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Abstract — This study examined shifts over a 35-year period in the phenology of the four most important
bumblebee species (Bombus terrestris, B. lapidarius, B. pascuorum and B. hortorum) in Central Europe. The
species showed similar temporal trends, significantly advancing components of their main flight period in associ-
ation with rising temperatures such that, for example, mid-dates of the main flight period advanced by 10-23 days
over the study period. Drivers of this change differed between the four species. Trends in, and drivers of, the timing
of first queens, first workers and first males were less consistent. Aspects of the phenology of the least common
species, B. hortorum , were up to a month earlier than the other species and climatic effects less clear cut. There were
some suggestions of differences between species trends. These results stress the importance of considering changes
and drivers of change for the Bombus family on a species-specific basis with the need to pay more attention to the
life history traits of the study organisms.
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1. INTRODUCTION

Recent climate changes have influenced
many living organisms, including the phenolo-
gy, population size and migration and distribu-
tion patterns of insects (e.g. Warren et al. 2001;
Bale et al. 2002; Konvicka et al. 2003; Dell
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et al. 2005; Sparks et al. 2007; Rasmont et al.
2015). This is likely to be both an indirect
effect, because local trends in temperatures af-
fect plants, which as the main food source of
many phytophagous insects influence their ac-
tivity, and a direct effect, since increasing tem-
perature affects insect metabolism and activity
per se. Effects have also been detected on spe-
cies of a general economic and ecological im-
portance (Gordo and Sanz 2006; Harrington
et al. 2007; Le Conte and Navajas 2008).
Among potentially interesting species are
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bumblebees, effective pollinators which occupy
both rural and urban habitats. When foraging,
they visit flowers of various plant species, es-
pecially of Labiatae, Leguminosae and
Asteraceae (Pawlikowski et al. 2008; Goulson
2010). Various studies have indicated that the
timing of bumblebee queen emergence in
spring is triggered by soil or air temperature
thresholds (e.g. Alford 1969; Goodwin 1995;
Kudo and Cooper 2019).

In our study area in central Poland, the four
study species Bombus terrestris (Linnaeus),
B. lapidarius (Linnaeus), B. pascuorum
(Scopoli) and B. hortorum (Linnaeus) are com-
mon and of special interest, although B. hortorum
is less numerous than the other three. During the
study period (1981-2015), these four species
accounted for 85-90% of all Bombus specimens
recorded. B. ferrestris is native to the Palaearctic
region: Europe, North Africa and temperate re-
gions of Asia. In 2013, it first crossed into the
Arctic Circle. It was deliberately introduced to
New Zealand in the late 1800s and, as a result of
escapes from use as a commercial pollinator, has
also been established in Australasia and South
America. B. lapidarius is native to the Palaearctic
region and has also been introduced elsewhere, cf.
B. terrestris . B. pascuorum is native to the West
Palaearctic, and B. hortorum is native to the
Palaearctic (Williams 2000; Velthuis 2002;
Rasmont et al. 2008; Martinet et al. 2015).

The bumblebee life cycle is completed in 1 year.
An overwintering queen builds a nest and rears
the first workers. The growing colony will pro-
duce males and some new queens. After mating,
the fertilised new queens seek a place to hibernate
whilst the original colony including the old queen
collapses. Bumblebee nests are usually above
ground in rodent nests, hollow trees, walls of
houses, thatched roofs, barns, attics and bird nest
boxes. However, nests of B. terrestris and
B. lapidarius are usually subterranean and larger
than other species (to 1000 individuals) (Bilinski
1997; Alford 2011). Bumblebees are large, active
bees but are not aggressive. Their natural enemies
are the birds Merops apiaster Linnaeus and
Pernis apivorus (Linnaeus) and the mammals
Ursus arctos Linnaeus and Vulpes vulpes
(Linnaeus).
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Bumblebees provide a range of potential eco-
nomic benefits. Most importantly to man, they
pollinate a large number of flowering plants, in-
cluding different cultures of wild strawberries,
strawberries, blueberries, tomatoes, Capsicum
spp., fruit trees and shrubs.

As noted above, the spring emergence
timing of queens is likely triggered by air or
soil temperature thresholds, thus warmer
springs would allow thresholds to be met ear-
lier, resulting in earlier emergence. From stud-
ies of other insects, we believe that weather of
a few antecedent months will influence this
timing. In turn, the timing of queen emergence
will likely influence the timing of workers and
then of males. Thus, the appearance of these
later castes might only be influenced by the
date of queen emergence and weather follow-
ing this event which may slow or accelerate
their development rates. The main goals of this
paper are to examine for changes to the phe-
nology of four important bumblebee species
over a 35-year period and to identify potential
links to climatic factors, i.e. temperature and
precipitation.

