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Ongoing global change affects both wildlife and economically relevant species, which
are now subjected to combined challenges from climate change and higher exposure
to pathogens. Honeybee colonies worldwide are under threat by higher temperatures
and the ectoparasitic mite Varroa destructor, hence we studied the impact of these
combined challenges in the thermal biology and energetics of Apis mellifera. We
estimated the heat tolerance and energy expenditure (CO, production and VCOy) of
honeybees acclimated to different temperatures (32 and 38°C) and subjected to different
levels of parasitism (O, 1, and 2 mites). Heat tolerance was quantified employing thermal
death time (TDT) curves describing how survival times vary as a function of temperature,
which differed significantly between treatments. Warm-acclimated uninfected bees
exhibited a higher thermal tolerance than their cold-acclimated counterparts, but
parasitism by Varroa resulted in a substantial drop in tolerance rendering TDT curves
of parasitized bees virtually indistinguishable. Accordingly, VCO» increased dramatically
in parasitized bees (46.5 and 67.1% with 1 and 2 Varroa, respectively), suggesting that
Varroa impinges on substantial costs on energy expenditure which, in combination with
lower fat reserves due to parasitism, should have synergistic effects on bees’ survival
and performance. Results provide conclusive evidence of the detrimental impact of
Varroa on heat tolerance that undermines potentially adaptive responses associated
with thermal acclimation. Results also show that heat treatments are a realistic venue
to control Varroa, and we discuss how TDT curves may be employed to optimize
management strategies in this context.

Keywords: Apis mellifera, metabolic rate, survival, thermal tolerance, Varroa, varroosis

INTRODUCTION

Studies of thermal biology in insect-parasite interactions have shown that resistance, host
recovery, pathogen virulence, and replication can be significantly altered by temperature (Schmidt-
Hempfel, 2008, 2009), suggesting that the thermal environment could have profound implications
for host/parasite dynamics, and co-evolution (see Thomas and Blanford, 2003). The reported
population declines of honeybees (Apis mellifera) in different regions of the globe constitute
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a paramount example of this problem (Neumann and Carreck,
2010; Ratnieks and Carreck, 2010; Kang et al,, 2016; Maggi
et al., 2016; Nazzi and Le Conte, 2016; Requier et al.,, 2018;
Ramsey et al., 2019), with potentially important repercussions on
crop and seed production in agricultural ecosystems (Mandrioli,
2012; Nazzi and Le Conte, 2016). For example, changes
in weather conditions are provoking new pest invasion to
crops, deforestation, shortened flowering seasons or changes in
phenology of plants, and insects, among others (Klein et al.,
2017). On the other hand, when the brood is exposed to extreme
cold or warm temperatures, it could affect the behavior in workers
when they are foragers (Tautz et al., 2003; Jones et al., 2004;
Becher et al., 2009).

Several authors argue that these losses are caused by the
ectoparasitic mite Varroa destructor (Acari:Mesostigmata), the
most common pest in beekeeping that is responsible for the
disease varroosis, and present in virtually every country where
the Western bee is found with few exceptions (Nazzi and Le
Conte, 2016; Ramsey et al., 2019). This mite feeds directly
from the host, consuming their fatty acids or lipids and the
hemolymph from immature and adult bees (Richards et al.,
2011; Ramsey et al, 2019), and acts as a vector of viruses,
bacteria, and fungi (Annoscia et al., 2012; Riveros et al., 2019).
A wide range of morphological and physiological changes
have been reported in adult honeybees parasitized during their
metamorphosis phase, such as a lower body weight, body,
and appendices deformities, decreased longevity, depression of
the immune system, changes in the cuticular hydrocarbons
profiles, and reduction in hemolymphatic proteins (Lee et al.,
2010; Schifer et al., 2010; Annoscia et al.,, 2012; Erban et al.,
2019). Without treatment, most of the colonies in temperate
regions collapse in one to 3 years (Fries et al., 2006; Rosenkranz
et al., 2010; Ramsey and van Engelsdorp, 2016). Overall, some
estimations suggest that Varroa has provoked more damage
to honeybee colonies than all other known honeybee diseases
and parasites combined (Emsen et al., 2015; Maggi et al., 20165
Evans and Cook, 2018).

