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Factors influencing hibernation
In Harmonia axyridis: Role of the
environment and interval timer

Alois Honek, Zdenka Martinkova and Jiri Skuhrovec*

Functional Diversity Group, Crop Research Institute, Prague, Czechia

From 2014 to 2022, we investigated the length of hibernation in a population
of the invasive ladybird Harmonia axyridis (Pallas) (Coleoptera: Coccinellidae)
in Central Europe. Adults were collected during the autumn immigration
to overwintering sites and placed in an artificial hibernaculum held in
an unheated closed shelter. The following spring, the population was
monitored for timing of emigration from this hibernaculum. In individual
years, massive immigration took place between late September and late
October and immigration lasted one to 3 days, each year. The main period
of emigration from the hibernaculum (extending from the time that 25% of
adults departed the hibernaculum to the time that 75% of the remaining
individuals departed) occurred in individual years between mid-April and early
May and lasted 8.0 + 1.3 days (mean + SE). Massive emigration activity
followed a gradual period of increasing temperature. Although the dates of
migration in some years, both autumn and spring, ranged over a period of
1 month, the overwintering period (from immigration to emigration of 50%
of the population) was similar each year, 185.0 £ 6.3 days (mean + SE). We
hypothesize that the length of overwintering may be fixed by an intrinsic
interval timer in H. axyridis adults. The internal timing of the end of hibernation
may be advantageous in the cold temperate zone, where H. axyridis adults
overwinter in buildings and are thus isolated from external photoperiodic and
temperature stimuli that signal the end of the winter season.

artificial hibernaculum, flight, temperature, immigration, emigration

Introduction

Overwintering is an important part of the life cycle of ladybirds (Coleoptera:
Coccinellidae). Species inhabiting the temperate zone of the Northern Hemisphere
overwinter during the adult stage (Nedved, 2020). The course and factors of
overwintering have been studied in detail in a number of species (Hodek, 1960;
Iperti, 1966). Successful overwintering is conditioned by induction of diapause
and, after its termination, by thermal quiescence, which prolongs hibernation until
the onset of favorable conditions in the spring. The genetic and neuroendocrine
mechanisms governing induction, course and termination of dormancy are well studied
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(Danilevskii, 1965; Tauber et al., 1986; Danks, 1987). This also
applies to many species of coccinellids (Hodek, 2012), including
Harmonia axyridis (Pallas) (Roy et al.,, 2016; Raak-van den Berg
et al,, 2017). Overwintering of this species has been studied
both in its native regions of East Asia (Tanagishi, 1976; Obata,
19865 Sakurai et al,, 1993; Wang et al.,, 2011) and in invaded
regions of Europe (Raak-van den Berg et al.,, 2012a, 2013) and
North America (Berthiaume et al., 2003; Labrie et al., 2008).
Weather conditions enabling autumn migration flights (Honek
etal, 2018), structures attracting adults for hibernation (Nalepa
etal,, 2005), and survival during the winter were studied (Raak-
van den Berg et al, 2012b). However, there are few studies
that have investigated the factors that affect the duration of the
overwintering period.

We investigated this issue from 2014 to 2022, by
monitoring the course and dynamics of overwintering of a
local non-native H. axyridis population at Prague-Ruzyné, in
Central Europe. Migration to overwintering grounds, length
of stay in hibernaculum, and dynamics involved in leaving
hibernaculum were studied. This research is important because
it provides baseline knowledge on causes of variation in
the length of overwintering in a highly invasive species of
worldwide importance.

Materials and methods

Study site

Adults of H. axyridis were collected and overwintering
experiments were conducted on the grounds of the Crop
Research Institute in Prague-Ruzyné (an area of 0.32 km?
centered at 50.0853N, 14.3008E, at 340 m a.s.l.). The central
building of the institute was surrounded by an old garden
and experimental and production field plots at a distance
of more than 800 m away from industrial buildings in an
urban area. Garden vegetation and field crop stands were
regularly infested with aphid populations, which provided an
opportunity for the establishment of ladybird communities, in
which the dominant species was H. axyridis (Honek et al,
2019). Meteorological data (available from the authors of the
publication) was recorded at a meteorological station located
inside the institute’s premises.

