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Abstract
This study discusses the longevity and emergence rate of 0. rufa males and females
after an extended wintering period in artificial conditions. Experimental activation of the
wintering bees was carried out every fifteen days, starting at the end of March and fin-
ishing at the beginning of June (25 March, 9 April, 24 April, 9 May, 24 May, 8 June). In our
study, the shortest emergence time (5 days) was observed in females that overwintered

for at least 220 days and were activated at

the beginning of May or later. Their mean

emergence time in the last three terms was similar and ranged from 4.6 to 5.1 days.
Prolonged wintering increased female emergence dynamics in May and June. Half of the
emerged males in our study lived up to 28 days when activated during the first term,
and up to 15 days when activated during the last one. In females, half of the bees lived

up to 64 and 20 days, respectively.
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INTRODUCTION

Worldwide decline in pollinator abundance and
diversity has been observed in the agricul-
tural ecosystem in which bees are crucial for
the successful production of seeds, fruits, and
vegetables. Moreover, the performance of wild
bees as pollinators has been declining steadily,
particularly in intensive farming for which bees
are often managed for crop pollination (Garibaldi
et al. 2013; James & Pitts-Singer 2008; Jauker
2012). Only a dozen of species have been com-
mercialized for this purpose (Parker, Batra &
Tepedino 1987), and the most widely used
pollinator is the honey bee (Corbet, Williams &
Osborne 1991). However, Apis mellifera the
western honey beeis not the best pollinator for
each and every crop.

Some solitary bees, whose activity period
and forage plants are perfectly matched for
particular crops, pollinate very effectively
(Delaplane & Mayer 2000). In recent years,
improved rearing and management methods
of bumblebees and a few species of solitary
bees have been developed (Van den Eijnde et
al. 1990; Bosch, Kemp, & Peterson 2000; Gruber

overwintering, survival

et al. 2011; Pitts-Singer & Cane 2011). The most
numerous species come from Osmia genus and
are mostly managed for fruit tree pollination
(Bosch & Kemp 2000, 2002; Bosch, Kemp &
Trostle 2006; Gruber et al. 2011).

The red mason bee (Osmia rufa L) is a univoltine
and polylectic bee species, common in Central
Europe, which accepts diverse pre-existing
cavities for nesting (Tasei 1973; Westerich 1989;
Ivanov 2006). The flying period of Osmia rufa
lasts two months for females and about fifteen
days for males (Tasei 1973). In Poland, their
nesting activity starts at the end of March or
in the beginning of April and ends in the second
half of June (Wojtowski 1979). The life cycle of
Osmia species can be divided into seven partially
overlapping periods: nesting, development, pre-
wintering, wintering, incubation, mating and pre-
nesting (Bosch & Kemp 2002). O. rufais strictly
univoltine solitary bee and a short-lived spring
species wintering as adult bees in cocoons. For
crops with short flowering periods, univoltine
pollinators with relatively short nesting periods
are desirable, if their nesting period matches
the flowering period (Parker, Batra & Tepedino,
1987). O. rufa and other species with a short
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nesting period are poor pollinators of blooming
plants beyond their natural flying period. Pol-
lination management includes methods to syn-
chronize bee emergence with the flowering of
particular plant species.

In rearing practices, cocoons of O. rufa are
stored in artificial condition at 4°C from the
middle of January to the moment of plant bloom.
Some days before the expected bloom, the
mason bee cocoons are exposed to warm tem-
peratures to induce the emergence of active
adults. Artificial conditions allow for the con-
trolling of the emergence time, the shortening
or prolonging of the wintering period and thus
the synchronization of bee emergence time
with a particular crop’s flowering period (Bosch
& Kemp, 2000, 2004; Sedivy & Dorn, 2014). In
Poland, the red mason bee has become commer-
cially available and can be used from February
until July. This bee species is recommended for
the pollination of both field crops (e.g. rape) and
greenhouse crops (e.g. strawberries) (Wilkaniec
& Radajewska, 1996; Teper & Bilinski, 2009). O.
rufais also an efficient pollinator of vegetables
(e.g. onion) and tolerates captivity in pollen
isolation cages (Kaminski 2010). Therefore, this
bee species is widely used by seed companies
and plant growers.

During wintering, Osmia bees maintain
metabolic activity by consuming only their
fat body reserves, so prolonged winter brings
about serious consequences. Wintering duration
affects the fat body reserve and extended
winters may cause high winter mortality or
decreased longevity (Bosch & Kemp, 2003;
2004). The time to emergence following
incubation declines with increasing wintering
duration and increasing wintering temperature
(Bosch & Kemp, 2004).