On top of that, honeybee colonies around the globe are
being exposed to increasingly higher temperatures due to
global warming, and which can have detrimental effects for
multiple reasons. For instance, higher thermal averages and
extremes may affect the honeybees’ thermal performance,
constrain their activity periods, or increase water loss rates,
all of which might affect survival and have a direct effect
on colony stability (Annoscia et al., 2012; Mandrioli, 2012;
Klein et al.,, 2017). In addition, energetic trade-offs associated
with sublethal temperatures may have an impact on immune
function and render these colonies more susceptible to infection
(Schmidt-Hempfel, 2009) or, instead, increase the energy and
water requirements of the hive (Aldea and Bozinovic, 2020).
And finally, from a pathogen’s or parasite’s perspective, higher
temperatures may have a positive effect on thermal performance
and effectively promote or facilitate biological invasions by pests
(Cornelissen et al., 2019). Needless to say, determining how
changes in the thermal environment may affect the interaction
between Apis and Varroa, as well as its impact on metabolic
and thermal performance, and is of paramount importance to

determine how honeybee colonies might respond to different
climate forecasts in the future (Kovac et al., 2007, 2014).

Here we address this issue, focusing on the impact of different
parasitic loads of Varroa on the survival and energy expenditure
of adult honeybee workers. We study adult bees because the
evidence of detrimental effects of mites in this life stage remains
limited and ambiguous (Nazzi and Le Conte, 2016), even though
it has been speculated that the consumption of fat reserves
by mites should significantly reduce energy storage and affect
the immune response (Robar et al., 2011; Ramsey et al., 2019).
Specifically, we quantified the putative impact of thermal history
in combination with a variable parasitic load on heat tolerance
and energy expenditure of honeybees everything else being equal.
We hypothesized that bees maintained at higher acclimation
temperatures would be more sensitive to Varroa infestation and
exhibit more pronounced detrimental effects of this ectoparasite
than their counterparts maintained at less stressful temperatures.

MATERIALS AND METHODS

Honeybees (hybrid from A. m. ligustica and A. m. carnica)
were kept in an apiary located in Mediterranean agroecosystems
of Central Chile (34°03’S and 70°41’W) with six colonies. In
each colony, the queen mated naturally at the beginning of the
season (early in September). All the colonies were standardized
with ten frames with bees, three frames with open brood, and
four with sealed brood and three with food (honey and pollen).
This apiary had a strict sanitary control for all diseases with
organic treatment (Oxalic acid), especially against Varroa, and
to ensure that we have healthy bees with an infestation level
under 2% of mites (two phoretic mites per one hundred of
worker bees). A second apiary with three colonies, maintained
in our laboratory (33°22'S and 70°36'W), was employed as a
source of Varroa. In this case no sanitary control was applied,
and workers or drone brood production was stimulated to obtain
a high number of mites from each frame. Each month during
the late Austral spring and summer of 2017 and 2018 (between
October and March), we allowed the queen to lay eggs in one
empty comb per colony for 10 days, and then she was removed
from the hive. Subsequently, we moved worker and drone brood
frames from the healthy and parasitized colonies, respectively,
into two climatic chambers with ambient temperatures (T,) of
32 or 38 = 1.2°C, humidity of 55 & 5%, and photoperiod of
L:D = 0:24 (Crailsheim et al., 2012; Hartfelder et al., 2013).
We used 32°C as acclimation temperature in the control group
according to rearing bee methodology described by Crailsheim
et al. (2012) and Medrzycki et al. (2010), and we chose 38°C
as a warmer temperature of acclimation according to extreme
temperature registered inside colonies in the field during late
summer (unpublished data). The worker brood was maintained
in the chambers as sealed brood for 5 or 6 days. In the case of 32°C
degrees group, acclimation temperature was reached immediately
but, in the case of 38°C degrees group, acclimation temperature
started at 32°C degrees, and it was increasing 0.5°C per 180 min
until the chamber reached 38°C. Emerged bees were kept in
small plastic units grouped randomly (~100 individuals) and fed
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with 50% of sugar syrup solution and a honeybee commercial
aminoacids/vitamins product (Promotor L®) for 6 to 10 days
before the experiments. Summarizing, bees were acclimated for
a period between 11 and 16 days. In parallel, we maintained in a
separate climatic chamber at 32 £ 1.2°C the infested brood with
Varroa (Dietemann et al., 2013).