Collecting migrants to hibernacula

Adults of H. axyridis used in overwintering experiments
were collected during early autumn each year for one to
3 days during their massive migration to hibernacula (Figure 1).
Flying adults were collected when they landed on the southern
facing wall of the central building on a 15 m long and
2 m high section of facade accessible from a balcony 7 m
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above the surface of the surrounding garden, at 50.0864592N,
14.3027442E. In all years of the study, individuals were collected
by one person (AH) using a standard methodology. This person
slowly passed the balcony back and forth and collected all
individuals crawling on the facade. The number of captured
individuals and their color form were recorded at approximately
15 min intervals (further called the sampling interval). The
collected individuals were put in plastic bottles, stored for 2—
3 days at 5°C in the dark and then transferred to an artificial
hibernaculum.

Overwintering in an artificial
hibernaculum

To
artificial hibernacula

monitor overwintering populations, we used
which adults

entered randomly, were not accessible for observation. This

because the shelters,

hibernaculum was placed in conditions probably very similar
to those that prevailed in the spaces occupied by the adults.
We therefore assumed that the behavior of ladybirds in an
artificial hibernaculum (during the overwintering season and
the dynamics of leaving the hibernaculum in the spring) was
the same as the behavior of ladybirds in randomly selected
hibernacula. The artificial hibernaculum (Figure 1) consisted
of 33 x 19 x 8 cm corrugated cardboard overwintering boxes
with inserted egg cardboards, which enlarged the inner surface
of the box suitable for adult aggregation. The sides and the lid
of the box were punctured with holes of 1 cm diameter, which
allowed the adults to leave the box. The box was placed in a
gauze bag enabling free ventilation. At the start of the test,
300-500 individuals were placed in each of the two boxes that
were replicates of the experiment.

Emigration from hibernacula

Emigration from the artificial hibernaculum was monitored
every year (2014-2022) since the beginning of March.
Overwintering boxes with gauze bags were placed in opaque
plastic bags. Attached to the mouth of the bags was a transparent
plastic tube (length 12 c¢m, diameter 3.5 cm) opening into a
transparent plastic collection bottle (length 21 cm, diameter
8.5 cm). Adults that gradually left the overwintering box were
collected in the bottle. The lower part of this bottle could be
ejected, the collected adults could be removed, and their color
form and sex were recorded. The collection bottle was emptied
at 2- or 3-day intervals, in the early morning when the adults
were not yet able to move extensively due to low temperature.
Mortality (percentage of dead individuals found inside the
overwintering box out of the total number of individuals
introduced into artificial hibernaculum) was determined at the
end of May, after emigration of all surviving adults.
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Cross-section of artificial hibernaculum, state at the time when spring emigration of adults was studied. Individual components are marked with
labels. 1-collection bottle, lower part, 2—collection bottle, upper part, 3—plastic tube, 4—overwintering box, 5-egg cardboard, 6-gauze bag,

7-opaque plastic bag.

Data elaboration

Herein, we defined the overwintering period as the interval
between the term immigration (the day of mass flight activity
when the experimental adults were collected, Figure 2) and
the term emigration (the day when 50% of individuals who
that survived hibernation left the artificial hibernaculum). To
evaluate flight activity during days of immigration, for each
sampling interval, its beginning (initial time Ti), end (final
time Tf), and the median time for the given interval (Tm)
(Ti + TF)/2.
For each sampling interval, the immigration rate (number of

