 

females alongside a developing A. mellifera (Rosenkranz et al. 2010, Piou et al. 2016). Once the 

fully developed, the A. mellifera individual will emerge from its brood cell as an adult alongside 

the fully developed female V. destructor mites. Approximately 1.5-2.5 daughter mites are 

produced in A. mellifera worker and drone brood cells, respectively (Sammataro and Avitabile 

2011, Lin et al. 2018, Traynor et al. 2020). During the dispersal stage, the adult female V. 

destructor feeds on the fat body of nurse A. mellifera, which is the preferred worker life stage as 

nurses have large fat bodies (Xie et al. 2016, Ramsey et al. 2019). The dispersal stage can last up 

to 10 days in the presence of brood (Roth et al. 2020), ending when a mature female V. 

destructor enters an A. mellifera brood cell, marking the start of the reproductive phase. 

Varroa destructor elicits both lethal and sub-lethal effects on A. mellifera (Koleoglu et al. 

2017b). By feeding on the fat body (Ramsey et al. 2019), an important organ involved in storage 

and regulation of metabolites and immunity, as well as other structures of A. mellifera (Raikhel 

et al. 1997, Arrese and Soulages 2010), reduced longevity, vectoring of viruses, and 

immunosuppression can occur (Williams et al. 2009, Straub et al. 2019). At high infestations, V. 

destructor severely weakens the A. mellifera colony, ultimately leading to its death if left 

unmanaged by the beekeeper (Guzmán-Novoa et al. 2010, Kulhanek et al. 2017). 

To mitigate the negative effects of V. destructor, beekeepers rely on Integrated Pest 

Management (IPM) to keep an infestation at a non-damaging level (Delaplane et al. 2005, Roth 

et al. 2020). Prevention strategies are the first step to a successful IPM program for V. destructor, 

and include cultural practices such as using tolerant or resistant stocks of A. mellifera, and 

mechanical means like drone brood removal or making colonies broodless to limit reproduction 

of V. destructor (Gregorc et al. 2017, Panziera et al. 2017, Jack et al. 2020, Roth et al. 2020). 
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Chemical intervention is most often used when all other control strategies have not successfully 

maintained infestation below the treatment threshold, which is currently set at three V. destructor 

mites per 100 A. mellifera workers (Caron et al. 2018). There are currently both synthetic and 

natural compounds available to beekeepers for V. destructor control (US EPA 2016). Overuse of 

synthetic acaricides especially with minimal rotation among different active ingredients, has led 

to resistance in V. destructor populations (Thompson et al. 2002, Sammataro, Olafson, et al. 

2005, Gregorc et al. 2018a, Rinkevich 2020). Furthermore, synthetic pesticides, including 

acaricides, have been found to be present in wax, wax comb, and  stored food in colonies (Mullin 

et al. 2010). As a result, beekeepers have begun to embrace organic compounds for successful 

treatment of V. destructor. 

Organic acids, such as oxalic acid, are naturally derived plant extracts that have become 

increasingly popular among beekeepers due to their high efficacy and low probability of 

resistance development (Adjlane et al. 2016, Maggi et al. 2016). The low probability of 

resistance development is thought to be due to its rapid degradation within the colony, limited 

use by beekeepers, and that it does not affect neurons (Imdorf et al. 1999, Maggi et al. 2016). 

Oxalic acid, though used previously throughout Canada and Europe, was only registered for 

apicultural use in the United States in 2015 (US EPA 2015a). Labelled use includes two 

application methods – trickling, which is the deposition of a liquid application of oxalic acid 

dissolved in sucrose solution onto the colony, and sublimation, which is the  application of 

gaseous oxalic acid to a colony using a heating device (Rademacher and Harz 2006, US EPA 

2015). Although oxalic acid has shown considerable promise for managing V. destructor 

infestations, its effectiveness is dependent on weather and in-hive conditions. For example, its 

acaricidal effects do not extend to within the wax capped brood cells of A. mellifera, where V. 
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destructor reproduce and develop (Adjlane et al. 2016). Therefore, treatment using oxalic acid is 

most often implemented in winter, when there is little to no A. mellifera brood within the colony 

(Higes et al. 1999). 