To carry out the heat tolerance and metabolic assays with
different loads of parasites (0, 1, or 2 Varroa per honeybee),
we collected mites from infected brood and maintained them
in Petri dishes for at least 3 h at 32°C before transplanting
them onto individual healthy honeybees (below). This protocol
ensured that mites would feed on their newly transferred host
prior to measurements (Dietemann et al., 2013), resulting in
an experimental design with control groups at each acclimation
temperature (32 and 38°C) that were not infected, and
experimental groups with contrasting parasitic loads. Before each
assay, all the bees were weighed, and we used bees between 85 and
135 mg of mass (see Supplementary Material).

Heat Tolerance

We employed thermal death time (TDT) curves to estimate heat
tolerance, as originally proposed by Rezende et al. (2014). This
approach discriminates between the intensity and the duration
of a thermal stress, which are confounded in assays with rising
temperatures, indicating how organism might respond to an
acute thermal challenge versus chronic exposition to fewer
extreme temperatures (Rezende et al., 2014). Succinctly, TDT
curves can be described with the following relationship:

T = CTmax — zlog,,t (1)

where, T corresponds to the lethal temperature (°C), CTp,x to
the temperature resulting in death after a 1-min exposure (°C),
z to the temperature required to change the survival time in
one order of magnitude (°C) and t the time to death (min).
Note that CTp,x and z resemble the intercept and slope of a
linear regression, and for sake of simplicity, a CTp,x = 40°C
and z = 3°C would imply that an organism would tolerate
37°C for 10 min, 34°C for 100 min and so on (Rezende et al.,
2014). This is standard methodology and has been currently
shown to be applicable to predict thermal mortality in fluctuating
environments (Rezende et al., 2020).

We estimated TDT curves as implemented by Castanieda et al.
(2015), placing mites with the honeybees prior to assays. We
collected adult bees younger than 9 days, weighed each individual
in an analytical balance (0.1 mg; JK-180, Chiyo, Kyoto), and
placed one or two mites directly onto the bee with a brush and
left them in an Eppendorf tube inside the climatic chamber for
1 h to ensure effective parasitism. For the control groups, we
replicated the manipulation of the honeybees with the brush
but did not place any mite onto them. Then, we measured
heat tolerance for 60 individuals simultaneously in a water bath
(46 cm x 35 cm x 35 cm) containing a rack with 4 rows x 15
columns of vials, with 15 individuals per treatment randomized
within each bath. We used constant temperatures of 45, 47, 49,
and 51°C, which resulted in assays lasting no more than 3 h,
and two replicate baths per temperature. Water temperature was

controlled by a programmable heating unit that also ensured
proper water circulation (JULABO ED, JULABO Labortechnik,
Seelbach, Germany). The behavior of each bee was recorded using
a digital HD video camera (SONY HDR-CX110E, Tokyo, Japan),
and the time to death ¢ was estimated as the period required for
each individual to lose motor coordination or activity to cease.
With this design, heat tolerance trials involved a total n = 720
honeybees (=15 individuals x 4 measurement temperatures x 2
baths x 2 acclimation temperatures x 3 parasitic loads) and the
same number of Varroa.