2. MATERIAL AND METHODS
2.1. Study area and bumblebee observations

Research on bumblebees in the agricultural
landscape of the Kujawy region of Poland was
conducted in the vicinity of Strzelno (52.6° N,
18.2° E) ca. 20 km south of the town of
Inowroctaw from April to October in 1981-
2015. During this research, observations, and oc-
casionally captures, of bumblebees were carried
out along transects of 4-6 km length running
through the study area. Transects were selected
to contain typical flowering plants preferred by
bumblebees. Bumblebee nests were also ob-
served, especially those of B. terrestris,
B. lapidarius, B. pascuorum and B. hortorum .
Visits to the study area were made at 2-3-day
intervals during April-May and at 5-day intervals
during June—October, between 10:00 and 17:00
local time. Visits were only made during optimal
weather conditions for bumblebee flight; i.e.
sunny, and air temperature of 15-25°C. All
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bumblebee individuals were registered along
the transects together with a record of their
activity, i.e. searching for food plants, flying
near nest, mating. Special attention was paid to
those parts of the transects (such as roadsides,
gardens, orchards and meadows) containing
flowering plants of Labiatae, Leguminosae
and Asteraceae.

All transects were recorded by the same two
people (TP and KP), well trained in bumblebee
identification. On the study area, we recorded 13
bumblebee species. The dominant species were
B. terrestris (35-45% of all specimens),
B. lapidarius (25-35%), B. pascuorum (25—
35%) and B. hortorum (10-25%). The other re-
corded species were B. [ucorum (Linnaeus),
B. muscorum (Fabricius), B. ruderatus (Linnae-
us), B. ruderarius (Muller), B. sylvarum (Linnae-
us), B. veteranus (Fabricius), B. bohemicus
(Seidl), B. rupestris (Fabricius) and B. vestalis
(Fourcroy) which were present at low density
(total < 10%). More information on the structure
of the local bumblebee community is given else-
where (Pawlikowski 1984, 2008).

Monthly mean temperature and monthly to-
tal precipitation were taken from the gridded
CRU TS4.03 dataset (Harris et al. 2014) for
the rectangle 52.0-53.0° N and 18.0-19.0° E
via the KNMI Climate Explorer Website
(http://climexp.knmi.nl).

2.2. Statistical analysis

Key dates of bumblebee flight activity for
each year were expressed as Julian date/days
of the year (days after December 31) and
derived for the following: date of first queen
observed, date of first worker observed, date
of first male observed, beginning and end of
the main flight period. The beginning of the
main flight period was defined as the date
when at least 50% of the observed bees were
workers, the end of the main flight period
when the first new queen was observed.
Based on these data, the following measures
were also derived: duration between first
queen and first worker, mid-date of the main
flight period, and duration of the main flight
period.
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Trends in phenology were assessed by regres-
sion on year to examine for changes over time.
Trends in the climate variables were also tested by
regression on year. Differences in means between
species for each phenological variable were tested
using ANOVA with year and species as two cate-
gorical variables. Significant results were follow-
ed up by Tukey’s HSD tests. Differences between
species in their trends over time were evaluated by
testing for equality of slopes in a pooled regres-
sion, including year as a continuous variable.

Relationships between phenology and cli-
mate variables (monthly mean temperatures,
monthly total precipitation) and the date of the
first queen were examined using stepwise re-
gression (with alpha-to-enter and alpha-to-
remove both set at 0.10). Candidate variables
were the date of the first queen (obviously not
included for the first queen models) and the
temperature and precipitation variables for the
three calendar months up to and including the
month in which the mean of that phenological
event occurred. The only exceptions to this rule
were for the date of the first worker and for the
duration between first queen and first worker,
for which only the months spanning the first
queen/first worker mean dates were used. For
clarity, candidate variables are identified in lat-
er tables. The rationale behind this choice is
that only weather in the recent past was consid-
ered likely to influence phenology (either di-
rectly or indirectly via, for example, flower
development), that the timing of the first queen
could influence subsequent events, but that the
development of workers was likely only to
relate to weather since first queen emergence.
Differences between species in their response
to temperature were evaluated by testing for
equality of slopes in a pooled regression.

