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Abstract – The ectoparasitic mite Varroa destructor is considered one of the main threats to the western honey bee
(Apis mellifera ). Efficient pest management is crucial, and the evaporation of formic acid (FA) is an active principle
that could be adopted. However, the usage of FA has an extreme variable efficacy depending on several conditions,
ambient temperature among them. Cooler conditions, as they usually occur in Central Europe in late summer and
autumn, can negatively affect treatment success. Our study aims to evaluate factors that influence the efficacy of
different FA treatments. Over a period of 8 years, we investigated the effect of ambient temperature, hive size and
dispenser type on the treatment success with 60% and 85% FA and consolidated those factors in a linear regression
model. Treatment with 60% FA shows higher variability, and often lowered efficacy, especially in double brood
chamber hives. In contrast, 85% FA treatment achieves higher efficacy and lower variability and shows significantly
diminished dependence on ambient temperature.

Apismellifera /Varroa destructor / formic acid /mite / treatment efficacy

1. INTRODUCTION

The mite Varroa destructor (Anderson and
Trueman) is an almost globally distributed ecto-
parasite of the western honey bee (Apis mellifera
L.). It originates in Southeast Asia, where it can be
found in colonies of the Asian honey bee
A. cerana . At the beginning of the twentieth
century, by enhancing the efficacy of transport
and trade, western honey bee colonies were
imported to Asia and henceforth coexisted with
Asian honey bee species (Oldroyd 1999). Around
1960, it was first discovered that Varroa success-
fully had switched to western honey bee popula-
tions through the sympatric cohabitation of both
Apis species (Delfinado 1963). Global spread to
other continents took place in the 1960s and

1970s via international shipping of honey bee
colonies (de Guzman et al. 1997; De Jong et al.
1982). In regions without geographical barriers,
the transfer of V. destructor to other colonies was
further enhanced through robbing, drifting of
drones and worker bee homing errors (Seeley
and Smith 2015), but also via combining hives,
transferring food stores between hives and high
bee densities (Fries and Camazine 2001).

For a long time, it was assumed thatVarroa was
only one species described by A.C. Oudemans
(1904) as V. jacobsoni . Only at the beginning of
this millennium, the phylogenetic analysis of
mtDNA data uncovered V. destructor as an inde-
pendent species (Anderson and Trueman 2000).
Currently, the genus Varroa is represented by at
least four species, but the only mite of actual eco-
nomic importance is V. destructor (Rosenkranz
et al. 2010).

V. destructor parasitizes pupae and adult bees.
During the larval development, it reproduces in
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capped brood cells where it feeds on the bees’ fat
body tissue (Ramsey et al. 2019). The loss of
tissue during the ontogenetic development within
the brood cell significantly decreases lipid synthe-
sis, protein titres and the weight of the hatching
bee (Bowen-Walker and Gunn 2001; Schneider
and Drescher 1987). The weight loss and negative
in f luence on the deve lopmen t o f the
hypopharyngeal gland increase with the number
of mites (Schneider and Drescher 1987). In addi-
tion to the damage that is caused through feeding
on the bees’ tissue, V. destructor accelerates the
transmission of viruses and microorganisms and
acts as a vector for several diseases (Boecking and
Genersch 2008; Bowen Walker et al. 1999; Di
Prisco et al. 2011; Francis et al. 2013; Gliński
and Jarosz 1992). Varroosis is considered to be
the most serious threat to honey bees (Sammataro
et al. 2000; Rosenkranz et al. 2010). It is assumed
that the final breakdown of the colony is an effect
of interactions between virus infections and other
stress factors, rather than the effect of direct par-
asitization (VanEngelsdorp et al. 2009) and with-
out any treatment colonies would collapse within
3 years (Fries et al. 2003, 2005).

Besides their importance for pollination of
wildflowers, honey bees are one of the economi-
cally most valuable pollinators for pollination de-
pendent crops in agriculture (Calderone 2012;
Crane 1990; Southwick and Southwick 1992).
Managed honey bees are a reliable solution for
farmers to ensure crop pollination and have been
shown to be more effective than alternative polli-
nators (Klein et al. 2007; Rader et al. 2009). Since
honey bees can forage over large distances, they
are very suitable for the pollination of large mono-
cultures. Thus, the control of V. destructor plays
not only a central role in beekeeping but is also
crucial to for effective crop pollination.

