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Highlights 

We surveyed compliance of beekeepers to Varroa destructor mite control 

recommendations. 
 

Honey bee colony infestation rate and mortality were measured to assess 

compliance impact. 
 
Noncompliance led to higher mite infestation rates and colony mortality. 
 
A colony had up to 25 times higher risks of dying when not treated as 

recommended. 
 
Communicating the impact of deviations from recommendations improves 

compliance. 

Abstract 

The ectoparasitic mite Varroa destructor affects honey bee colony health and 

survival negatively, thus compelling beekeepers to treat their colonies every year. A 

broadly used mite control regimen is based on two organic molecules: formic and 

oxalic acids. To ensure optimal efficiency, several applications of these acids at pre-

defined time points are recommended. These recommendations are mainly based on 

experiments conducted under controlled conditions. Studies evaluating the 

effectiveness under natural field conditions are lacking. 

We enrolled 30 beekeepers in a longitudinal study in three cantons in Switzerland 

and monitored the management and health of their colonies for two years. We 
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assessed compliance with mite control recommendations and measured V. 

destructor infestation rates, indexes of colony productivity (brood size and honey 

harvest), and colony mortality in 300 colonies. 

We observed a 10-fold increased risk of colony death when beekeepers deviated 

slightly from the recommended treatment regimen compared to compliant 

beekeepers (odds ratio: 11.9, 95% CI: 2.6–55.2, p = 0.002). The risk of colony death 

increased 25-fold in apiaries with substantial deviations from the recommendations 

(odds ratio: 50.4, 95% CI: 9.7–262.5, p < 0.0001). The deviations led to increased 

levels of V. destructor infestation ahead of wintering, which was likely responsible for 

colony mortality. After communicating the apparent link between low compliance 

and poor colony survival at the end of the first year to the beekeepers, we observed 

better compliance and colony survival in the second year. 

Our results highlight the positive impact of compliance with the recommended V. 

destructor treatment regimen on the health of honeybee colonies and the need to 

better communicate the consequences of deviating from the recommendations to 

improve compliance. Compliance also occasionally decreased, which hints at concept 

implementation constraints that could be identified and possibly addressed in detail 

with the help of social sciences to further promote honey bee health. 
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1. Introduction 

During the last 15 years, increased colony mortality of the western honeybee, Apis 

mellifera, an economically important insect, has fostered intense research on the 

factors affecting its health (Steinhauer et al., 2018; Smith et al., 2013). The possible 

causes of colony losses identified include parasites and pathogens (Smith et al., 

2013; vanEngelsdorp and Meixner, 2010). In particular, the invasive ectoparasitic 

mite Varroa destructor is regarded as the main biotic threat to A. mellifera of 

European origin (Guichard et al., 2020; Traynor et al., 2020). This mite functions as 
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a vector of viruses (Berthoud et al., 2010; Conte et al., 2010), reducing the lifespan of 

adult honey bee workers (Dainat et al., 2012) and the ability of colonies to survive, 

especially over winter (Rosenkranz et al., 2010; Traynor et al., 2020). Without mite 

control, a colony is predicted to collapse within one to three years (Ritter, 

1981; Korpela et al., 1992; Fries and Rosenkranz, 1996; Conte et al., 2007), 

compelling beekeepers to apply effective mite control yearly to maintain their stocks 

and productivity (Rosenkranz et al., 2010). The implementation of control measures 

is aimed at reducing the V. destructor infestation levels of the so-called “winter bees”, 

which are long-lived individuals who are thought essential to ensure colony survival 

over winter (van Dooremalen et al., 2012). 

Several recent studies have shown that beekeepers can reduce winter colony 

mortality by applying varroacidal treatments (Oberreiter and Brodschneider, 

2020; Jacques et al., 2017; Haber et al., 2019; Giacobino et al., 2015; Giacobino et al., 

2016; Giacobino et al., 2017; Haber et al., 2019). However, colony losses remain 

excessive and fluctuate in an unpredictable manner (Charrière and Neumann, 

2010; Oberreiter and Brodschneider, 2020; Brodschneider et al., 2018; Gray et al., 

2020). This observation is attributable to factors other than V. destructor (Smith et 

al., 2013) but can also be due to failures in mite control due to incorrect 

implementation, which is yet to be investigated systematically. Incorrect 

implementation is especially likely for the so-called “alternative control methods” 

because they rely on several applications of organic acids at particular times, which 

leaves a margin for deviations (Dietemann et al., 2012). Several applications are 

required to reach sufficient treatment efficacy, equivalent to that of the previously 

used products containing synthetic active compounds, such as pyrethroids (e.g., tau-

fluvalinate and flumethrin) and phosphorothioates (e.g., coumaphos) (Rosenkranz et 

al., 2010). Their application at particular times during the beekeeping season is due 

to the dependency of efficacy on ambient factors, which affect the distribution of the 

active ingredients within the colony (Rosenkranz et al., 2010; Beyer et al., 2018). 