Sample size differed slightly between vari-
ables, because not all information was collected
every year. All statistical analyses were conducted
using the MINITAB v.18 package with p =0.05
used as a threshold for significance testing, but,
because of the variable nature of the data, margin-
al results (0.05 <p <0.10) are also discussed. The
reader should bear in mind that with such a large
number of tested relationships some may have
been significant by chance.
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3. RESULTS
3.1. Trends in time

Significant trends were detected in 15 of the 32
analysed bumblebee variables, and two further
variables were marginal. There were no signifi-
cant trends in the timing of the first queen, first
worker and first male bumblebees except for a
significant advance in the timing of first
B. hortorum queen and a significant delay in the
timing of first B. hortorum worker (Table I). The
advancing trend for first B. lapidarius worker was
not quite significant (p =0.068). The interval be-
tween first queen and first worker became signif-
icantly shorter for B. lapidarius but significantly
longer for B. hortorum . Trends in the beginning,
end and mid-date of the main flight period were
more consistent (Figure 1); all advanced signifi-
cantly except the beginning and mid-date of the
main flight period of B. hortorum whose advance
was not significant, although the latter was mar-
ginal (p =0.053, Table I). Advances in mid-date
of the main flight period over the 35-year period
was 13 days for B. terrestris, 23 days for
B. lapidarius, 12 days for B. pascuorum and
10 days (not significant) for B. hortorum . The
duration of the main flight period of B. ferrestris
was significantly reduced by about 7 days over the
study period (Table I). When assessed in a pooled
regression, differences between species in their
trends for the interval between the first queen
and first worker were significant (F'3, 1903 =6.78,
p <0.001), and differences in trends for first
worker (3, 103=2.17, p =0.096) and for the
mid-date of the main flight ('3, 15, =2.50, p =
0.063) were marginal. In the case of the first
worker, trends in first worker and in the first
queen-first worker interval appear different in
B. hortorum . For the mid-date of the main flight
period, the advancing trend for B. lapidarius is
greater than for the other species (Table I).

3.2. Differences in phenology between
species

There were highly significant (p <0.001) spe-
cies differences in all of the assessed variables
(Tables I and II). B. terrestris had a later mean
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first worker and a longer interval between first
queen and first worker. Its main flight period, like
that of B. lapidarius, was also relatively late
whilst that of B. pascuorum was intermediate.
B. hortorum appeared most different from the
other species with later first queens but earlier first
males, its main flight period was early but of
longer duration.

3.3. Relationship between phenology and
climate variables

In the 1981-2015 study period there were sig-
nificant increases in monthly mean temperature in
April, June, July, August and November but no
significant changes in any monthly precipitation,
although that for May was marginal (Table III).
For the 32 regression models, the stepwise ap-
proach selected temperature variables 24 times,
precipitation variables 3 times and first queen
dates 10 times (Table IV). For the 24 selected
temperature variables, 16 had negative coeffi-
cients implying earlier phenology associated with
warmer temperatures.

Temperature effects on first timing of castes
were mixed. For B. terrestris, B. lapidarius and
B. pascuorum , increased temperatures were asso-
ciated with advance in the first appearance of
queens, but for B. terrestris, there was also a
suggestion that warm Aprils could delay the first
queen, although with a smaller coefficient than the
negative association with March temperature. For
dates of first workers, all species were positively
influenced by the date of first queens, and for
B. terrestris and B. hortorum warmer tempera-
tures were then associated with delayed workers.
For B. terrestris and B. hortorum results for first
males were mixed.

For the main flight period, the effects of tem-
perature were somewhat more consistent (Fig-
ure 2), although not necessarily affecting the be-
ginning and end dates (or even species) equally.
For B. terrestris, the three main flight dates
(beginning, end, mid-date) were earlier in years
with early flying queens but advances were also
associated with increasing summer temperatures.
The effect on end date for B. terrestris was greater
than on the beginning date, such that a reduction
in the duration of the main flight period was
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Table I. A summary of trends in the phenology of Bombus in the Kujawy region of Poland during 1981-2015

Variable N Mean date Mean SD Trend p value R? (%)