Metabolic Rate

Before metabolic trials, we weighed each individual and
randomly assigned them to one of the three Varroa treatments
as described above for the heat tolerance assays. Here,
measurements involved ten bees per treatment, resulting in a total
n = 60 (10 individuals x 2 acclimations x 3 parasitic loads),
and individuals were considered to be at rest only if “no or only
small visible signs of activity like small movements of antennae
or single legs” were observed (Kovac et al., 2007). We measured
rates of CO, production (VCO,) in a glass metabolic chamber
using an open-flow system (Sable Systems), following Lighton
(2008), and Lighton and Halsey (2011). Each honeybee in the
metabolic chamber was placed inside a temperature-controlled
incubator, and measurements were performed for 3 h at the
same temperature in which they were acclimated. Airflow was
set to 150 ml/min, the CO, was scrubbed from the air with a
Drierite column before entering the chamber, and VCO, was
continuously recorded (Lighton, 2008). Data were transformed
from percentage to volume per min and total CO, production
was calculated with EXPEDATA (Sable Systems).

Statistical Analyses

Statistical analyses were performed using the STATISTICA®
(2001) version 6.0 statistical package for Windows® operative
system and R'. Analyses involved generalized linear models
(GLM) to compare body size across acclimation temperatures,
and then to compare heat tolerance and metabolic rates between
treatments. Survival times at each temperature were compared
employing a 2-factor ANOVA including acclimation and levels
of parasitism as diagnostics for subsequent TDT analyses.
Calculation of the TDT curve parameters was performed
with separate linear regressions for each treatment, between
measurement temperature T vs. logjo t (Equation 1), followed
by the back-transformation CTp,,x = - intercept/slope, and
z = 1/slope to ensure that analyses are performed with the
appropriate minimum sums of squares (Rezende et al., 2014).
Standard errors for CTpa¢ and z were estimated numerically
from the error propagation of regression coefficient estimates,
taking into consideration that slope and intercept are negatively
correlated. We also quantified survival probability curves during
heat tolerance challenges for all treatments as described in
Castarieda et al. (2015). In these survival curves, the elapsed time
t required for 50% mortality tends to exhibit the semi-logarithmic
relationship with temperature T described by TDT curves

'https://cran.r-project.org
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FIGURE 1 | Survival curves obtained at different temperatures for honeybees acclimated to 32 and 38°C, and subjected to different levels of parasitism by Varroa (0,
1, and 2 mites). Measurements involved a total n = 720 individuals (n = 120 per panel).

(Equation 1). Differences in heat tolerance across treatments
were assessed with two complementary approaches. First, with
a generalized linear model including logjo ¢ as the dependent
variable varying as a function of T, acclimation temperature,
parasitic load (0, 1, and 2 Varroa) and log;o body mass:

logl0 t ~ T + Tacc + Var + log10 mass
+ (T x Tacc) + (T x Var) (2)

Parasitic load Var was included as a factor (2 df) because
preliminary analyses showed that the effects of the number
of Varroa were non-additive. Differences in elevation between
acclimation temperatures and levels of parasitism were estimated
with main effects, whereas differences in slope were tested with
the pairwise interaction between T and these terms (Equation
2). We did not control for replicate bath because the treatments

were balanced and randomized within each bath (see section
“Heat Tolerance”). Second, we compared the estimated 95%
confidence intervals of parameters CT . and z, and contrasted
these results against the outcome of the GLM. For metabolic
rates, we employed a similar GLM including only Ty, Var and
log;p mass.