This study discusses the longevity and
emergence rate of 0. rufa males and females
after the extended wintering period in artificial
conditions. Its outcomes would be useful in
improving the synchronization of bee emergence
with the flowering time of various plants from
March to June. Knowledge on the longevity of
adult bees after a prolonged wintering period
would allow for a better control of pollinator
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abundance during the entire flowering period,
not only at its beginning. Moreover, our findings
would improve the rearing and management
practices of Osmia rufa as a crop pollinator.

MATERIAL AND METHODS

Insects and experimental procedures
Experiments were conducted in spring 2009
during the flying period of Osmia rufa. The ex-
perimental material consisted of bees reared in
artificial nests made of reed stalks, as described
by Wojtowski & Wilkaniec (1978).

The nests occupied in spring 2008 were trans-
ferred to the laboratory at the beginning of
January 2009. The reed tubes were sectioned
longitudinally to remove cocoons which were
then stored in a refrigerator until the beginning
of the experiment. The artificial conditions of
adult bees wintering were 4 °C and 40-50%
humidity. To avoid the seasonal effect, all exper-
imental cocooned bees were placed and stored
in a constant laboratory temperature before
the start of the experiment. An experiment
with Osmia bees conducted by Sgolastra et al.
(2010) clearly indicated that in the first phase of
wintering period temperature have no effects
on the survival and emergence rate of bees.
Experimental activation of the wintering bees
was conducted every fifteen days, starting at
the end of March and finishing at the beginning
of June (25 March, 9 April, 24 April, 9 May, 24
May, 8 June). One hundred and twenty cocoons
were transferred to Petri dishes and placed at
28°C. The number of emerged O. rufa adults was
checked every day until all live bees emerged
from the cocoons. The sex of the emerged
adults was determined according to morphologi-
cal traits. The bees were settled into two acrylic
glass cuboid cages (25 cm x 40 cm x 25 cm) and
treated as one experimental group. One cage
comprised of about 50 bees of both sexes. The
emerged adult bees were kept in the laboratory
at 22°C and 12:12 photoperiod. They were fed
ad libitum sucrose solution (1:1) served in a Petri
dish (5 cm diameter) with a perforated disc of
honey bee comb foundation to prevent drowning.
The cages were inspected every two days for



the number of dead bees. Dead insects were
removed and sucrose solution was changed at
that time. This procedure was repeated until the
last bee died. The groups of adult bees which
emerged during each activation term included
45-59 males and 39-57 females each, so a total
of 321 females and 308 males were used in the
study.

Data analysis

Allstatisticalanalysesandgraphsweregenerated
with Statistica software package (Statsoft,
v.12). Emergence efficiency was evaluated with
a chi-square test. The data on mean emergence
time were analyzed by ANOVA with Tukey's
post-hoc tests. Kruskal-Wallis one-way analysis
of variance and multiple comparison tests
showed the effect of prolonged wintering on
bee longevity. Estimates of survival probability
and survival curves were calculated according
to the Kaplan-Meier method. The significant

level was set at 0.05.

RESULTS

Emergence effectiveness

The percent of emerged bees ranged from 73.3
to 94.2 % (mean 874 %) at individual terms
(Tab. 1). The greatest number of bees (113)
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emerged on 24 May and the lowest (88) on 9
May. On average, 105 bees left the prepared
120 cocoons, including 52 males and 53 females.
The number of emerged bees did not differ
from expectations in any group (x2=4.126, df=5,
p=0.531). This indicated that the emergence
time did not reduce emergence effectiveness.

Incubation time and emergence rate

In the first (25 March) and second (9 April)
terms, the first males appeared after three days,
and first females after six days of incubating
the cocoons at 28°C. In the second terms,
the emergence time was shorter, in the third
(24 April) and fourth (9 May) terms the males
emerged after two days, and in fifth (24 May)
and sixth (8 June) after only one day (Fig. 1). In
the beginning, females emerged slightly later
than males (Fig. 1), but in May and June their
emergence was more or less synchronized with
just a short delay of one day in females. The
incubation and emergence period from placing
the cocoons in an oven until the emergence of
the last bee was sixteen days for the first and
second terms. In the next terms, the emergence
period was considerably reduced and lasted only
seven days for the last May and June terms.
The emergence period was the shortest in
male bees and in the first two terms it took