While this dependency is problematic to determine application time, it is an 

advantage because, when correctly used, these ingredients evaporate and do not 

accumulate in the hives (Imdorf et al., 1996; Bogdanov et al., 2002). This lack of 

residue accumulation ensures that the hive products remain uncontaminated 

(Rosenkranz et al., 2010) and decreases the risk of resistance development in mites. 

In fact, after several decades of use, the alternative methods have not led to the 

development of resistance in mites, whereas such resistance arose within a few years 

of synthetic product use (Elzen et al., 2000; Maggi et al., 2011; Milani, 1999). Because 
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of these advantages, as well as their proven effectiveness when tested under 

controlled research conditions (Fries et al., 1991; Imdorf et al., 1996), organic acid-

based concepts are recommended for controlling V. destructor in several countries 

:Switzerland (Imdorf et al., 2003), (Charrière et al., 1997), Austria (Oberreiter and 

Brodschneider, 2020; Brodschneider et al., 2019), Denmark, Sweden, Netherlands, 

Germany (Genersch et al., 2010; van der Steen and Vejsnæs, 2021). However, it is not 

clear to what extent deviations from the recommended treatment regimen contribute 

to the recurrent winter colony losses recorded in these countries (Gray et al., 2020). 

Previous studies aimed at determining the role of V. destructor control in the 

maintenance of colony health were of short duration (Giacobino et al., 

2015, Giacobino et al., 2016, Giacobino et al., 2017; Haber et al., 2019) and relied on 

beekeepers' estimations of this role instead of standardized measurements through 

an adequate monitoring at colony level (Beyer et al., 2018; Jacques et al., 2017; Haber 

et al., 2019). Moreover, none of these studies considered whether varroacidal 

treatments were implemented as recommended (Oberreiter and Brodschneider, 

2020) or established a direct link between treatment and V. destructor infestation 

levels (Oberreiter and Brodschneider, 2020) or colony mortality (Giacobino et al., 

2015, Giacobino et al., 2016, Giacobino et al., 2017; Haber et al., 2019). To better link 

the correct implementation in applying the alternative mite control concept (i.e., the 

application of the correct number of organic acid treatments at the correct time), with 

their intended goal of reducing V. destructor infestation rates and colony losses, we 

enrolled 30 Swiss hobby beekeepers. We asked them to record the number of 

treatment applications they performed and the time at which they were applied, as 

well as to provide access to their colonies to trained field assistants for sample and 

data collection. These assistants recorded V. destructor infestation rates in each of 

the 10 colonies per apiary, colony survival over two consecutive winters, and the 

amount of brood reared in the colonies. The last parameter, together with the amount 

of honey harvested per apiary (López-Uribe and Simone-Finstrom, 2019), facilitated 

the assessment of potential negative side-effects of the treatments on brood survival 

(Tihelka, 2018; Elzen et al., 2004) and the identification of economic incentives 

potentially affecting compliance with recommendations. After colony losses of the 

first year were linked to compliance, we communicated the results to the beekeepers 

to monitor putative improvements in compliance and colony mortality in the second 

year. 

We tested the following hypotheses: (i) Lack of compliance with the recommended 

control concept decreases treatment effectiveness, leading to increased V. 
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destructor infestation rates of winter workers and colony mortality; (ii) Showing the 

link between compliance and colony mortality to beekeepers can increase compliance 

in the future; (iii) Reducing the number of treatment applications reduces the 

negative side-effects on colonies and leads to larger brood size; and (iv) Lack of 

compliance reduces apiary productivity. From the results, we derived suggestions to 

improve beekeeper compliance with the recommended treatment regimen for 

controlling V. destructor, with the aim of fostering the health of managed honey bees. 

2. Material and methods 

2.1. Beekeeper enrolment, study area, and experimental period 

Colony monitoring was performed over two years (from August 2018 to April 2020) 

in 30 apiaries located in the Jura, Bern, and Vaud cantons, Switzerland. Eligible 

beekeepers were identified by calls to participate in the study relayed by the 

beekeeper associations in the cantons and through two information meetings. 

Beekeepers between the ages of 18 and 70 were eligible to participate. Enrollment 

was stopped after 30 participants were recruited for the study. The 30 apiaries hosted 

10 colonies each. The type of apiculture performed by these volunteers was typical for 

Swiss beekeepers and, thus, this sample can be considered representative of the 

beekeeping community in this country. The beekeepers initially agreed to follow the 

recommended V. destructor treatment regimen. After the first year of study, the 

relationship between colony survival and implemented mite control was 

communicated to the beekeepers during a meeting session and through email. 