RESULTS

In both sets of honeybees employed for the heat tolerance
and metabolic assays, a two way ANOVA showed that
acclimation temperature had a significant impact on body mass
(Fi,716 = 618.1, p < < 0.0001) with a warm acclimation
temperature resulting in lighter individuals (121.5 £ 14.7 mg at
32°C, and 93.5 £ 15.2 mg at 38°C for bees in the heat tolerance
assays) (mean £ SD), whereas no significant differences were
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FIGURE 2 | Heat tolerance in honeybees acclimated to 32 and 38°C and exposed to different levels of parasitism by Varroa, expressed as thermal death time (TDT)
curves. Parameters CTmax and z represent, respectively, the thermal tolerance following an exposition of t = 1 min (i.e., the temperature that intercepts the abscissa)
and the temperature difference required to increase t by one order of magnitude (see main text). Symbols in blue and red represent, respectively, acclimation
temperatures of 32 and 38°C. Values are shown as mean =+ SE.

TABLE 1 | Survival times (min) employed to estimate the thermal death time (TDT) curves for different treatments (n = 180 for each temperature).

Temperature

Acclimation Varroa 45°C 47°C 49°C 51°C
32°C 0 11.4 £10.3 8.3+58 31 +£1.1 23+1.0

1 9.0+9.2 8.1+56 23+13 24+£06

2 102+£7.2 85+6.4 32+1.1 20+1.0
38°C 0 70.1 + 36.3 152 +7.2 83+52 4.4+13

1 39.1 £37.2 6.9+6.4 5.5 +3.3 3.4+11

2 42.2 £ 341 12.1+83 53+33 32+13
Acclimation df.=1,174 F =106.4, p < 0.0001 F =10.24, p = 0.002 F=77.49,p < <0.001 F =83.94, p < 0.0001
Varroa d.f.=2,174 F=7.11,p=0.001 F=6.48,p=0.02 F=4.81p=0.009 F =5.55,p=0.005
Acclimation x Varroa df.=2,174 F =5.50, p=0.005 F =5.86, p=0.003 F=394,p=0.02 F=7.74,p <0.001

Values are shown as mean + SD and we report results from a 2-way ANOVA.

detected across the Varroa treatments (F; 716 = 1.23, p = 0.291).
Therefore, while analyses subsequent analyses are performed
controlling for body mass, it is important to recall that the effects
of acclimation temperatures in heat tolerance and metabolic
rates can be partitioned into direct acclimation responses in heat
tolerance and metabolic rates, and the indirect effects mediated
by changes in body mass.

With regards to thermal tolerance, survival probability
curves (Figure 1) and comparisons between TDT curves
(Figure 2) show that heat tolerance is affected by both
acclimation temperatures and levels of parasitism (Table 1).
The significant interaction detected between these factors

(Table 1), concomitantly with the similar tolerance between
Varroa treatments at 32°C (Figure 2), and suggest that the effect
of parasitism is prevalent in animals acclimated to 38°C. In this
group, survival probability curves indicate that 1 or 2 Varroa
have a conspicuous effect in mortality rates at less extreme
temperatures, particularly at 45 and 47°C, whereas at higher
temperatures the impact of heat stress prevail, and survival
curves obtained across honeybees subjected to different levels
of parasitism become virtually indistinguishable (Figure 1).
These results are mirrored by the TDT curve analysis (Figure 2),
where we detected significant differences between elevation
and slopes of curves as a function of acclimation temperature
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(F1’711 = 8.67, p= 0.0033 and F1,711 = 7.38, p= 0.0067 for
the intercept and slope, respectively) and levels of parasitism
(F25711 =4.30,p =0.014 and F2,711 =3.61,p= 0.028). Estimates
of CTay indicate that TDT curves at 32°C are shifted downward
with respect to curves at 38°C (Figure 2), whereas estimates of
z are generally lower in honeybees acclimated to 38°C and show
that the increase in death times at less extreme temperatures
is disproportionally higher in this group (Figure 2). These
results indicate that warm-acclimated honeybees exhibit a higher
tolerance to nearly lethal and sublethal temperatures than their
cold-acclimated counterparts. A closer inspection of this dataset
indicates that Varroa parasitism reduces substantially survival
times in bees acclimated at 38 but not at 32°C, and non-additive
effects of multiple Varroa as suggested by preliminary analyses
(Figure 2). Interestingly, log;o body mass was highly significant
in the GLM (F} 711 = 34.3,p=7.31 x 107?), showing that larger
individuals tended to collapse faster with a thermal challenge
everything else being equal.