Table 1

Number and percentage (in parentheses) of O. rufa adults emerged from cocoons incubated at
28°C at various terms

Term * Males Females Both sexes
1 25Mar. 53 (44.2) 50 (41.6) 103 (85.8)
2 09Apr. 59 (49.2) 52 (43.3) 111 (92.5)
3 24 Apr. 52 (43.3) 59 (49.2) 111 (92.5)
4 09 May 45 (37.5) 43 (35.8) 88 (73.3)
5 24 May 53 (44.2) 60 (50.0) 113 (94.2)
6 08]June 46 (38.3) 57 (47.5) 103 (85.8)

* At each term 120 cocoons both sex were incubated
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slowed down. In the first period of
very dynamic emergence, the curve
depicting male emergence rate
quickly soared up to nearly 80%.
This was obviously dependent on
the incubation time. However, the
emergence rate of 80% for males
was achieved quicker in the consec-
utive incubation periods. After five
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days of the incubation, 83% and
76% of male adults emerged in the
first and second terms, respectively.
After just three days of incubation,
78.8%, 84.4%, and 90.6% of males
emerged in third, fourth and fifth
terms, respectively. In the last term,
most of the males (82.6%) emerged
in two days.

The curves of emerged adult
females in most of the terms were

13 15

4. 09 May

a5 100

100

- o —male
—o— female

28

had sigmoid- shaped. Similarly as
for males, emergence dynamics
changed depending on the
incubation time. In the first two
terms, half of the females emerged
after ten days of incubation.
During the next incubations, the
time to an emergence rate of
50% was shortened to five days
(24 April), and reached three days

- 0 =male

—o— female

T T T 1 r T T T
4 5 6 7 3 4
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Fig. 1. Cumulative percentage of emerged male and female adults
as a function of the number of days since the beginning of the
incubation at 28°C at various terms (N= 88-113 depending on the

term; see Table 1).

only eight days. In the next terms (3 to 6), the
incubation and emergence time for male bees
was shortened to three days. Similar emergence
dynamics was observed in females, in which
the initial emergence period of 16 days was
reduced by over 50% (to seven days) in the
final terms (Fig. 1).The curves of emerged bee
frequency plotted against days of incubation
were positively sloped and had a typical upward
sloping shape for males at all terms. The
emergence rate for males was very high for
the first two or three days and then gradually

A

days of incubation

M for the last June term. A different

emergence rate of 80% for males
and 50% for females depended on
biological traits, which was why
direct comparisons between sexes
were impossible. This difference in
emergence dynamics was clearly
visible in different terms, where
50% of emerged females often corresponded
to 100% of emerged males in the same period.

Mean emergence time

One-way analysis of variance (ANOVA) revealed
significant differences in mean emergence
times of males and females. There were sig-
nificant differences in days to emergence
after incubation among various terms for
males (F=78.526; df=5.315; p<0.001) and



females (F=145.02; df=5.304; p<0.001), and
the emergence time tended to decrease with
artificially prolonged wintering period (Fig. 2).
Moreover, males emerged faster than females,
irrespective of the activation time. The longest
emergence time for both sexes was observed in
the first and second terms (25 Match, 9 April).
The emergence time of both sexes decreased
rapidly from the third term (24 April).

Post hoc analysis with Tukey's test revealed that
adult males incubated in the last term emerged
significantly more quickly than those in the first,
second, third or fourth terms (p<0.05). However,
the emergence time of male bees incubated in
the fifth term did not differ significantly from
the third and fourth or last term. The post hoc
test conducted separately for females revealed
that female adults incubated in the fourth
term or later had the most effectively reduced
emergence time. Also, the emergence time of
the females incubated during the third term
differed significantly from those which emerged
in the first and second terms or those from the
fourth and later terms (Fig. 2).

Male and female survival
Kruskal-Wallis one-way analysis of variance
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demonstrated the effects of prolonged
wintering on bee longevity. There was a sta-
tistically significant difference (K-W test; H(5;
302) = 98.296; p<0.001) among the groups of
males from various terms with respect to their
survival probability estimates (Fig. 3). Median
survival time (MST) in male adults incubated
during terms 1 to 6 was 28, 24, 26, 24, 20 and
15 days, respectively (total median: 24 days).