The integrated pest management is a set of
proactive methods that is used before the popula-
tion of V. destructor reaches levels that threaten
colony productivity and survival (Honey Bee
Health Coalition 2018). Depending on the season-
al cycle of the colony, several of these methods
can be combined (Roth et al. 2020). A chemical
treatment option that is highly effective in capped
brood cells and therefore affects not only mites
that are parasitize adult bees but also mites in the

reproductive stage is formic acid (FA) fumigation
(Fries 1991; VanEngelsdorp et al. 2008). In con-
trast to lipophilic synthetic acaricides, FA is water
soluble, and thus no residues in wax can be found.
As the range between therapeutic benefits and
toxic effects of organic acids is very narrow, the
treatment of varroosis with FA must be carefully
coordinated. In the temperate climate of Central
Europe, problems with FA treatment in autumn
are frequently reported by beekeepers. Poor evap-
oration due to cooler temperatures and thus insuf-
ficient treatment efficacy frequently leads to the
loss of colonies in winter. The efficacy of different
treatments for varroosis with FA has been ad-
dressed in several studies, often focusing exclu-
sively on one factor like the form of application
through different dispenser-types, the place of
application within the hive, location of hives or
the timing of treatment (Giovenazzo and Dubreuil
2011; Girisgin and Aydin 2010; Moosbeckhofer
et al. 1997; Pietropaolo and Formato 2018; Satta
et al. 2005). Formic acid has been evaluated in
warmer seasons (Pietropaoli and Formato 2018)
in different concentrations under laboratory condi-
tions onmites, larvae andworker bees (Underwood
and Currie 2003; Bolli et al. 1993, Lindberg et al.
2000).

This study aims to evaluate factors and their
respective influence on the therapeutic efficacy
of FA treatment against varroosis and combine
these factors in one model. We investigated the
effect of ambient temperature, hive size and type
of dispenser on the efficacy of treatments with
60% and 85% FA. The results of this study will
contribute to optimize FA treatment and serve as a
guide for beekeepers to improve their Varroa
management.

2. MATERIAL UND METHODS

2.1. Study site

The study was conducted from 2011 to 2019.
In total, 340 treatments were implemented in
A. mellifera colonies maintained in Zander bee
hives at eight experimental apiaries in North
Rhine Westphalia, Germany. All colonies were
naturally infected with V. destructor . Natural mite
mortality was monitored, and colony strength
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(adult bees, brood, stored honey) was evaluated
following the Liebefeld method within 7 days
prior to treatment (Imdorf et al. 1987). Equalised
colonies containing either approximately 8000
bees in one 10-frame brood chamber or approxi-
mately 13,000 bees in two 10-frame brood cham-
bers were allocated randomly to treatment groups.

2.2. FA application methods

The Liebig Dispenser (Andermatt Biovet
GmbH, Lörrach, Germany) and the Nassenheider
professional (Joachim Weiland Werkzeugbau
GmbH & Co KG, Hoppegarten, Germany) were
tested based on the manufacturers’ specifications
within the late summer/autumn treatment. Treat-
ments with the Nassenheider dispenser lasted 10–
14 days. The Liebig Dispenser remained for 7
days in single brood chamber colonies, for 3 days
in August and 7 days in September/October in
double chamber colonies. Both are vacuum de-
vices that consist of a plastic bottle to be filled
with formic acid solution and a wick that allows a
slow release of the liquid FA. The devices are
placed on top of the frames of the brood chamber
within an additional empty brood chamber.
Formic acid is meant to evaporate successively
over treatment days (long-term treatment). The
dispensers were tested with 60% and 85% FA in
single and double brood chamber hives.

2.3. Data recording

During the experiments, ambient temperature
was recorded continuously at the apiary (DL-120
TH; DL-111 K; DL-210TH, Voltcraft, Conrad
Electronic AG). Daily mean temperature was used
for further calculations. In order to calculate treat-
ment efficacy, the number of dead mites was
counted daily. For this purpose, a bottom board
with a metal screen that covered the entire hive
bottom was used. These bottom boards were pre-
pared with rapeseed oil soaked paper in a way that
dead mites, fallen off from bees or out of cells,
would adhere on the boards (Dietemann et al.
2013). As soon as the treatment started, for the
duration of the treatment and for the subsequent
12 days, monitoring was carried out. This ensured

that mites killed inside the brood cells could be
included in the analysis.