Sublimation of oxalic acid can be highly effective against V. destructor and relatively safe to 

A. mellifera workers and brood (Rademacher and Harz 2006, Rademacher et al. 2017). 

Sublimation is performed by inserting a heating device into a hive, the wood structure housing an 

A. mellifera colony, that subsequently releases oxalic acid vapors. This method of oxalic acid 

treatment has several practical advantageous, including the need for limited manipulation of 

hives and colonies, which reduces exposure to the environment (Toufailia et al. 2015). However, 

treatment of oxalic acid via sublimation is time consuming, as colonies have to be sealed for the 

duration of treatment, which may be up to several minutes. Beekeepers are permitted to use 

oxalic acid sublimation when A. mellifera brood are present; however, specific treatment 

regimens are left to the manufacturers of heating devices (US EPA 2015) . The current user 

manual of a very common heating device is four times every five days (OxaVap 2020); the 

previous recommendation was three times every seven days. This application rate is designed to 

target V. destructor mites during their typical 5-10 day long dispersal stage when brood are 

present (Piou et al. 2016), thus providing effective control by repeatedly targeting V. destructor 

as cohorts emerge from brood cells alongside their A. mellifera hosts.  

Most studies examining the effects of oxalic acid on V. destructor have been conducted 

during broodless periods, and therefore observe significant control of V. destructor. However, 

Jack et al. (2020) and Gregorc et al. (2017) performed studies using oxalic acid during the active 

season. Both focused on the effects of oxalic acid, and oxalic acid in combination with artificial 

brood-breaks, on V. destructor. Gregorc et al. (2017) used the liquid trickle method and found 
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that oxalic acid applied 4 times every 8 days had a negative effect on V. destructor. Jack et al. 

(2020) used the sublimation method applied 3 times every 8 days, and found that it had no effect 

on V. destructor. However, neither of these studies used the current recommended application 

rate of 4 times every 5 days.  

Oxalic acid can be effective against V. destructor, but little effort has investigated its 

potential for use during the active brood rearing season. Therefore, the objective of this study 

was to determine the effects of intermittent release of oxalic acid via sublimation on 

V. destructor abundance and A. mellifera colony strength in the Southeastern United States 

during the brood-rearing season. Based on preliminary data that revealed that five day 

application intervals were successful at reducing V. destructor without affecting A. mellifera 

colonies, coupled with the promising use of repeated liquid applications of oxalic acid for V. 

destructor control during brood rearing (Gregorc et al. 2017), we predicted a negative effect of 

treatment on V. destructor abundance and no effect on A. mellifera colony strength. 

 

3.3 Methods 

3.3.1 Experimental design 

The experiment was performed at a research apiary in Auburn, AL, USA from August to 

September 2020 using Apis mellifera honey bee colonies maintained in double-deep Langstroth 

hive equipment. Prior to the study, colonies were preliminarily screened for queen status, worker 

adult and capped brood numbers, number of stored carbohydrate cells, and Varroa destructor 

mite abundance to identify those uniform in strength and health (Delaplane et al. 2013, 

Dietemann et al. 2013). All colonies had naturally occurring V. destructor infestations with a 

upper limit of 10 V. destructor mites per 100 A. mellifera adult workers. Ultimately, 30 colonies 
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were allocated to one of two treatment groups – 15  were exposed to sublimated oxalic acid that 

was administered seven times every 5 days (hereafter OA Sublimation), and 15 were not exposed 

(hereafter Control). Within the apiary, colonies were arranged ~3m apart in a non-uniform row 

with entrances randomly directed Northeast, East or Southeast to minimize drifting of workers 

that could have adhering V. destructor (Bordier et al. 2017). Colonies were exposed to their 

respective treatment group applications for 30 days, which fully encompasses both ~21 day 

worker and ~24 day drone brood development times (Sammataro and Avitabile, 2011), as other 

registered V. destructor control products (Maggi et al. 2015, Rodríguez Dehaibes et al. 2020). 

All colonies were fed ad libitum with 2:1 white granulated sugar water solution (w:w) during the 

experiment because of the dearth of seasonal forage. 