With regards to energy expenditure, VCO, was seemingly
lower in the group acclimated to 38°C even after accounting for
mass differences, suggesting that warm-acclimation results in a
significant reduction in metabolism (Figure 3). Accordingly, in
the GLM allometric effects were weak albeit significant (scaling
exponent b = 0.607 £ 0.332, Fy 55 = 3.35, 1-tailed p = 0.036)
and thermal acclimation effects were negative (Fy 55 = 10.74,
p = 0.0018). These results mirrored by analyses with the control
group alone. While the effects of parasitism in the full dataset
were positive and significant (F; 55 = 9.29, p = 0.0003), suggesting
that parasitized honeybees exhibit a higher VCO, than control
(Figure 3), this effect pools the responses of the honeybees as well
as the metabolic contribution of Varroa. Partitioning these effects
is not entirely straightforward, particularly because differences
in VCO, between treatments with 0, 1, and 2 Varroa show
that effects are not additive: adjusted VCO, = 2.52 & 0.23 pL
CO,/min, 3.69 4 0.31 WL CO,/min and 4.21 # 0.35 wL CO,/min,
respectively (£ SE). We performed a post hoc Tukey test between
adjusted metabolic rates controlling for body mass to determine
if there were significant between Varroa treatments (we did
not perform pairwise comparisons across groups acclimated
to different temperatures). With this approach, we detected
significant differences between Control and bees with two Varroa
at 32 and 38°C (1-tailed p = 0.0021 and 0.0473, respectively,
see Supplementary Material). Assuming that the metabolism of
Varroa is small to negligible given its small size when compared
to adult bees, differences in adjusted means would indicate that
parasitism with 1 and 2 Varroa increases VCO, by, respectively,
46.5 and 67.1%. While metabolism increased with the number of
Varroa and significant differences were detected between control
and 2 Varroa, the other pairwise differences were not statistically
significant (p > 0.0995 in all cases).

DISCUSSION

Here we studied the effects of temperature acclimation and
levels of parasitism in heat tolerance and energy expenditure of
honeybees A. mellifera. Our results can be briefly summarized
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FIGURE 3 | Metabolic rates in honeybees acclimated to 32 and 38°C and
exposed to different levels of parasitism by Varroa. For the boxplot adjusted
estimates were calculated for a body mass of 103.5 mg. Symbols in the
scatterplot as in Figure 2. Pairwise differences between treatments employing
Tukey contrasts (1-tailed p < 0.05) are shown with different letters (for
simplicity we highlight only pairwise comparisons within acclimation groups,
i.e., the effects of Varroa).

as follows. Bees acclimated to warmer temperatures exhibited a
smaller size, higher thermal tolerance, and decreased metabolic
rates than their cold-acclimated counterparts. Contrasting
responses between control and parasitized individuals suggest
that warm-acclimated honeybees are more susceptible to the
impact of Varroa, presumably due to their smaller size and more
restricted energy reserves. The increase in energy expenditure
detected in parasitized individuals was substantial and, in
combination with the removal of fat deposits in parasitized
individuals, is expected to have synergistic detrimental effects.
This might explain the high mortality rates observed during
the beginning of the trials in parasitized honeybees, which
are readily evident in the upper regions of the 45°C curves
obtained following warm-acclimation (Figure 1). Many bees
were collapsing at the onset of the trials, most likely due to
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TABLE 2 | Body mass and metabolic rate in honeybees from two thermal acclimation treatments subjected to different levels of parasitism (n = 10 for each group).