The remaining number of mites was assessed
in November/December with a follow-up treat-
ment carried out with 3.5% oxalic acid solution
(Oxuvar 5.7%, Andermatt Biovet GmbH,
Lörrach, Germany). The oxalic acid dihydrate
solution (50 ml) contains oxalic acid dihydrate
(1.75 g), sucrose (30.015 g) and purified water
(30.015 g), and the dose per bee-occupied frame
side is 0.25 ml/dm2. As the oxalic acid dihydrate
solution is only effective on mites on the adult
bee, it is trickled onto the cluster of bees in brood-
free colonies. After the application of oxalic acid,
mite numbers were recorded for additional 3
weeks.

Treatment efficacy was calculated as the per-
centage of mites killed during the formic acid
treatment relative to the total number of mites in
the colony, killed either during the formic acid
treatment or by the follow-up treatment with
oxalic acid. To calculate treatment efficacy (E),
the following formula was used: E = (VT/ (VT+
FOLLOW-UP))*100, where VT is the number of
killed mites counted during the FA treatment and
VT + FOLLOW UP represents the total number
of mites in the colony, killed either during the
treatment or the follow-up treatment.

2.4. Statistical analysis

Kolmogorov-Smirnov and Shapiro-Wilk test
were used to analyse data distributions. To com-
pare treatment efficacy, a one-way ANOVAmod-
el was used. Homogeneity of variances was de-
termined by means of Levene test. The Welch
robust test was applied according to homogeneity
of variances. Games-Howell was used as a post
hoc test. For linear regression, the examination of
potential predictor variables and the collinearity
between these variables was performed by a two-
tailed Pearson’s correlation. If two potential risk
factors were associated, only one was included in
the multivariable analysis. A linear regression
with efficacy was adjusted for the previously test-
ed significant factors. Variables with a p < 0.05,
calculated using the one-tailed Pearson correla-
tion, were maintained in the model. All statistical
analyses were performed with IBM® SPSS

Xenia STEUBE et al.722



Statistics Version 24 (IBM Deutschland GmbH,
Ehningen).

3. RESULTS

The study was conducted to evaluate the treat-
ment efficacy depending on different variables.
Average ambient temperature during treatments
was 14.9 ± 3.4 °C (min 7.8 °C, max. 23.6 °C).

3.1. Linear regression model

A significant correlation of hive size with
stored honey and the number of adult bees
(Pearson’s r = 0.488, p < 0.001, n = 298 and
0.418, p < 0.001, n = 312, respectively) was
found, and as a consequence, hive size was chosen
as variable for the regression. The further exami-
nation of potential predictor variables revealed no
significant relation of efficacy and adult bees
(Pearson’s r = 0.021, p = 0.714, n = 299), capped
brood (Pearson’s r = 0.113, p = 0.051, n = 300)
or stored honey (Pearson’s r = - 0.065, r = 0.266,
n = 298). Consequently, hive size, FA concentra-
tion, ambient temperature and type of dispenser
remained as predictor variables in the linear re-
gression model, as they all have a significant
influence on the treatment efficacy (Fig. 1, F
(4335) = 27.61, p < 0.001). R 2 for the overall
model was 0.248 (adjusted R 2 = 0.239). The
model revealed a decrease in efficacy of 18% if
treatment was conducted in double brood cham-
ber instead of single brood chamber colonies.
Furthermore, regression coefficients indicated that
85% FA rather than 60% FA could increase effi-
cacy by 17%; Nassenheider rather than Liebig
dispenser results in 10.5% higher efficacy.

3.2. Sixty percent formic acid

Efficacy of 60% FA was determined in 182
treatments and achieved 51.9 ± 27.8%. The treat-
ment with 60% FA was most efficient in single
brood chamber hives regardless of the dispenser
used (Fig. 2, Table I). The treatment was signifi-
cantly less efficient for colonies in double brood
chamber hives when the Liebig Dispenser was

Figure 1.Model for the linear regression equation. Left boxes: independent predictor variables that show significant
impact on efficacy (hive size, FA concentration, ambient temperature and dispenser type). Arrows: associated
coefficients show the respective impact on efficacy if the independent variables are adapted as indicated in the left
boxes. The variables are arranged in order of their importance according to standardized beta coefficients.