The 300 colonies (Apis mellifera carnica) used in this study were kept in Dadant and 

Swiss Bürki beehive systems and headed by queens between 1 and 1.5 years of age. All 

apiaries were monitored three times per year. The first visit occurred early August 

before the honey summer harvest and formic acid treatment. This was followed by a 

second visit in October before wintering and oxalic acid treatment and a third at the 

beginning of April of the following year, when colonies came out of the wintering 

period and started their development (Fig. 1). 
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Fig. 1. Summary of data collection indicating who from the beekeepers or the 

researchers performed a given action or measurement. 

2.2. Data collection 

2.2.1. Capped brood size 

During the August and October visits, the amount of capped brood produced in the 

colonies was quantified to monitor the side-effects of the treatments applied. This 

quantification was obtained using the ColEval method (Hernandez et al., 2020). 

Briefly, a calibrated estimation of the percentage comb surface area occupied by 

capped brood was performed and, subsequently, converted into number of cells. 

2.2.2. Honey harvest 

The mass of honey harvested per apiary was recorded by the beekeepers each year 

(Fig. 1) and used as a proxy for colony productivity and health. 

2.2.3. V. destructor infestation rates 
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At the August and October visits (Fig. 1), adult honey bee workers (mean : 300, 

SD : 50) were sampled from the open brood frames of each colony for V. 

destructor infestation rate assessment (Dietemann et al., 2013; Lee et al., 2010a, Lee 

et al., 2010b). The samples were placed in plastic zip bags and kept on ice before 

being brought to the laboratory for storage at −20 °C until analysis. Before analysis, 

the samples were weighted to determine the number of honey bees they contained. 

Each sample was then washed with soapy water to dislodge the mites for counting, 

following a standard protocol (Dietemann et al., 2013). From these data, the number 

of mites per 100 workers was calculated (Dietemann et al., 2013). 

2.2.4. Colony mortality 

Colony mortality was recorded in April, after the overwintering period (Fig. 1). In 

case of colony losses, beekeepers replaced the dead colonies with nuclei prepared in 

the spring of the previous season, and new colony identity numbers were attributed 

to them. 

2.3. V. destructor control regimen 

In Switzerland, the recommended V. destructor treatment regimen includes three 

product applications. The first application of formic acid immediately after the honey 

harvest, between July 25th and August 10th, uses long-term dispensers. This is 

followed by a second application between August 25th and September 15th. Between 

November and December, when the colonies stop rearing brood, the application of 

oxalic acid is recommended. If more than five mites fall per day on the hives' bottom 

boards four weeks after this treatment, a second oxalic acid application is required 

(Apiservice, 2021). Several formic acid dispensers are available on the Swiss market 

[Apidea, FAM, Liebig, MAQS, or Nassenheider PRO (Apiservice, 2021)]. These 

models show a similar efficacy (Imdorf et al., 2003), and participating beekeepers 

were free to use any of them. Similarly, several equally efficacious oxalic acid 

application modes are available [spraying, trickling, or sublimation (Rosenkranz et 

al., 2010; van der Steen and Vejsnæs, 2021)], and beekeepers were also free to choose 

their preferred mode. 

2.4. Classification of compliance according to the recommended V. 
destructor treatment regimen 
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To determine the influence of compliance on V. destructor infestation rates, brood 

size, honey harvest, and colony mortality, the beekeepers were asked to record the 

number of formic and oxalic acid applications, as well as the dates on which these 

were performed, through a mobile application (ApiNotes©). The number and timing 

of the treatment applications were used to determine compliance categories. The 

“compliant” category included beekeepers who correctly followed the control concept 

(i.e., who applied the correct number of treatments at the appropriate time). The 

“almost-compliant” category grouped beekeepers who did apply the required number 

of treatments but at inappropriate times. The “noncompliant” category characterized 

beekeepers who applied fewer treatments than recommended. 

2.5. Statistical analysis 

Our primary hypothesis was that colonies belonging to compliant beekeepers 

experience lower mortality compared to those belonging to almost-compliant and to 

noncompliant beekeepers. We ran a series of simulations to assess the sample size 

requirements. The simulations revealed that 30 apiaries with 10 colonies each (300 

colonies in total) were sufficient to detect a true difference of 20% colony mortality 

per year in compliant beekeepers compared to the proportion of 40% in almost-

compliant beekeepers with 80% power at 95% confidence level, assuming an intra-

cluster correlation coefficient (i.e., colonies clustered in apiaries) of 0.2 and a similar 

number of beekeepers in each compliance category. The power to detect a difference 

between the complier and noncomplier groups was above 95%, assuming a true 

colony mortality of 50%. 

To analyze the effect of compliance on the variables measured and to verify our 

hypotheses, we used generalized estimating equations and structural equation 

models (Overall and Tonidandel, 2004; Lefcheck, 2016; Pugesek and Tomer, 2003). 