 

3.3.2 Oxalic acid sublimation 

Oxalic acid was applied to colonies (n=15) via sublimation according to the label of the 

registered product and the user manual of the application equipment (US EPA 2015, OxaVap 

2020). Sublimation occurred before dawn to ensure A. mellifera would be inside the hive and not 

outside performing activities like guarding or foraging. Hives were in good condition, with 

limited space between equipment components. Entrances and screened bottom boards were 

sealed with duct tape (Duck Brand, Avon, OH) and corrugated plastic boards (Mann Lake, 

Hackensack, MN), respectively, to prevent gas leaking from the hives. A ProVap 110 

Sideliner/Commercial Vaporizer (OxaVap, Manning, SC) was used to sublimate 1 g solid oxalic 

acid dihydrate (Brushy Mountain Bee Farm, Moravian Falls, NC) per deep brood box. The 

device was heated to 230C, and 1 g of solid oxalic acid  was placed into the Teflon cap. 

Keeping the device inverted so that oxalic acid would not fall into the bowl and sublimate into 
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the environment, the stem was inserted into a pre-drilled hole in the bottom deep brood box and 

the Teflon cap was placed on the bowl of the vaporizer. The heating device was then turned 

right-side-up so that the solid oxalic acid fell into the heated bowl and was heated into its 

gaseous state (Fig. 10). Oxalic acid vapor was allowed to permeate throughout the colony for 

roughly 30 seconds, or until the vaporizer returned to a temperature of 230C, as recommended 

by the product user manual. These steps were repeated on all colonies of the OA Sublimation 

treatment group. After 10 minutes of being sealed, the duct tape and corrugated plastic boards 

were removed from all experimental colonies belonging to both treatment groups 

(OxaVap 2020). 
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Fig. 10: Placement of a ProVap 110 Sideliner/Commercial Vaporizer (OxaVap, Manning, SC ) 

in the bottom brood box of a hive housing an Apis mellifera honey bee colony. Colonies 

receiving oxalic acid sublimation were sealed at their entrances and screened bottoms prior to 

treatment to prevent oxalic acid vapors from exiting the hive for 10 minutes per colony. For 

photographic purposes, this image was taken during daylight. Actual treatment application 

occurred prior to sunrise. 
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3.3.3 Varroa destructor abundance 

Varroa destructor abundance was quantified on Days 0, 21, and 42 for each colony by 

collecting ~300 adult workers from a frame containing open worker brood (Dietemann et al. 

2013). Individuals were shaken into a 40 x 31.8 x 15.2 cm holding container (Sterilite, 

Townsend, MA), collected using a ½ cup scoop (Measurex, Cupertino, CA), and placed in the 

basket of a Varroa EasyCheck (Mann Lake, Hackensack, MN) containing 70% isopropyl 

alcohol. The sample of adult workers with adherent V. destructor was shaken vigorously for 1 

minute to dislodge V. destructor from the worker adults, as per the product user manual. The 

deceased worker adults were discarded from the basket, and the alcohol, including its contents of 

the Varroa EasyCheck, were then passed through a fine-mesh strainer (Oneida, Lincolnshire, IL) 

so that mites could be counted. V. destructor abundance was determined by dividing the total 

number of mites by 300, and then multiplied by 100 to determine the number of mites per 100 A. 

mellifera worker adults (Veto-Pharma 2018). 

 

3.3.4 Colony strength 

Each colony was visually assessed on Days 13 and 35 for the presence of an egg-laying 

queen and to estimate of number of frames containing A. mellifera worker adults and capped 

brood, and stored carbohydrates (nectar or sugar syrup). These experimental days were chosen as 

they were halfway points between colony strength assessments. This was to ensure that 

potentially collapsing colonies could be removed from the trial to prevent their influence on 

other colonies (Peck and Seeley 2019). Furthermore, colony strength was quantified three times 

during the experiment according to Delaplane et al. (2013) – immediately prior to the first 

treatment application on Day 0, and then again on Days 21 and 42. During evaluations on Days 
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0, 21 and 42, percent coverage of deep Langstroth frames was estimated for worker adults and 

capped brood, and stored carbohydrates. Total number of adult workers and developing brood 

and stored carbohydrate cells were estimated by assuming 1215 adults and 3.8 cells per cm2 

occupy a deep Langstroth frame (Delaplane et al. 2013). Total percent coverage by adult workers 

was divided by 100 and multiplied by 1215 to determine the total number of individuals inside 

the colony. Similarly, the total number of percent coverage by capped brood and stored 

carbohydrate was divided by 100 and then multiplied by 880 and 3.8 to determine the total 

number of capped brood and stored carbohydrate inside the colony.  