Figure 2. Sixty percent FA treatment efficacy (%) ob-
tained for the four groups under study. Sixty percent
formic acidwas tested in single and double brood (white
and grey bars, respectively) chamber hives with the
Liebig Dispenser (L) and the Nassenheider (N). The
treatment with Liebig Dispenser in double brood cham-
ber hives resulted in significantly lower values than all
other treatment groups (Games-Howell post hoc test,
*** < 0.001). Data are shown as boxplots with the
median; the edges indicate 25th and 75th percentiles.
Whiskers represent × 1.5 the interquartile range, and
circles indicate outliers.
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Table I. Efficacy of the treatment groups with different dispenser types (LiebigDispenser and Nassenheider), formic
acid concentrations (60% and 85%) and brood chambers (1 and 2)

FA [%] Dispenser Hive size n Efficacy [%]

Min Max Mean ± SD

60 Liebig 1 31 16.8 97.2 66 ± 25

2 40 3.0 68.7 31 ± 20

Nassenheider 1 71 8.7 100.0 57 ± 28

2 40 13.2 95.4 53 ± 26

85 Liebig 1 44 20.5 97.8 76 ± 19

2 52 6.0 97.9 44 ± 27

Nassenheider 1 33 27.0 100.0 78 ± 22

2 29 17.3 98.8 75 ± 24

Figure 3. Treatment efficacy (%) across four different treatment combinations with 60% FA in relation to average
ambient temperature. Regression lines are given in the graph. a Liebig Dispenser, single brood chamber (Pearson’s
r = 0.266, p = 0.074, n = 31, R 2 = 0.071). b Nassenheider, single brood chamber (r = 0.392, p < 0.001, n = 71, R 2

= 0.154). c Liebig Dispenser, double brood chamber (r = 0.367, p = 0.010, n = 40, R 2 = 0.135). d Nassenheider,
double brood chamber (r = 0.378, p = 0.008, n = 40, R 2 = 0.143).
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used (Games-Howell post hoc test, p <
0.001). Except for the treatment with the
Liebig Dispenser in single brood chamber
hives, treatment efficacy in colonies treated
with 60% FA increased significantly with
ambient temperature (Figs. 3 and 6).

3.3. Eighty-five percent formic acid

Efficacy of 85% FA was determined during
158 treatments and achieved 65.7 ± 27.6%, which
is significantly higher than in 60% FA treatments
(t (338) = - 4.594, p < 0.001). The significantly
lowest treatment efficacy is obtained with the
Liebig Dispenser in double brood chamber hives
(Fig. 4, Games-Howell post hoc test, p < 0.001).
No significant correlation between temperature
and treatment efficacy was found (Figs. 5 and 6).

4. DISCUSSION

Our study examined a variety of influencing
factors concurrently. We investigated and com-
pared the efficacy of two FA concentrations
which are used during the treatments carried out
with two commercially available and industry-
established dispensers in two different hive sizes.
The duration of this study over several years and
the high number of treatments enabled us to find a
significant relationship between efficacy, concen-
tration, ambient temperature, hive size and dis-
penser type. Additionally, we examined these fac-
tors according their relative importance. The
amount of capped brood does not correlate with
efficacy, but still this result was very narrow. If the
regression was nevertheless carried out with
capped brood as a variable for verification pur-
poses, the variable remained without significant
impact on the model and therefore on the efficacy.

In general, the treatment of colonies in single
brood chamber hives resulted in higher efficacy
than in double brood chamber hives. The regres-
sion model revealed a decrease in efficacy of 18%
if treatment was conducted in the larger hive size.
The smaller volume of the single brood chamber
hives could have led to a faster achievement of the
required dose of FA. Additionally, in single brood
colonies, the dispenser is located directly on top of
the brood nest, whereas in double brood chamber

hives, there is a greater distance between the dis-
penser and the brood nest. We know from studies
on thermoregulation capacities that temperature in
the brood nest region is highly stable within a very
narrow range (Jones et al. 2005; Kleinhenz et al.
2003; Kronenberg and Heller 1982). Temperature
decreases with distance from the broodnest, and
this consequently could also influence the evapo-
ration of FA. Also, the amount of bees and brood
differed between hive sizes, which might influ-
ence ventilation within the hive. The more bees
that are in the hive, the more ventilation could take
place. This could influence distribution of the FA
and thus lead to a higher efficacy. But this effect is
might be counteracted by the fact that in a smaller
hive, the concentration is presumably reached
faster, which encourages the bees to start ventilat-
ing faster compared to bigger hives. In double
brood chamber hives, the Nassenheider evapora-
tor showed a significantly higher efficacy over the
Liebig Dispenser for both FA concentrations.