We combined these models because the generalized estimating equations rely on 

well-known regression models, which account for clustered observations (i.e., 

colonies in apiaries) and provide reliable estimates even if some assumptions are 

slightly violated, whereas the structural equation models, although relying on more 

complex assumptions, account for the complex relationships between variables. In 

these structural equation models, the same variable can be both an independent and 

a dependent variable, allowing the identification of possible causal–effect 

relationships. It thus becomes possible to analyze the V. destructor infestation rate as 

both an endpoint of the implementation of the control concept and as a cause for 

colony mortality. 
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Generalized estimating equation models with an exchangeable correlation structure 

(Overall and Tonidandel, 2004) were thus used to analyze the effect of 

noncompliance (almost-compliant and noncompliant categories) on colony 

mortality, V. destructor infestation rates, and the number of capped brood cells in 

October, taking as reference the compliant category. These models used robust 

sandwich variance estimators to account for the correlations within clusters (i.e., 

colonies clustered in apiaries). For binary outcomes (mortality variable), we 

estimated the odds ratios using a logit-link function. Continuous outcomes (number 

of mites per adult bees and number of capped brood cells) were log-transformed 

prior to the analysis. 

Changes in compliance over the years were assessed using a generalized estimating 

equation model for clustered ordinal data. 

The honey mass harvested did not follow any theoretical distribution. Therefore, the 

impact of compliance on this variable was analyzed with a conditional version of the 

nonparametric Kruskal–Wallis test. 

These analyses were conducted in R version 4.0.3 using the “geepack” and ‘coin’ 

packages (R Core Team (2019). 

Because organic acid application can affect the V. destructor infestation rates and 

colony brood size through both direct and indirect pathways simultaneously, we used 

generalized structural equation models (Lefcheck, 2016; Pugesek and Tomer, 2003) 

to quantify the strength of the relationships in a single network and examine each of 

these pathways simultaneously while accounting for the correlations between 

multiple response variables (Grace et al., 2015). We present the results using a path 

diagram, together with the estimated coefficients for each path. Compliance was 

dummy-coded using “compliant” as the reference category, and colony mortality was 

modeled as a binary variable with a logit link function. All other variables were 

assumed to have approximately normally distributed error terms. The model was 

adjusted for year as a fixed effect and for colonies nested in apiaries as random 

effects. As generalized structural equation models do not provide standardized 

coefficients, we provided the unstandardized coefficients. Their interpretation is the 

same as in linear or logistic regression; that is, the coefficient on the path from a 

numeric variable toward a binary variable represents the log of the odds ratio 

associated with each unit increase in the variable at the start of the path. The model 

was implemented in Stata version 15.0 using the “gsem” command (StataCorp, 2017). 

No imputation of missing data was done. 
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We assessed the validity of various model assumptions (normally distributed errors, 

approx. linear relationships, homoscedasticity, no influential outlier) by visual 

inspections of regression diagnostic plots (residual vs leverage and QQ plots). 

3. Results 

3.1. Compliance categories 

Of the 30 beekeepers enrolled in this study, two did not provide sufficient 

information in 2018 and three in 2019. These cases were thus excluded from the 

analysis. All beekeepers applied winter oxalic acid treatments at the right time. 

Compliance was thus restricted to the number and timing of formic acid treatments 

performed (Table 1). 

Table 1. Compliance categories defined according to the number of formic acid 

treatments performed and their application time. 
Compliance categories Number and timing of formic acid applications 

Compliant Two applications within the recommended perioda 

Almost-Compliant Two applications but at least one outside the recommended perioda 

Noncompliant Less than two applications 

a 

The first application between July 25th and August 10th and the second application between 

August 25th and September 15th. 

In 2018, 25% of the colonies were treated in compliance with the recommendations, 

43% were treated in an almost-compliant manner, and 32% were treated in a 

noncompliant manner (Fig. 2). A significantly higher percentage of colonies were 

treated according to compliant and almost-compliant regimens in 2019 with 26% in 

the compliant, 70% in the almost-compliant, and only 4% in the noncompliant 

categories (p = 0.005, Fig. 2). The improvement was mainly driven from the 2018 

noncompliant beekeepers becoming compliant or almost-compliant in 2019 and 

occurred despite more than half the 2018 compliant beekeepers reducing their 

compliance level to almost-compliant in the second year (Fig. 2). 
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Fig. 2. Changes in compliance categories between 2018 and 2019 expressed in 

percent and number of colonies treated according to the various compliance 

regimens. 

3.2. Effect of compliance on honey bee colony mortality, V. 
destructor infestation rates, brood size, and honey harvest 

3.2.1. Effect of compliance on honey bee colony mortality 

Overall, 28% of the colonies died in 2018 and 15% died in 2019 (Table 2, Table 3). 

With 2% colonies lost, compliant beekeepers experienced a significantly lower 

mortality rate compared to the 20% almost-compliant beekeepers (odds ratio: 11.9, 

95% CI: 2.6–55.2, p = 0.002) and to the 55% noncompliant beekeepers (odds ratio: 

50.4, 95% CI: 9.7–262.5, p < 0.0001; Table 2, Table 3). For noncompliant 

beekeepers, the probability of colony loss increased rapidly with the infestation rate 

in October, with a 50% probability of death for an infestation of 10 mites per 100 

adult honeybee workers (Fig. 3). 