 

3.3.5 Statistical analysis 

All data manipulation and analyses were performed in RStudio (Version 1.1.463). Colonies 

that did not have complete data for the 42-day experimental period were removed from the 

analysis. For each variable (V. destructor abundance, A. mellifera worker adults and capped 

brood, and stored carbohydrate), two analyses were performed. For the first analysis, we used 

generalized linear mixed models (GLMMs) to analyze data with multiple timepoints (repeated 

measures) to account for nested structure. For the GLMMs, we used the ‘afex’ package 

(Singmann et al. 2020), which interfaces with the ‘lme4’ package (Bates et al. 2015). For the 

second analysis, we used the ‘mixed’ function with likelihood-ratio tests to perform type-III 

anovas to confirm significance. We used Poisson-distributed error structures for V. destructor 

abundance data after rounding upwards to the nearest whole V. destructor (ceiling 

transformation), and Gaussian-distributed error structures for worker adults and capped brood, 

and stored carbohydrates. The ‘emmeans’ package was used to generate compact letter displays 

for plotting of data (Lenth, 2020). This package generates compact letter displays of all pairwise 
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comparisons of estimated marginal means. When a p-value exceeds 0.05, the means will have at 

least one letter in common, denoting similarities between data.  

We also analyzed V. destructor by calculating change between Days 0 and 42 – effectively a 

‘delta (Δ)’ value of the change in each colony during that specific time period. For the effect of 

treatment on these-single value per colony data (delta-variables), we used type-II anovas (‘car’ 

package, (Fox and Weisberg, 2019)) assuming a Gaussian-distribution. For both mixed-models 

and anovas, response variable distributions were graphically inspected as histograms and tested 

using a Shapiro-Wilk test for normality, although emphasis was principally placed on inspection 

of residuals vs fitted values. QQ-Plots were used to check analytical and model assumptions, 

with the exception of the Poisson-distributed V. destructor abundance response variable using 

mixed-modelling. For V. destructor abundance, a Henderson-Tilton’s efficacy measure was 

calculated for each treatment at days 21 and 42 by comparing mean values of each treatment 

block to controls (Gama 2015). This efficacy measure accounts for a non-uniform population, 

and for infestations of individuals. 
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3.4 Results 

3.4.1 Varroa destructor abundance 

There was a significant difference in V. destructor abundance between treatment groups 

(p<0.001) and sampling periods (Days 0, 21, 42) (p=0.011) (Fig. 11). Compared to untreated 

control(n=15), efficacy for oxalic acid sublimation (n=15) was 45.15% after 21 days and 70.99% 

after 42 days. We found evidence for significantly increasing V. destructor abundance with time 

during the experiment (p=0.011), and an effect of treatment on this rate of increase (p<0.001). 

Furthermore, we found a significant effect of treatment on V. destructor abundance by days 21 

(p=0.02) and 42 (p=0.020) (Fig. 12). 
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Fig. 11: Varroa destructor abundance at each sampling day (Day 0, 21, 42) for Control (n=15) 

(white) and Oxalic Acid (n=15) Sublimation (gray) treatment groups. Different letters above 

each plot indicate significant difference (p<0.05). A significant difference was observed between 

treatment groups (p<0.001) and sampling days (p=0.011). The boxplots show the inter-quartile 

range (box), the median (black line within the box), data range (horizonal black lines from box), 

and outliers (black circles).  
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Fig. 12: The effect of treatment on the change in number of Varroa destructor mites for each 

Apis mellifera colony modeled over the 42-day experimental period. Control (n=15) is 

abbreviated as “C” and Oxalic Acid Sublimation (n=15) as “OA”. There was a significant 

difference for the change in V. destructor abundance (p=0.020). The circles and crosses represent 

change in V. destructor abundance, and the bars demonstrate the mean. 
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3.4.2 Colony strength 

There was no significant difference between treatment groups in the number of A. mellifera 

worker adults (p=0.95); however, there was a significant difference between sampling periods 