were recorded, which was calculated as Tm =

individuals captured in 1 min, Nt) and the percentage of melanic
individuals (f. conspicua, f. spectabilis, and f. axyridis together,
Pm, calculated only for samples where n > 10) in the total
population consisting mainly of f. succinea, further called the
light form (Honek et al,, 2020), were calculated. The overall
abundance of H. axyridis differed among years (Honek et al,
2019). To compensate for these differences, the values of Nt
in individual years were standardized by transformation to z
scores, which is the distance of a count from the mean value
in standard deviation units. Z scores were calculated using the
formula z = (x-m)/s, where x is the arithmetic mean of the values
of Nt for the day of sampling, m are the values of Nt in particular
sampling intervals and s is the standard deviation of the Nt the
day sampling. Z scores of Nt and percentage of melanics Pm
were plotted against Tm of a given sampling interval. The time
trends of the change in immigration rate Nt and the change in
percentage of melanics Pm during the day were determined by
interpolating the polynomial function of the second degree.
The course of emigration in particular years was determined
by plotting the cumulative percentage of individuals who left
the hibernaculum against the day of their leaving. Calculations
were done on the days in which 5% adults (Dg.g5), 25% adults
(Dg.25), 50% adults (Dg.50), 75% adults (Dyg.75), and 95% (Dg.95)
adults left the hibernaculum. These days were determined by
linear interpolation between the percentage for the last day
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before and the first day after the respective abovementioned
percentage criterion were attained. Day Dg.50 was considered
the term emigration from hibernacula, and its calculation was
performed for all individuals, separately for males and females,
and separately for light and melanic forms. Dy.»5 and Dg.75
defined the period of mass emigration, and Dy.p5 and Dg.95
characterized the beginning and end of the period of emigration
better than the dates of emigration of the first and the last
individual leaving hibernaculum.

The agreement between the dynamics of emigration of males
and females and the light and melanic forms was tested by
the Kolmogorov-Smirnov (K-S) test. Annual differences in the
length of hibernation period (set as number of days elapsed
from the autumn mass migration to emigration from artificial
hibernacula) were tested using analysis of variance (ANOVA)
with length of hibernation period as the response variable and
years as the factor. Because the normality test on distribution of
length of hibernation period in particular years failed, Kruskal-
Wallis ANOVA (on ranks) was used. Negative results of the
ANOVA indicated the absence of significant differences in the
length of the overwintering period among particular winter
seasons included in this study. All calculations were performed
using Sigma Stat (Systat Software, 2006).

Results

The first date of immigration to hibernacula was observed
in different years between 27 September (2017) and 18 October
(2021) (Figure 2). Flight activity on the days of autumn mass
migration had a characteristic time course. The numbers of
individuals landing on the wall of the building during the
main flight period were highly variable, somewhat lower at the
beginning and end of this period. A meaningful relationship
was found between time of day and intensity of immigration
(Figure 3). The peak of flight activity was observed at 12:50
Central European Time, when flight activity was above average
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FIGURE 2

Days on which immigration flight to the overwintering sites took place. Shaded symbols indicate dates when flight activity was intense, open
symbols indicate dates when flight activity was small. Asterisked are the dates when adults were collected for experiments with overwintering in
artificial hibernacula (in each year one day when flight activity was high). The picture also contains data obtained in 2009-2013, when

experiments with artificial hibernacula were not made

(z score = +0.44). The ratio of color forms in the samples
captured during the daytime was highly variable, and a slightly
increased percentage of melanistic forms was found in the
samples captured in the morning (Figure 4).

The massive flight to the hibernacula took place on a calm
day with intense sunshine and increased temperature. This
day usually followed a period of weather that was unsuitable
for flight. The migration thus took place on a day when the
conditions were relatively favorable compared to the conditions
of the previous days (Figure 5A). However, it was not possible
to find a universal value of temperature (temperature threshold
for flight) necessary for starting autumn migration.