Table 2. Colony mortality, Varroa destructor infestation rate per 100 adult honey bee 

workers, capped brood cell number, queen age, and honey harvest for each 

compliance category in total and for each year separately. 
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Empty Cell Empty Cell Total Empty 
Cell 

Empty Cell 2018 Empty Cell Empty Cell   
 

Empty Cell Compliant Almost-
compliant 

Non-
compliant 

Compliant Almost-
compliant 

Noncompliant Compliant A
co   

N colonies 140 310 100 70 120 90 70 19   

Colony 
mortalitya [%] 2 20 55 3 19 60 1 21  

V. destructor August 
[mean(SD)] 3.3 (5.0) 4.6 (8.6) 3.8 (4.3) 3.8 (5.9) 3.0 (5.3) 3.6 (4.2) 2.7 (3.6) 5.7    

V. destructor October 
[mean(SD)] 2.5 (3.9) 4.9 (9.8) 6.8 (9.8) 2.4 (2.6) 5.7 (13.5) 7.5 (10.4) 2.6 (5.0) 4.4    

Relative difference 
[%] −26 5 77 −37 92 110 −5 −2   

Brood cells August 
[mean(SD)] 

8694 
(4981) 

9058 
(5176) 

8966 
(5112) 

10,397 
(4665) 

9863 
(4845) 8685 (5252) 6991 

(4726) 
85  
(5  

 
 

Brood cells October 
[mean(SD)] 

2055 
(1556) 

1702 
(1600) 

1446 
(1550) 

2154 
(1589) 

1526 
(1308) 1158 (1247) 1954 

(1526) 
18  
(1  

 
 

Relative difference 
[%] −76 −81 −84 −79 −85 −87 −72 −7   

Honey harvest (kg 
per apiary) 
[mean(SD)] 

194.2 
(101.4) 

180.5 
(137.6) 68.0 (87.2) 130.7 

(55.9) 83.9 (38.2) 63.0 (94.4) 257.7 (99) 24  
(1    

Queen age (years) 
[mean(SD)] 1.0 (0.6) 1.0 (0.6) 0.9 (0.7) 0.9 (0.5) 1.0 (0.6) 0.8 (0.7) 1.0 (0.6) 1.0    

a 

One colony with missing data in 2018 for almost-compliant category. 

Table 3. Analysis of the effect of beekeepers' compliance with the 

recommended Varroa destructor control concept on colony mortality, V. 

destructor infestation rates (in mites per 100 adult honeybee workers in October), 

and amount of brood (in number of capped brood cells in October) using generalized 

estimating equation models. 
Colony mortality Dead colonies Odds ratio 95% CI p 

Compliant 3/140 ref   

Almost-compliant 62/309 11.9 2.6–55.2 0.002 

Non-compliant 55/100 50.4 9.7–262.5 <0.0001 

2018 72/279 ref   

2019 41/270 0.76 0.3–1.7 0.49 
 

V. destructorinfestation rates log(mites + 1) Difference 95% CI p 

Compliant 0.9 ref   

Almost-compliant 1.2 0.3 −0.2–0.7 0.21 
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Colony mortality Dead colonies Odds ratio 95% CI p 

Non-compliant 1.5 0.6 0–1.2 0.07 

2018 1.2 ref   

2019 1.1 0.0 −0.3–0.3 0.89 
 

Number of capped brood cells log(cells + 1) Difference 95% CI p 

Compliant 6.7 ref   

Almost-compliant 5.6 −1.1 −2.3–0.1 0.07 

Non-compliant 5.2 −1.3 −2.5–0 0.04 

2018 5.6 ref   

2019 6.1 0.4 −0.7–1.5 0.47 
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Fig. 3. Probability of colony mortality depending on Varroa destructor infestation 

rate in October. The figure is a visualization of the predicted values resulting from a 

logistic regression in noncompliant beekeepers back-transformed to the probability 

scale. Dashed lines represent the 95% confidence band around the prediction line. 

3.2.2. Effect of compliance on V. destructor infestation rates 
Overall, compliant beekeepers had a 26% lower mite infestation rate in October 

compared to August and this effect was more pronounced in 2018 than in 2019. In 

contrast, the mean infestation rate increased in the two other compliance categories 

(Table 2, Fig. 4). The statistical model comparing infestation rates among compliance 

categories is presented in Table 3. We observed a marginally significant lower log 

number of mites in colonies of compliant beekeepers compared to the noncompliant 

category (differencelog_scale 0.6, 95% CI 0–1.2, p = 0.07). The difference between 
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compliant and almost-compliant beekeepers was not significant (differencelog_scale 0.3, 

95% CI -0.2 to 0.7, p = 0.21). 
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Fig. 4. Varroa destructor infestation rates in August and October, before and after 

treatments, respectively, and colony mortality over the following winter according to 

compliance categories in 2018 and 2019. The violins-plots show the probability 

density curve of the infestation rate values, and boxplots indicate the median of the 

data (thick horizontal line) and the interquartile range (box). 