(p=0.012) (Fig. 13). Although there was no significant difference between treatment groups on 

the number of A. mellifera worker capped brood cells (p=0.57), there was a significant difference 

between sampling periods (p=0.003) (Fig. 14). Furthermore, for stored carbohydrate cells there 

was no significant difference between treatment groups (p=0.13) or between sampling periods 

(p=0.19) (Fig. 15). 
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Fig. 13: Apis mellifera worker adult populations at each sampling day (Day 0, 21 and 42) 

between treatment groups Control (n=15) (white) and Oxalic Acid Sublimation (n=15) (gray). 

Different letters above each plot indicate significant differences (p<0.05). There was no 

significant difference between treatment (p=0.947); however, there was a significant difference 

between sampling day (p=0.012). The boxplots show the inter-quartile range (box), the median 

(black line within the box), data range (horizonal black lines from box), and outliers (black 

circles).  

 

 

 

 



 88 

 

 

 

Fig. 14: Apis mellifera worker capped brood populations at each sampling day (Day 0, 21 and 

42) between treatment groups Control (n=15) (white) and Oxalic Acid Sublimation (n=15) 

(gray). Different letters above each plot indicate significant differences. There was no significant 

difference between treatment (p=0.57); however, there was a significant difference between 

sampling day (p=0.003). The boxplots show the inter-quartile range (box), the median (black line 

within the box), data range (horizonal black lines from box), and outliers (black circles).  
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Fig. 15: Stored carbohydrate cells at each sampling day (Day 0, 21 and 42) between treatment 

groups Control (n=15) (white) and Oxalic Acid Sublimation (n=15) (gray). Different letters 

indicate significant differences (p<0.05). We found no significant difference between treatment 

groups (p=0.13) or sampling day (p=0.19). The boxplots show the inter-quartile range (box), the 

median (black line within the box), data range (horizonal black lines from box), and outliers 

(black circles).  
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3.5 Discussion 

Varroa destructor is a detrimental ectoparasite to Apis mellifera honey bees, causing both 

lethal and sub-lethal effects and widespread colony mortality (Koleoglu et al. 2017b, Kulhanek 

et al. 2017, Oberreiter and Brodschneider 2020, Stahlmann-Brown et al. 2020). Oxalic acid is a 

chemical treatment option showing incredible promise for V. destructor management, with little 

to no adverse effects on A. mellifera (Rademacher and Harz 2006, Rademacher et al. 2017). Here 

we found that intermittent release of oxalic acid via sublimation every five days had a significant 

negative effect on V. destructor after seven applications. Furthermore, we observed that oxalic 

acid sublimation did not have an effect on A. mellifera worker adults and capped brood, or stored 

carbohydrates. 

Treatment of oxalic acid is most commonly implemented in late autumn or winter, or when 

colonies have limited brood (Rademacher and Harz 2006). The US EPA (2015) currently permits 

two types of application of oxalic acid to A. mellifera colonies − via sublimation and liquid sugar 

solution. The primary reason why treatment of oxalic acid is highly effective when A. mellifera 

brood is absent is because its acaricidal properties cannot penetrate the wax cappings of the 

brood cells that also contain reproducing and developing V. destructor (Rosenkranz et al. 2010, 

Toufailia et al. 2015). Previous studies have shown that treatment during broodless periods result 

in up to 99% efficacy; however, during the brood rearing season efficacy of oxalic acid is more 

variable, often resulting in less effectiveness, sometimes in the range of 29-45% (Gregorc and 

Planinc 2001, Rademacher and Harz 2006, Rosenkranz et al. 2010, Gregorc and Planinc 2012, 

Toufailia et al. 2015). Until now, only anecdotal evidence suggested that the recommended four 

applications of sublimated oxalic acid every 5 days was effective at V. destructor control 

(OxaVap 2020). Furthermore, conflicting results between studies examining the effects of oxalic 
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acid applied multiple times by either sublimation or liquid trickling cast doubt into its 

effectiveness during the active brood season (Gregorc et al. 2017, Jack et al. 2020). 