Acclimation Varroa Body mass (mg) VCO; (i I/min) Mass-specific VCO, (l/min g)
32°C 0 108.3+£19.5 3.14 + 0.66 0.030 + 0.010

1 1121 £17.1 4.03 £ 0.63 0.036 £ 0.007

2 129.9 + 184 6.44 + 1.60 0.050 + 0.011
38°C 0 88.3+10.9 1.89 +0.69 0.022 + 0.009

1 100.1 £ 15.6 3.60 + 1.64 0.036 + 0.015

2 93.3+10.3 3.14 +1.65 0.033 +0.014

Values are shown as mean + SD.

distress associated with parasitism rather than the heat shock
per se. A poor physiological condition, combined with the rise
in temperature and the metabolic challenge that this entails, and
likely explains this observation (Aldea and Bozinovic, 2020).

To our knowledge, this is the first estimation of TDT curves
in healthy and parasitized honeybees, and results show that both
acclimation history and Varroa have an impact on heat tolerance.
Estimates of critical maximum temperatures obtained with
ramping methods, where temperature increases at a constant rate,
range between 44.6 and 51.8°C in different species of bees (Tan
et al., 2005; Kovac et al., 2014; Hamblin et al., 2017), and which
fall within the range we estimated for an acute thermal stress.
However, differences in TDT curves suggest that acclimation and
Varroa effects are particularly relevant during chronic exposure
at less extreme temperatures (Figures 1, 2). With regards to
thermal acclimation, estimates of CTmax and z for healthy
individuals indicate that cold-acclimated bees can withstand
38°C for only 54 min (CTyax = 53.2°C, z = 8.77°C) whereas their
warm-acclimated counterparts can tolerate this temperature for
750 min (CTpay = 53.7°C, z = 5.46°C) (calculations performed
rearranging Equation 1). While the latter estimate is rather
low considering that brood frames were maintained at 38°C,
dehydration likely accounts for these lower survival times since
bees had no access to food or water during TDT assays
(Maynard-Smith, 1957; Rezende et al., 2011). Consequently,
this result combined with the smaller size of honeybees raised
at 38°C suggests that this acclimation temperature already
imposes some degree of sublethal stress, which might partly
explain why TDT curves for warm-acclimated honeybees were
more highly affected by Varroa (Figure 2). For instance, while
survival times estimated for a chronic exposure to 38°C is
expected to decrease from 54 to 36 min in cold-acclimated bees
exposed to one Varroa (CTmax = 53.3°C, z = 11.3°C), in warm-
acclimated bees estimates drop from 760 min to roughly 32 min
(CTmax = 54.6°C, z = 11.0°C). We ignore why detrimental effects
were apparently stronger in individuals with one instead of two
Varroa (Figure 2), but overall, these results indicate that Varroa
can have a disproportional effect on bees subjected to higher
temperatures, hence parasitism and thermal stress may have
synergistic effects on survival and colony stability. This is evident
in the warm-acclimated group, whereas in the cold-acclimated
group the thermal stress may have been too strong (with 50%
mortality attained in less than 10 min at all experimental
temperatures), possibly overshadowing any potential impact of
Varroa in heat tolerance.

With regards to energy expenditure, resting VCO, in
healthy individuals (Table 1) were like previous estimates of
2.14 ul/min at 32°C and 3.31 pl/min at 38°C (Kovac et al,
2007, 2014). As reported for some but not all host-parasite
systems (see Robar et al., 2011), there was a marked increase
in VCO, in the treatments with Varroa indicating that the
acute response to parasitism in honeybees is energetically
expensive. Visual inspection suggests that the non-additive
effects of Varroa in VCO, were more pronounced in warm-
acclimated bees, as observed for TDT curves, even though
interactions between acclimation temperature and Varroa were
not statistically significant possibly due to a restricted sample
size in this experiment. Admittedly, the effects of body size,
acclimation and measurement temperature are confounded,
and it is considerably difficult to adequately tease them
apart. Nonetheless, pairwise comparisons between treatments
demonstrate that honeybees exhibit an enormous drop in
metabolism in response to acclimation at 38°C, with VCO,
decreasing even when thermal effects are not considered
(Table 2). While mass-specific VCO;, in non-parasite bees
acclimated at 32 and 38°C and measured at these temperatures
represent a 26.7% decrease in energy expenditure (Table 2),
this amounts is a 57.7% drop after correcting for a Qo = 2.5

TABLE 3 | Lethal temperatures and times reported for Varroa in the literature.