3.2.3. Effect of compliance on brood size 

We observed the highest mean number of capped brood cells in October in the 

colonies of compliant beekeepers (Table 2). This was marginally significantly higher 

than the mean value measured in colonies of almost-compliers (differencelog-scale = 1.1, 

95% CI: −0.1 to 2.3, p = 0.07; Table 2, Table 3) and significantly higher than that in 

colonies of noncompliers (differencelog-scale = 1.3, 95% CI: 0.0–2.5, p = 0.04; Table 

2, Table 3). 

3.2.4. Effect of compliance on apiary productivity 
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Honey harvest differed significantly among compliance groups with mean yields of 

194, 180, and 68 kg in compliant, almost-compliant, and noncompliant groups, 

respectively (Kruskal–Wallis Test, chi-squared = 6, p = 0.04). 

3.2.5. Path analysis of simultaneous direct and indirect effects of 
compliance on V. destructor infestation rates, colony mortality, and 
brood size 
The structural equation path model was defined according to the relationships 

between the variables measured, as depicted in Fig. 5 (see also Appendix 1). The 

infestation rate in October was not linked to that in early August before the 

treatments were applied but was affected by the compliance category. Almost-

compliance and noncompliance were associated with a significant positive effect 

on V. destructor infestation rates in October (0.31 logarithm units for almost-

compliant and 0.6 logarithm units for noncompliant cases). The log-transformed V. 

destructor infestation rate in October had a significant positive impact on colony 

mortality. The odds of colony death increased by 1.88 with each log unit increase in 

the V. destructor infestation rate in October. In addition, the infestation rate 

measured in October had a significant negative effect on the number of brood cells 

(−0.73 log units). In this month, brood size had no significant effect on colony 

mortality (Appendix 1). The factor year had no significant effect on mite infestation 

rates in October but a significant effect on colony mortality and brood size. 
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Fig. 5. Direct and indirect effects of compliance categories on Varroa destructor mite 

infestation rates, colony mortality, and amount of brood generated by the structural 

equation model. The standardized regression coefficient for each path is given next to 

the corresponding arrow. The model was adjusted for clustering of colonies within 

apiaries (random effect) and year (fixed effect). 

4. Discussion 

We showed that compliance with the recommended V. destructor treatment regimen 

reduced infestation rates in the colonies, which drastically increased colony survival 

and apiary productivity. The potential negative side-effects of treatment application 

on the brood did not significantly decrease winter colony survival, but brood size was 

significantly negatively impacted by the lack of compliant treatment. Communicating 

the negative impact of noncompliance on colony survival and productivity to 

participating beekeepers increased compliance of a fraction of the noncompliant 

beekeepers in the following year. However, a decrease in compliance was observed in 

half of the previously compliant beekeepers. 

4.1. Compliance effects on V. destructor infestation rates, brood 
size, and colony mortality 
We showed a strong link between compliance with the recommended V. 

destructor control concept and colony mortality. The results from the generalized 

equation model showed that if treatment regimens only deviated slightly from the 

recommended concept (i.e., were almost-compliant), a colony had 10 times higher 

risks of dying compared to a compliant treatment (20% vs. 2% colony losses) and 25 

times higher risks if the beekeeper was noncompliant (i.e., applied less than two 

treatments) (55% vs. 2% colony losses, odds ratio 11 and 50, respectively, Table 3). 

The decrease in mite infestation after treatment application (i.e., between August and 

October) was higher in the compliant group, confirming the superior effectiveness of 

the recommended control concept. This lower infestation is likely to have contributed 

to the decreased colony losses experienced in this group. Despite the generalized 

equation modeling showing only a marginally significant infestation decrease in 

October comparing compliant to noncompliant groups (Table 3), the structural 

equation modeling showed a significant interaction effect (Fig. 5). This effect 

indicates that an increase in V. destructor infestation rates in October due to 

deviations from the recommendations is directly linked to increased colony mortality 

(Fig. 5). The negative coefficient between mite infestation rates in August and 

https://www.sciencedirect.com/science/article/pii/S0034528821003696?via%3Dihub#t0015
https://www.sciencedirect.com/science/article/pii/S0034528821003696?via%3Dihub#t0015
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/structural-equation-modeling
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/structural-equation-modeling
https://www.sciencedirect.com/science/article/pii/S0034528821003696?via%3Dihub#f0025
https://www.sciencedirect.com/science/article/pii/S0034528821003696?via%3Dihub#f0025


October (Fig. 5, Appendix 1) in structural equation modeling and the higher 

infestation rate in noncompliant treatment regimens compared to compliant ones (7 

vs. 2.5 in mites per 100 adult workers, Table 2) indicate that formic acid applications 

decouple the number of mites in August from that in October. The number of mites 

measured in October was mainly determined by the level of compliance (Fig. 5). 