We found a significant difference between treatment groups for V. destructor abundance, 

both at days 21 and 42. This result supports current recommendations by one of the most 

common oxalic acid sublimation heating devices on the market. However, it appears that 

additional applications, beyond the recommended four applications every five days, resulted in 

improved efficacy. Given the resources required to perform even four applications of oxalic acid 

via sublimation, efficacy of ~45% halfway through our experiment is unlikely to convince 

beekeepers that it is an ideal management option. Our results correspond to Gregorc et al. (2017), 

but not Jack et al. (2020), who also performed oxalic acid management studies during A. 

mellifera brood rearing. These conflicting results are difficult to explain, as Gregorc et al. (2017) 

applied oxalic acid four times via trickling every 7-10 days, whereas Jack et al. (2020) applied 

oxalic acid via sublimation, like our study, but as 3 applications spaced 7 days apart. It could be 

that the additional treatments and extended application period by our study and Gregorc et al. 

(2017) was important for V. destructor control, particularly by encompassing the entire A. 

mellifera drone development period (Rangel and Fisher 2019). Other studies examining the 

effects of oxalic acid sublimation on V. destructor during broodless periods often documented 

high (>93%) efficacy (Rademacher and Harz 2006, Toufailia et al. 2015, Papežíková et al. 

2016). It is also interesting to note that Toufailia et al. (2015) found that the most effective dose 

of oxalic acid via sublimation was more than 4 times greater than the current label rate (4.5 g 

oxalic acid). This dose resulted in a 98.2% reduction in V. destructor infestation, and no negative 

effects on A. mellifera, thus suggesting that increasing the legal dose of oxalic acid may provide 
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beekeepers with improved results. Investigations on how increased doses might influence both V. 

destructor and A. mellifera during brood rearing are certainly warranted. 

Oxalic acid is regarded as a relatively safe treatment to A. mellifera, although physiological 

damage from liquid application has been documented (Rademacher et al. 2017). We did not 

observe any negative effect of our oxalic acid sublimation treatment on A.  mellifera worker 

adults, even for our extended 42-day period. Although both Papežíková et al. (2017) and 

Toufailia et al. (2015) found that A. mellifera workers treated with sublimated oxalic acid did not 

experience increased mortality, both studies observed an effect on A. mellifera when oxalic acid 

was applied via trickling. Reasons for this could include increased cell death from ingestion of 

the liquid oxalic acid dissolved in sugar syrup, a common method for feeding carbohydrates to 

A. mellifera colonies. Rademacher and Harz (2006) reported that sublimation of 0.5-5 g oxalic 

acid did not result in significant A. mellifera mortality in an extensive review of the existing 

literature. Indeed, sublimation is regarded as a superior oxalic acid treatment during winter 

compared to the trickle method, as the latter method can kill workers that cannot be immediately 

replaced, and also requires colonies to be exposed to the environment during treatment. 

We did not observe any negative effects of oxalic acid sublimation on A. mellifera worker 

capped brood. Our results were similar to Jack et al. (2020), who found treatment groups that 

received oxalic acid via sublimation had similar amounts of brood as controls. In contrast, 

Toufailia et al. (2015) found that oxalic acid sublimation resulted in increased brood, possibly 

because sublimation is less harmful to workers and the queen. In a study conducted by Higes et 

al. (1999), no immediate effects to brood were observed during the treatment period. However, 

their long-term study found that colonies treated with oxalic acid had significantly less brood. 

They applied oxalic acid via liquid spray, which is not registered as an application method in the 
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United States and could cause increased acidity to the cuticle and organs as a result of less 

homogenous liquid formulation (Higes et al. 1999, Toomemma et al. 2010, Rademacher et al. 

2017, Terpin et al. 2019. No studies conducted thus far have examined the long-term effects of 

oxalic acid sublimation on A. mellifera brood, but this is certainly warranted if this method is to 

be more frequently employed in early fall, when colonies in many regions rely on brood 

production to create long-lived winter workers that must subsequently survive several months in 

a broodless colony (Amdam et al. 2004, Bagheri and Mirzaie 2019). 