The percentage of emigration plotted against time had a
characteristic S-shape (Figure 6). Five percent of emigrants
(Do.05) left the hibernacula on average on 5 April (£10.1 days),
half of the emigrants (Dg.50) left the winter quarters on 19
April (£9.8 days), and 95% of emigrants (Dg.95) left the winter
quarters on 2 May (£8.5 days) (Table 1). The highest rate
of emigration (number of individuals leaving hibernacula per
day) was during the period between Dy.;5 and Dy.75. This
period of massive emigration was interrupted in some years
by a cold period that prevented movement of adults (lasting
3 days in 2020, 7 days in 2019, 11 days in 2022, 15 days in
2017). If the length of the emigration period was corrected for
these periods of temperature-forced interruptions, the period
of massive emigration lasted 4-14 days with a mean & SE of
8 + 1.2 days.
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A significant difference between males and females in the
temporal distribution of leaving the hibernaculum was found in
3 years; males left the hibernacula earlier in 2016 and 2019, and
females left it earlier in 2022 (Table 1). No significant difference
in the temporal distribution of leaving the hibernaculum was
found between melanic and non-melanic forms (Table 1).

The period of intensive emigration from the hibernacula
usually coincided with a period of increased outdoor
temperature (Figure 5B). Due to the large annual variation
in dates when mass emigration took place, there were large
differences in the temperature conditions of this period.
Therefore, it was not possible to unambiguously determine the
temperature requirements necessary for emigration.

The time that adults spent in the artificial hibernaculum
from the day of immigration flight to the day when half of
the emigrants left hibernaculum (Dgsp) fluctuated between
177 days (in 2016-2017) and 198 days (in 2020-2021) with
a mean = SE of 185 £ 6.3 days. The low variability in
the duration of the period spent in the hibernaculum was
because the dates of the beginning (day of massive autumn
immigration) and the end (Dg 50) of the overwintering period
were positively correlated (Figure 7). The results of the analysis
of variance showed the absence of a significant difference in
the length of stay in the artificial hibernacula in seven of
the eight winter periods examined in our study (Kruskal-
Wallis test, H = 5.823, df = 6, P = 0.443, median length of
the hibernation period between 179 days in 2016-2017 and
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FIGURE 3

Flight activity of adults immigrating to overwintering sites, aggregate data from 2013 to 2021. Individual symbols indicate the number of adults
sampled per 1 min on a standard section of facade (Nt transformed as z scores) on days of mass flight to overwintering sites (shaded symbols in
Figure 2). Fitted by second order polynomial y = —147.38x2 + 157.95x—41.91, N = 89, R? = 0.1537, P = 0.001.
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FIGURE 4

Flight activity of the color forms of adults migrating to overwintering sites; aggregate data from 2013 to 2021. Individual symbols indicate the
percentage of melanic adult Pm in samples of adults arriving at the building facade at 15-min intervals on days of mass flight to overwintering
sites (shaded symbols in Figure 2). Three values highly exceeding 30% are not shown. The data were fitted by the second-order polynomial

y = 60.36x°~112.04x + 52.60, N = 89, R? = 0.0476, P = 0.050.
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189 days in 2021-2022). A significantly longer hibernation
period (median-199 days) was found in 2020-2021, when
the reason for the delay in emigration from the hibernacula
(Figure 6) was the low temperature prevailing from April
1 to 20 (mean £ SE, 5.5 + 0.85°C). Mortality during the
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hibernation period (percentage of dead individuals found inside
the overwintering box out of the total number of individuals
introduced into artificial hibernacula) ranged from 3.4% (in
2021-2022) to 25.2% (in 2014-2015), with a mean & SE of
14.7 £ 3.57%.
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FIGURE 5

Air temperatures (ordinate: daily maxima measured by the standard meteorological method) during the period of immigration and emigration
from wintering grounds. (A) Immigration to the overwintering sites. Abscissa: 0—day of massive migration flight activity, negative values indicate
days before this term, positive values indicate days after this term. (B) Emigration from artificial hibernaculum. Abscissa: 0—the day when 50% of
individuals left the artificial hibernaculum (Dg.50), negative values mean days before Dg.50, positive values mean days after Dg.s0.