In the case of noncompliance, an infestation rate of 10 mites per 100 adult honeybee 

workers in October led to a 50% chance of colony death over winter (Fig. 3). This 

result is in line with the previous literature, according to which the mortality rates of 

colonies infested in the 10 to 20 mites per 100 workers range in autumn could reach 

20% to 50% on average (Genersch et al., 2010; Liebig, 2001; Guzmán-Novoa et al., 

2010). 

The analysis of the effect of V. destructor infestation on the amount of brood and 

colony mortality with the two models strongly supported the hypothesis that healthy 

winter honey bee workers, which were not parasitized during their pre-imaginal 

development, are crucial to ensure colony survival over winter. This was especially 

the case with the structural equation model, which allows for deriving the possible 

causal–effect relationships because of the model taking into account the complex 

relationships between the variables. Thus, our results represent the most tangible 

evidence, to date, that healthy winter honey bee workers are crucial to ensuring 

colony survival over winter. However, the effect can be smaller than our estimate 

because we cannot rule out the possibility that brood size itself also had a direct 

negative impact on infestation rates. 

The positive effect of high compliance on colony survival occurred despite the 

potential negative side-effects of formic acid on brood survival (Gregorc et al., 

2004; Strachecka et al., 2012). In addition, a reduced number of treatment 

applications by noncompliant beekeepers did not lead to a higher amount of brood in 

their colonies compared to compliant beekeepers (Table 2, Table 3). Instead, they 

experienced a significant decrease in the amount of brood in October. This decrease 

was likely due to the higher number of mites infesting the colonies (Table 3, Fig. 5). 

Thus, there is a stronger negative impact of V. destructor infestation than that of 

formic acid on the brood, infirming the hypothesis that the negative side-effects of 

the repeated formic acid applications (Tihelka, 2018) can exceed their positive effects. 

In addition, the amount of brood in October showed no noteworthy association with 

mortality (Fig. 5). There is thus no benefit in refraining from applying two formic acid 

treatments as recommended. 
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The importance of factors other than V. destructor infestation in causing colony 

mortality was indicated by significant effects of the factor year on brood size and 

colony mortality. The factor year includes the effect of variables not measured in our 

study. For example, interannual variations in weather can affect resource acquisition 

and brood rearing (Beyer et al., 2018; Bagheri and Mirzaie, 2019; Nürnberger et al., 

2019), which in turn can affect the population dynamics of V. destructor, treatment 

effectiveness and thus colony mortality (Nürnberger et al., 2019; Calovi et al., 2021). 

However, no year effect on infestation rates was observed during our study (Fig. 5), 

indicating the involvement of other variables. Although our results have clearly 

shown the importance of reducing V. destructor infestation rates with correctly 

implemented control methods to reduce colony losses, we have not considered the 

role of other possible causes of mortality. Further variables will be considered in a 

follow-up study by extending our measures and observations to following years and 

by investigating land-use factors (e.g., pesticide use, agricultural management, and 

resource availability) in the vicinity of the apiaries, as well as the effect of other 

pathogens such as viruses, bacteria, and fungi, with the aim of acquiring a more 

holistic view on the various causes for colony losses. 

4.2. Promoting compliance and limitations of the control concept 

The lack of compliance observed in a proportion of the participating beekeepers may 

be due to them being less experienced and lacking sufficient knowledge about the 

recommended treatment regimen. Several studies have shown that a beekeeper's 

training background and practices are the main factors promoting honey bee 

colonies' health (Jacques et al., 2017; Thoms et al., 2019). To improve these 

situations, authorities or associations in many countries strive to provide information 

and training to beekeepers (e.g., Switzerland, Germany, Austria, Sweden, Denmark, 

and Netherlands; van der Steen and Vejsnæs, 2021). Our results, however, show that 

despite readily available information and training, compliance can be prone to self-

interpretation. Compliance was increased in the framework of our experiment 

through a high personal involvement of beekeepers and ready access to hard data 

showing the consequences of ones' acts, even when occurring several months after 

the act itself. Personal involvement in the framework of a research project, with 

access to systematically acquired data can be considered informal training (Adams, 

2018), and is an efficient means to improve colony health. However, such an 

approach may not be applicable to the wider beekeeping community. Improved 

compliance can be fostered by including results such as ours as an example of the 
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consequence of deviating from the recommendations (i.e., an increased mortality 

risk) in formal training to make the latter less theoretical and more relatable to 

personal experience (Adams, 2018). 

An additional incentive to promote compliance with recommendations can be of an 

economic nature, through the main motivation of most beekeepers (i.e., the honey 

harvest) (López-Uribe and Simone-Finstrom, 2019). Compliant beekeepers 

benefitted from three times higher harvests than noncompliers, whereas the harvests 

of almost compliers were only marginally smaller than those of compliers (Table 2). 