The Kruskal-Wallis test and multiple comparison
tests showed precise differences in survival
times among particular groups of males. Sig-
nificant differences were found in the MST
between the first and fourth, fifth and sixth
term (p<0.001). The males activated in the
second and third term had significantly longer
MST than those activated in the fifth and sixth
term (p<0.001). The males activated in terms 1
to 3 lived considerably longer than those from
the terms 5 and 6 (Fig. 3). The 15-day survival
rate of males in sequenced terms (1-6) was
95.9%, 90.1%, 86.5%, 90.1%, 71.2%, and 49.9%,
respectively. There was a significant difference
in the survival time of female bees among
groups from various terms (K-W test; H(5; 289)
=111.97; p<0.001), (Fig. 4). Median survival time
(MST) in female adults incubated at terms 1 to

mMale

mFemale

C C B A A A
C c b b ba a

24 Apr.

09 May 24May 08 June

Fig. 2. Mean emergence time + SD depending on the activation time. Bars with different superscripts
denote significant difference (p<0.05) based on One-Way ANOVA followed by Tukey's multiple comparison

test

H
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Fig. 3. Estimated longevity of O.rufa males activated at different terms (i.e. depending on wintering duration).
Outcomes evaluated with Kaplan-Meier survival analysis (N=88-113 for different terms; see Table 1)

6 was 64, 46, 42, 42, 34 and 20 days, respec-
tively (total median: 36 days).

The Kruskal-Wallis test and multiple comparison
tests showed precise differences in survival
times among the groups of females. Significant
differences were found in the MST between the
first term group and MST for the other groups
(p<0.001), except for the second term. However,
a clear downward trend regarding survival (p
= 0.059) was also visible for the second term.
Females activated during the sixth term had a
significantly shorter MST than those from other
terms (2, 3,4, 5) (p<0.001). The 20-day survival
rate for females for consecutive terms (1-6) was
89.8%, 92.9%, 81.9%, 76.7%, 70.2%, and 47.5%,
respectively.

DISCUSSION

Osmia rufa, an early spring species, turns into
imagoin September and overwintersinits nestin

i

acocoon made by alarva (Tasei, 1973; Wojtowski,
1979). Winter survival of the Osmia bee depends
on such factors related to metabolic reserves
as temperature during developmental stages,
pre-wintering and wintering and their duration
(Bosch & Kemp, 2004; Kemp & Bosch, 2005;
Bosch, Sgolastra & Kemp, 2010; Sgolastra et al.,
2010; Radmacher & Strohm, 2011). Prolonged
wintering of univoltine species of Osmia genus
causes increased mortality of wintering imago
(Bosch & Kemp, 2003). In our study, the number
of adults emerging from the cocoons was similar
irrespective of the time of their activation, so in
this case prolonged wintering had no negative
effects on bee survival.

The non-emerged cocoons usually contain dead
developmental forms (prepupa, pupa), imago
that died before winter or parasitic larvae. The
ratio of emerged bees to the number of cocoons
retrieved from the nests determines the share
of individuals that successfully completed



late developmental stages and wintering. As
the wintering form of O. rufa is commercially
available and used for crop pollination, this ratio
is commonly used to evaluate the number of
pollinators introduced into a plantation (Krunic
& Stanisavljevic, 2006a).

In this experiment, the bees were stored from
January at 4°C to inhibit emergence and prolong
wintering. Higher temperature is not suitable
for forced prolongation of diapause, and in
controlled conditions, Osmia bees wintered for
long periods at 7°C or higher temperature start
to emerge after 150 days (from September)
(Bosch & Kemp, 2003). The bees for this
experiment were kept in the field during their
developmental period (April-mid-October) and
stored at 4°C in a climate controlled container
during their diapause period (mid-October-Jan-
uary). The temperature of 4°C is appropriate
for storage, as it does not exceed the low tem-
perature threshold for Osmia bee emergence.

. APIC. 3CI. VOL 61 NO. T 2017

The emergence rate may be adjusted with the
incubation temperature when a lower tempera-
ture threshold is considered optimal for species
emergence (White, Son & Park, 2009).
Diapause in O. rufa is assumed to start in the
beginning of October, so at the time of the first
activation (25 March), the wintering period had
already lasted for about 175 days (Wasielews-
ki et al. 2011). This day was selected as in the
central Europe climate the red mason bee can
be seen in nature on the turn of March and April
(Wojtowski 1979, Steffan-Dewenter & Schiele
2004). Further activations were performed
every fifteen days, and the wintering period
was prolonged to the maximum of about 250
days.