We did not observe any negative effects of treatment on the number of stored carbohydrate 

cells, which colonies heavily rely on for a source of energy during floral deaths in summer and 

winter (Eyer, Greco, et al. 2016). Our results were similar to Jack et al. (2020), who also did not 

find an effect. It can therefore be inferred that oxalic acid via sublimation does not interfere with 

A. mellifera worker ability to gather nectar. It is also worth noting that colonies used in our study 

were fed ad libitum, as at the time they were experiencing a nectar dearth in the field. Because 

there have been no long-term studies on the effects of oxalic acid sublimation on A. mellifera, we 

cannot confirm how colonies respond over time. Future studies should investigate this, as well as 

possible long-term effects of oxalic acid sublimation on traits important to colony performance, 

such as foraging or homing behavior. 

In this study, we found that the current label rate of 1 g oxalic acid per deep brood box of 

A. mellifera honey bees (US EPA 2015) was sufficient for V. destructor control, though there 

was not a large reduction in V. destructor abundance. Most studies evaluating the acaricidal 

effects of oxalic acid have investigated its effects during broodless periods (Toomeemaa et al. 

2010, Toufailia et al. 2015, Adjlane et al. 2016 Papežíková et al. 2016); however, there is an 

urgent need to identify V. destructor management practices during the brood rearing season 
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because of current issues related to resistance of mites to chemical controls and efficacy of 

treatments depending on colony and environmental conditions. It is worth noting that repeated 

applications of oxalic acid via sublimation are likely not practical for commercial beekeepers, as 

this treatment is time consuming and labor intensive. Therefore, it is likely to be more adopted 

by small-scale beekeepers managing fewer colonies. Though the V. destructor in our treated 

colonies were not totally diminished, there was a relative negative effect of treatment on 

V. destructor abundance 21 and 42 days post initial treatment. Because there are no known 

instances of resistance or residues of oxalic acid, a label revision permitting the use of oxalic 

acid via sublimation during major brood-rearing periods, or when honey supers are on, will 

likely allow small-scale beekeepers to treat their colonies for V. destructor using this organic 

approach, and when other treatments are not allowed or are not effective (Bogdanov et al. 2002).  
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Chapter 4 

Thesis conclusions 

The ectoparasitic mite Varroa destructor (Anderson and Trueman) is considered to be 

among the most important of biotic stressors to Apis mellifera L. honey bees, despite significant 

efforts to better understand its biology and mitigate its effects over several decades (Guzmán-

Novoa et al. 2010, Kulhanek et al. 2017). In the United States, oxalic acid has emerged as a 

promising chemical treatment component for Integrated Pest Management programs seeking to 

control V. destructor. Current approved treatment options for it include relatively short-lasting 

aqueous or gas applications. Multi-day continuous release methods for oxalic acid have received 

attention recently because they target V. destructor as it emerges from A. mellifera brood cells 

alongside its host. My thesis work re-affirmed the limitations of using oxalic acid during the 

active A. mellifera brood rearing season, and highlighted the importance of the need to consider 

the biology of both the pest – V. destructor – and the beneficial – A. mellifera – species. I found 

that liquid oxalic acid applied via cloth shop towels and cellulose boards did not significantly 

reduce V. destructor abundance in A. mellifera colonies, which was contrast to the findings of 

Oliver (2017, 2018) and Maggi et al. (2015). Additionally, I found that sublimation of oxalic 

acid had a negative effect on V. destructor, although efficacy data suggest that repeated 

application for about three weeks was only moderately effective. This aligns with previous work 

that investigated repeated application using a liquid oxalic acid formulation (Gregorc et al. 

2017). Extending treatment application an additional three times resulted in a stronger negative 

effect on V. destructor, and improved efficacy, but is likely impractical for large-scale 

beekeepers because of the resources required. Given the urgent need for effective V. destructor 

control options for A. mellifera colonies during the active brood rearing season, more research 



 105 

into novel active ingredients or novel application methods of currently registered active 

ingredients is warranted. This would promote further use of  Integrated Pest Management 

programs in apiculture, which is severely limited due to a lack of available products and low 

adoption of monitoring techniques. Although oxalic acid is effective, other control strategies 

considering the biology of both V. destructor and A. mellifera should be considered for an 

effective control strategy. Using an Integrated Pest Management program that focuses on the 

biology of both species, with employment of chemical methods when needed, will limit the 

devastating effects of V. destructor on A. mellifera.  
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