Showing the positive economic effect of implementing the control regimen as 

recommended is likely to motivate beekeepers to improve their V. destructor control 

strategies, despite the complexity of the recommended regimen. 

Although the general level of compliance increased significantly from 2018 to 2019 

(Fig. 2; Appendix 2), the proportion of fully compliant beekeepers remained stable 

over the two years. This was due to an increase in the compliance of the previously 

less-compliant beekeepers being compensated by a decrease in the level of 

compliance of the initially compliant beekeepers (Fig. 2, Appendix 2). This decrease 

is unlikely due to lack of knowledge or poor concept acceptance, since these 

participants were compliant in the first year. This decrease may be due to constraints 

in implementing the complex treatment regimen. These constraints should be 

identified to foster colony health, possibly with the help of the social sciences, but we 

can speculate that they originate from the need to apply treatments at a given time, 

determined by ambient temperatures (Rosenkranz et al., 2010; Steube et al., 2021). 

This timing might conflict with other commitments, especially for hobby beekeepers 

whose main activity might take precedence on the care of their honey bee colonies. 

The frequency of such conflict can be exacerbated by climate changes with increasing 

periods of extreme temperatures or increasing deviation from usual weather patterns 

(Steube et al., 2021), which do not allow formic acid application at the appropriate 

time, when it can reduce damages to the winter honey bee workers effectively. This 

phenomenon is suggested by the anecdotal reports gathered during this study. We 

occasionally observed a reluctance to apply the second formic acid treatment, which 

was described as too stressful for the colonies. A complicating factor was the 

recurrent summer heatwaves, which made the second application of formic acid more 

challenging to perform when the right conditions prevailed (application above 29 °C 

led to excessive negative side-effects (Rosenkranz et al., 2010; Steube et al., 2021). To 

overcome this issue, some participating beekeepers implemented biotechnical 

methods (queen caging, brood interruption, and hyperthermia (Büchler et al., 
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2020; Apiservice, 2021) to avoid the second application of formic acid, while others 

acted directly on the diffusion mode of the second formic acid application by 

modifying the evaporation quantity, possibly affecting the effectiveness of treatment. 

This clearly reveals the personal appropriation of the treatment concept against V. 

destructor. This phenomenon has also been observed in Austria with the application 

of unexpected V. destructor treatment regimens by beekeepers with detrimental 

effects on colony health (Oberreiter and Brodschneider, 2020). Further research is 

required to better understand the motivations and constraints faced by beekeepers 

that lead to a lack of compliance and increased colony losses. 

Given that, irrespective of the intention to comply, not all constraints can be 

overcome, identifying which elements of the concept are more crucial to ensure 

colony health can lead to a “next best strategy” as a compromise between realistic 

implementation in the field and promotion of colony health. Here, we showed that 

deviations from the recommended treatment application time (almost-compliant) led 

to fewer colony losses than renouncing to one of the formic acid applications 

altogether (noncompliant) and allowed honey harvests almost as high as those of 

compliant beekeepers. Concept formulation could, therefore, be adapted by setting 

the priority on performing two formic acid applications, even if the appropriate 

timing cannot be held precisely. This represents a short-term solution to mitigating 

colony losses due to V. destructor. However, monitoring the precise implementation 

of V. destructor control methods in the field can contribute to developing new and 

sufficiently effective concepts better adapted to a constantly evolving context, be it 

climate changes or changes in social trends and personal constraints. 

Our results also highlight the need to consider how V. destructor treatments are 

implemented (i.e., conformity to manufacturer instructions or compliance with 

recommendations) when surveying beekeepers to determine the role of management 

in colony health. All beekeepers in our study would have declared treating against the 

mite, but the data showed wide variations in treatment implementation and in their 

efficacy. 

5. Conclusion 

Although V. destructor is not the only cause for colony losses (Steinmann et al., 

2015; Smith et al., 2013; Van Esch et al., 2020), our results support the view that the 

correct implementation of varroacidal treatments drastically improves colony 

survival over winter. We also showed that improved communication of the negative 

https://www.sciencedirect.com/science/article/pii/S0034528821003696?via%3Dihub#bb0045
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consequences of deviations from the recommended treatment regimens can lead to 

improved compliance and calls for new paradigms in beekeeper training. Integrating 

principles of social sciences into training can foster the acceptance of, and compliance 

with, recommendations. Social sciences can also contribute to identifying the 

constraints inherent to the complexity of the alternative control methods, which 

seems to limit compliance. In case such constraints are unavoidable, our results 

suggest that performing the treatment applications at suboptimal dates results in 

fewer honey bee colony losses than renouncing a treatment altogether. Alternatively, 

constraints to treatment implementation can be reduced with the development of 

simpler yet effective treatments against V. destructor. 
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