Discussion

In the zone of cold temperate climate in North America
and Europe, a significant portion of the adults in H. axyridis
populations overwinter in buildings (Schaefer, 2003) or other
artificial structures (Dudek et al., 2015), and their survival in
winter conditions depends on these man-made hibernacula
(Labrie et al, 2008). The adults fly to buildings and settle
inside spaces (Nalepa, 2007). The adults collected during a
massive autumn flight on the building facade belonged to
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this major part of the population overwintering in man-
made shelters. The characteristics of the onset, end, and
length of the overwintering period established in this study
thus likely apply to a large portion of the local H. axyridis
population.

The trigger for an immigration flight to hibernacula is the
onset of suitable weather. Conditions convenient for flight are
high temperatures, calm winds, and intense sunlight (Raak-
van den Berg et al, 2012a). Our results (Figure 5A) suggest

that a threshold temperature for triggering autumn migration
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TABLE 1 Immigration and emigration of adults from artificial hibernaculum.

Winter Immigration Emigration Difference
Di First Do.05 Do.50 Do.95 Last Do.95-  Dg.50— Sex Color
indiv. indiv. Dg.05 Di form
2014-2015 12-October 16-March 25-March 17-April 03-May 18-May 39 187 NS NS
2015-2016 23-October 14-March 05-April 24-April 07-May 12-May 32 184 Pg_s < 0.05 NS
M)
2016-2017 16-October 21-March 23-March 11-April 04-May 15-May 42 177 NS NS
2017-2018 14-October 11-April 11-April 15-April 21-April 02-May 10 183 NS NS
2018-2019 10-October 27-March 29-March 09-April 20-April 29-April 22 181 Pg_s <0.05 NS
M)
2019-2020 12-October 16-March 06-April 12-April 05-May 22-May 29 183 NS NS
2020-2021 22-October 24-March 22-April 08-May 11-May 31-May 19 198 NS NS
2021-2022 19-October 16-March 12-April 26-April 05-May 23-May 23 189 Px_s < 0.05 NS
()
X 13-October 22-March 05-April 19-April 02-May 15-May 27.0 185
+SD 8.34 9.3 10.1 9.8 7.5 10.8 10.6 6.30

Column headers: Winter-the period of hibernation; Immigration (Di)-date of massive flight when adults used in the experiment were collected; Emigration-dates when the adults left the
artificial hibernaculum: First indiv.-date when the first adult left hibernaculum; Dy ¢5-date when 5% of individuals left hibernaculum; Dy 50-date when 50% of adults left hibernaculum;
Dy 95-date when 95% of adults left hibernaculum; Last indiv.—date when the last adult left hibernaculum; Differences: Dg.95-Dj g5 —duration of the period over which the adults left the

hibernaculum; Dy 50-Di-duration of the hibernation period; Sex-difference in the dynamics of emigration of males and females; Color form-difference in the dynamics of emigration of

melanic and light forms, NS-not significant, Px_g < 0.05 significant, tested by Kolmogorov-Smirnov test, (M) males left earlier than females, (F) females left earlier than males.

is difficult to determine. The reason for this difficulty is
the unsteady timing of the day of massive migration. The
dates of the first day of mass migration to hibernacula
differed by 26 days. The daily temperature maximum,
which was approximately equal to the temperature reached
during the period of maximum flight activity, ranged from
14.0°C (23.10.2015) to 15.3°C (22.10.2020) in the years when
immigration was late to 22.7°C (27.9.2018 and 12.10.2019) and
23.9°C (10.10.2018) in the years when immigration occurred at
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an early date. The average temperature of the previous 5 days
was lower by 1.1°C (2014) to 6.0°C (2019). The migration
therefore took place on a day when the temperature was
favorable (adequately to the season of year when the migration
took place) compared to the conditions of the previous days.
Due to the large variability in weather conditions in particular
years, it was not possible to find a universal temperature
threshold for migration flight or to define a sequence of
conditions that would trigger autumn migration (Figure 5A).
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Dates of emigration from the artificial hibernaculum (the day when 50% of individuals left the artificial hibernaculum Dg .50, abscissa), plotted
against the dates of immigration to overwintering sites (day of massive migratory flight activity, ordinata). The symbols indicate the hibernation
period from which the dates of immigration and emigration originate. y = 42.369 + 1.488x, N = 8, R? = 0.600, P = 0.024.