Temperature (°C) Time (min) Mortality (%) References

40 1205 50 Le Conte et al., 1990***
40 1440 97.4 Harbo, 2000

40 720 80-100 Rosenkranz, 1987

41 799 50 Le Conte et al., 1990***
41 1440 100 Le Conte et al., 1990
42 219 50 Goras et al., 2015***
42 480 100 Goras et al., 2015

42 180 95-100 Kablau et al., 2019

42 212 50 Le Conte et al., 1990***
42 360 96.6 Le Conte et al., 1990
40-47 150 100 Bicik et al., 2016

44 300 80-100 Rosenkranz, 1987

45 240 80-100 Rosenkranz, 1987

a7 12-15 95 Komissar, 1985

Only mortality rates comparable across studies were compiled (50% or ~ 90%
mortality). Reported ranges were averaged for analyses.
“**Interpolated from survival curves (see Figure 4).
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FIGURE 4 | Heat treatment based on TDT curves of the honeybee and Varroa (based on Tang et al., 2007), applicable where the thermal tolerance of bees is higher
than that of Varroa. Survival curves and mortality data from the literature suggest that thermal mortality in Varroa complies with expectations from TDT curves.
Mortality of 50% was interpolated from survival curves, continuous, and dotted lines represent different studies (see Table 3).
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and a 65.4% drop if differences in size are also considered.
Despite the energy savings, it seems that this metabolic
depression constitutes a stress response to elevated temperatures
and, in the long run, would likely constraint activity, and
locomotor performance.

For logistic reasons, this experiment is constrained to acute
responses to parasitism, acclimation to constant temperatures
and we could not determine the outcome of the heat stress
in mite’s survival, which is crucial to assess the feasibility
of heat treatment to control Varroa infestation. TDT curves
have been employed to develop thermal treatments for pest
control (Tang et al., 2007), and the available information in the
literature suggests that this is a realistic possibility (Table 3). Heat
treatments result in high Varroa mortality, hence TDT curves
can be employed to find optimal combinations of temperature
and exposure times to control Varroa and other pathogens
as long as the heat treatment does not negatively impact the
honeybees (Figure 4; Rosenkranz, 1987; Goras et al., 2015; Bi¢ik
et al., 2016). Interestingly, despite the absence of standardized
protocols across studies, multiple confounding factors and
the uncertainty associated with many of the reported values
(Table 3), published estimates of heat tolerance in Varroa vary
in accordance with the framework employed here (Figure 4;
Komissar, 1985; Kablau et al., 2019). A regression controlling
for mortality as a factor (50% vs. 80-100% mortality) results
in a CTpax = 524°C and z = 4.19°C, which suggests that

Varroa can tolerate heat stress for longer than the honeybees in
our study (Figure 2). This is not entirely surprising, however,
because TDT curves reported here seem to underestimate heat
tolerance of bees in the colony with access to water, food
and shelter (see above), and most of the studies that we
reviewed reported limited to negligible impact on brood and
adult honeybees during thermal treatment (but see Harbo, 2000).
Interestingly, higher honeybee mortality was generally observed
during prolonged exposure to less extreme temperatures (48
to 76 h, see Harbo, 2000; Tabor and Ambrose, 2001), whereas
treatments with an acute exposure to temperatures 42°C were
generally less problematic for the bees. Consequently, our
analyses strongly suggest that heat treatment may provide a
viable solution to control Varroa and mitigate their impact on
honeybees’ populations and the ecosystem services that they
provide. Thus, more detailed studies of thermal tolerance in
both honeybees and Varroa within the hives are necessary
for a characterization of TDT curves under more realistic
conditions and to design effective management strategies to
deal with parasite.
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