Figure 4. Box plot of 85% FA treatment efficacy (%)
obtained for the four groups under study. 85% formic
acid was tested in single and double brood (white and
grey bars, respectively) chamber hives with Liebig Dis-
penser (L) and Nassenheider (N). The treatment with
Liebig Dispenser in double brood chamber hives ac-
quired significantly lower values than all other treat-
ment groups (Games-Howell post hoc test, ***p <
0.001). Data are shown as boxplots with the median;
the edges indicate 25th and 75th percentiles. Whiskers
represent × 1.5 the interquartile range, and circles indi-
cate outliers.
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Figure 5. Treatment efficacy (%) across four different treatment combinations with 85% FA in relation to average
ambient temperature. Regression lines are given in the graph. a Liebig Dispenser, single brood chamber (r = -
0.055, p = 0.361, n = 44, R 2 = 0.003). b Nassenheider, single brood chamber (r = - 0.069, p = 0.351, n = 33, R 2 =
0.005). c Liebig Dispenser, double brood chamber (r = 0.125, p = 0.189, n = 52, R 2 = 0.016). d Nassenheider,
double brood chamber (r = 0.292, p = 0.062, n = 29, R 2 = 0.085). Correlation was done with single tail Pearson
correlation.

Figure 6. Bar chart showing Pearson correlation coefficients of efficacy and ambient temperature for 60% FA (left
bars) and 85% FA (right bars). Asterisks indicate significances (*p < 0.05; **p < 0.01).
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Probably the larger wick and therefore larger
evaporation area of the Nassenheider has a posi-
tive effect on the evaporation.

A differentiation between the concentrations re-
sults in higher efficacy for 85% FA compared to
60% FA, which supports previous findings
(Marinelli et al. 2007 cited in Pietropaoli and
Formato 2018). Furthermore, we can show that
treatments with 60% FA are highly ambient temper-
ature dependent, whereas this is not the case for 85%
FA treatments. The lesser influence of temperature
on the efficacy of 85% FA treatment is clearly
evident, as we did not observe significant correlation
with regard to the outside temperature. Cooler tem-
peratures could lead to difficulties in reaching the
required dose with the 60% FA because compared
to 85%FA, a higher amountmust evaporate until air
saturation occurs and the necessary drug dose is
reached. Therefore, especially at lower temperatures
(8–13 °C), 85% FA treatments produce more reli-
able results than 60% FA treatments. Overall, treat-
ments with 60% FA showed a high degree of vari-
ability and often, especially in double brood cham-
ber hives, too low efficacies. In contrast, 85% FA
achieved higher efficacy and showed lower variabil-
ity, and ambient temperature had a significantly
lower influence.

It should be pointed out that our data on effi-
cacy also show that there is an enormous residual
variability that cannot be explained by the factors
addressed in this study. This indicates strongly
that there are additional variables affecting treat-
ment success and that the process of evaporation
of FA within the hive is not yet fully understood.
Direct and continuous recordings of formic acid
concentrations in the hive air are therefore neces-
sary and currently underway.

Until now, the use of 85% FA has not been
permitted in Germany to treat varroosis. However,
this study has shown that in order to achieve
sufficient treatment success even at low tempera-
tures (8–13 °C), reconsidering a registration of
85% FA could be clearly increased efficacy of
the crucial Varroa treatment. Until then, we high-
ly recommend an integrated pest management that
compromises the combination of different chem-
ical and non-chemical treatment methods and the
regular examination of the actual mite load to
avoid too high population numbers. The late

summer treatment in Central Europe should be
conducted after the last honey harvest and in
accordance with the weather forecast to avoid
too low temperatures during FA application.
Based on our data, we recommend that the ex-
pected average temperature of the forthcoming
treatment days should not fall below ~ 16 °C in
single brood chamber colonies. For double brood
chamber colonies, average temperature should be
19 °C, and the Nassenheider dispenser is prefera-
ble to the Liebig dispenser.
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