It is even more difficult to establish the influence of weather
on emigration from hibernacula. In the hibernation site hidden
inside the building, the effect of weather conditions outside the
buildings is damped: the amplitude of temperature fluctuations
is reduced, the onset of daily minima and maxima is delayed
(Havlicek, 1986), and the effect of photoperiod is ruled out. How
(and whether at all) changes in external conditions are perceived
and evaluated by adults overwintering inside buildings needs
further investigation.

During our observation period, immigration dates were
positively correlated with emigration dates. The assumption is
that this correlation is not a phenomenon that occurs randomly
in a series of eight consecutive winter periods (from 2014-
2015 to 2021-2022) leading to the conjecture that the length
of overwintering is limited by an intrinsic mechanism. Here,
we propose the hypothesis that the date of emigration and ipso
facto the length of the overwintering period are determined by
an intrinsic interval timer. This interval timer is “triggered” by
flight to winter quarters and determines the time of leaving
the winter quarters. After the completion of the predetermined
interval, the adults only wait for the onset of relatively suitable
weather conditions. Of course, there is no guarantee that the
observed 8-year series of results will continue in the future.
However, the possibility of such continuation makes further
monitoring of the timing of emigration and eventually the
research on the neurophysiological mechanism of interval timer
in H. axyridis interesting.

The existence and function of a “long-range” timer of
consecutive events in insect life histories is known (Lees, 1966;
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Saunders, 1976). The interval timer uses information obtained
from the environment (usually “daylength”) to synchronize
a variety of developmental phenomena in further life to
the appropriate season. Interval timers controlling circannual
periods of adult molting in Coleoptera (Blake, 1958), diapause
induction in Hymenoptera (Reznik and Samartsev, 2015; Reznik
and Voinovich, 2021) and the production of morphs in aphids
(Brodel and Schaefers, 1979; Campbell and Tregidga, 2006) have
been described.

The existence of an interval timer in H. axyridis would be
particularly useful for populations in the north cold temperate
zones, where adults overwinter mainly in buildings and are
dependent on this type of hibernacula. These shelters reduce the
information regarding spring weather changes that serve as a
signal for emigration. In these circumstances, it is advantageous
to have an intrinsic timer of overwintering length that, after
completion of a determined period, induces a state of readiness
for emigration. The advantage of the interval timer is logical, but
its existence requires further evidence.

For most native species of coccinellids, the interval timer of
spring emigration from the hibernacula seems less necessary.
These species overwinter at sites more exposed to outdoor
conditions, such as prominent rock formations (Hodek, 1960),
scree slopes and grass tussocks (Honek et al, 2007), leaf
litter (Hemptinne, 1988), tree trunks (Parry, 1980), and house
facades (Hemptinne, 1985). The interval timer is also probably
less necessary for native populations of H. axyridis in East
Asia, where adults overwinter on rock formations (Obata,
1986). Moreover, even in the cold temperate zone, a part of
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the H. axyridis population overwinters outdoors, on conifer
branches (Holecova et al., 2018) or in leaf litter.

We conclude that the timing of H. axyridis overwintering
is very flexible and allows both the shift of the date of
immigration to hibernacula and the date of emigration
from the hibernacula. The migration activity follows a
relative temperature increase, i.e., an increase against the
temperature of the previous period. Despite the variability of
immigration and emigration data, the length of hibernation
was similar in the seven consecutive overwintering periods
investigated in this study. We hypothesize that the date
of emigration could be affected by an intrinsic interval
timer triggered during the period of immigration. Such a
mechanism would be advantageous for non-native populations
of H. axyridis in the northern cold temperate zone that
overwinter in man-made structures isolated from outdoor
conditions. The existence of this interval time requires
further experimental verification and research into its
neurophysiological mechanism.
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