For adult wintering species of Osmia genus, the
emergence period is shortened as the over-win-
tering period is extended (Bosch & Blas, 1994;
Sgolastra et al,, 2010). The time to emergence
followingincubation can be reduced by increasing
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Fig. 4. Estimated longevity of O. rufa females activated at different terms (i.e. depending on wintering
duration). Outcomes evaluated with Kaplan-Meier survival analysis (N=88-113 for different terms; see

Table 1)
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the wintering temperature when wintering
lasts for no longer than 120 days (Bosch &
Kemp, 2003, 2004). In our experiment, all bees
wintered in the same conditions, first natural
and then controlled. Therefore, the factor that
reduced the rate of adult bee activation and
longevity was prolonged wintering.

Kemp & Bosch (2005) determined the relation-
ship between rearing temperatures and pre-
pupa-adult development rates, as well as the
emergence time and longevity in Osmia lignaria
after wintering and incubation the following
spring. The time to emerge following incubation
(anindirect measure of diapause completion) was
also affected by treatment in the pre-wintering
period (Sgolastra et al., 2011). In general, temper-
ature treatments that promoted rapid immature
development and thus longer wintering periods
resulted in earlier spring emergence patterns in
bees. Warmer wintering periods also resulted
in earlier emergence (Bosch, Kemp & Peterson,
2000).

The mean female emergence time of Osmia
cornuta for the longest wintering period
tested (184 days) was as short as 4.6 days and
female emergence period (time between the
first and last female emergence) was only four
days (Bosch & Kemp, 2004). In our study, the
shortest emergence time (5 days) was observed
in females that overwintered for at least 220
days and were activated at the beginning of
May or later. Their mean emergence time in the
last three terms was similar and ranged from
4.6 to 5.1 days. Prolonged wintering increased
female emergence dynamics in May and June.
The male emergence period and mean
emergence time decreased along with wintering
prolongation. Time, dynamics, and number
of emerged adult males and females dem-
onstrated the good condition of the insects.
Prolonged wintering caused neither delay in
adult emergence nor increased mortality due
to exhaustion of reserves. The emergence time
(days to emerge following incubation at 20°C)
was the shortest at intermediate pre-wintering
durations, thus indicating that the emergence
rate depended on both wintering time and bee
condition associated with body weight and
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reduction of body fat reserves (Bosch, Sgolastra
& Kemp. 2010). Half of the males emerged in our
study lived up to 28 days when activated in the
first term, and up to 15 days when activated in
the last one. In females, half of the bees lived
up to 64 and 20 days, respectively. Prolonged
wintering considerably shortened the longevity
of the bees that wintered as imagos but this
was only one factor affecting this parameter.
Longevity clearly declined as wintering tempera-
tures increased. At 4°C, bees showed decreased
longevity when wintered for longer than 150
days (Bosch & Kemp, 2003).

Natural wintering period in Osmia rufa lasts for
about 175 days but the bees are also ready
for a later appearance (Kruni¢ & Stanisavljevic,
2006b). Our findings seem to confirm this, as a
significant decrease in longevity was observed
in the females activated after 205 days of
wintering (third term, 24 April) a), and in the
males activated after 220 days of wintering
(fourth term, 9 May).

In general, the entire course of ontogen-
esis affects univoltine species’ condition and
emergence times. Temperature adjustment
during development and wintering may help to
control the bee emergence time and minimize
the loss of reserves from the fat body. Extended
periods of high prewintering temperatures
resulted in apparent fat body consumption in
prewintering adults and reduction in springtime
adult longevity (Bosch, Kemp & Peterson,
2000). Individually, bees experiencing greater
degree-day accumulations exhibited reduced
post-winter longevity (Kemp & Bosch, 2000;
Kemp & Bosch, 2005). Early developing indi-
viduals suffer greater weight loss and fat body
depletion and have short post-winter longevity
(Bosch, Sgolastra & Kemp, 2010). The papers
referenced above reported on adult bees'
longevity without feeding, which describes
the lifetime of bees that use up only their own
energy reserves. In our study, half-field test
was used to ensure the outcomes could be used
in practice. We separately assessed females and
males that are treated as useful pollinators. In
closed spaces the roles of males might be similar
to those of females that do not build nests in



these conditions, do not gather large amounts
of pollen and do not visit flowers (Fliszkiewicz,
Giejdasz & Wilkaniec, 2011; Ne'eman et al. 2006).
The flowering period of many crops lasts for
a few to several dozen days and individual
flowers live for a few hours to a few days.
The bees activated after prolonged wintering
live long enough to be used for plant pollina-
tion. However, their density should probably be
increased or they should be introduced more
than once.
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