Bombus terrestris

Date of first queen (FQ) 34 14 Aprilb 104.0 8.78 0.013 0.932 <0.1
Date of first worker (FW) 30 2 June a 153.0 14.15 0.162 0.597 1.0
Duration: FQ to FW (days) dFW 30 - 48.5a 12.33 0.011 0.966 <0.1
Date of first male (FM) 30 20 July a 201.0 18.97 -0.230 0.574 1.1
Beginning of main flight (BMF) 34 7 Augusta 219.0 5.41 -0.272 0.002 26.0
End of main flight (EMF) 34 29 Augusta  240.6 6.74 - 0468 <0.001 495
Main flight: mid-date (MFM) 34 18 Augusta  230.1 5.75 -0.363 <0.001 40.9
Duration of main flight (days) (AMF) 34 - 21.6b 3.89 -0.196 0.002 26.0
Bombus lapidarius
Date of first queen (FQ) 34 20 Aprilb 109.7 1049  0.099 0.588 0.9
Date of first worker (FW) 30 17 May b 137.3 12.03 —0.462 0.068 114
Duration: FQ to FW (days) dFW 30 - 28.2b 8.34 - 0478 0.004 25.5
Date of first male (FM) 30 13Julya 194.2 10.60 —0.184 0.420 2.3
Beginning of main flight (BMF) 33 6 Augusta 218.2 9.51 -0.639 <0.001 44.9
End of main flight (EMF) 33 22 Augustb 2337 7.61 —0.663 <0.001 75.5
Main flight: mid-date (MFM) 33 14 Augustb 2262 8.13 -0.658 <0.001 65.3
Duration of main flight (days) (dAMF) 33 - 155¢ 6.20 -0.024 0.830 0.2
Bombus pascuorum
Date of first queen (FQ) 35 21 Aprilb 111.5 10.18  —0.100 0.564 1.0
Date of first worker (FW) 30 19 May b 139.4 13.15  —0.009 0.976 <0.1
Duration: FQ to FW (days) dFW 30 - 28.4Db 13.45 0.259 0.371 29
Date of first male (FM) 30 11 July a 191.9 14.65 —0.108 0.733 04
Beginning of main flight (BMF) 34 28 Julyb 209.3 8.71 -0.339 0.021 15.4
End of main flight (EMF) 34 17 Augustc  229.5 5.79 -0.371 <0.001 41.9
Main flight: mid-date (MFM) 34 8 Augustc 219.6 6.62 —0.349 0.001 28.4
Duration of main flight (days) (AMF) 34 - 20.2b,c  6.36 -0.032 0.775 0.3
Bombus hortorum
Date of first queen (FQ) 34 24 Aprila 113.8 1056 —0.372 0.038 12.8
Date of first worker (FW) 21  24Mayb 144.0 1091  0.593 0.037 21.0
Duration: FQ to FW (days) dFW 21 - 29.1b 13.05  1.177 <0.001 57.8
Date of first male (FM) 26 27 Juneb 177.8 14.68  —0.062 0.850 0.2
Beginning of main flight (BMF) 28 30Junec 180.7 1266  —0.162 0.502 1.8
End of main flight (EMF) 33 10 Augustd  221.8 9.49 —0.543 0.001 32.6
Main flight: mid-date (MFM) 28 20 Julyd 201.0 8.38 -0.299 0.053 13.6
Duration of main flight (days) (AIMF) 28  — 40.0 a 13.93 -0.273 0.300 4.1

Means are given as both date and day of the year together with their standard deviation (SD). The trend, significance (p ) and %
variation explained (R ?) are derived from regression of the variables on year. Significant trend results are shown in italics. Species
means for each variable were compared using ANOVA (see text for details); means for the same variable not sharing the same
lowercase letter(s) are significantly different (p <0.05, Tukey’s tests)

N, the number of years of records
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Figure 1. Change in the main flight period, shown as days of the year, for Bombus terrestris , Bombus lapidarius ,
Bombus pascuorum and Bombus hortorum . Grey and black lines show the beginning and end of the main flight
period, respectively. Please note difference in y-scales but that all divisions are in 10-day intervals.

associated with increasing temperature. For the 4. DISCUSSION

three other Bombus species, earlier flight dates

were associated with warmer summers. To the best of our knowledge, long-term bum-
Whilst there appeared to be differences be-  blebee phenology derived from field observations

tween species in their responses to temperature, identified to species level has not previously been

including via effects on queen emergence, none of  studied. Some long-term studies have been carried

these differences achieved significance in a  out based on museum specimens (Bartomeus et al.

pooled regression. 2011) and where bumblebees have been bulked as

Table II. Summary of ANOVA comparing species means

Variable df df F value p value
Date of first queen (FQ) 3 99 7.76 <0.001
Date of first worker (FW) 3 78 9.74 <0.001
Duration: FQ to FW (days) dFW 3 78 20.34 <0.001
Date of first male (FM) 3 83 12.62 <0.001
Beginning of main flight (BMF) 3 91 116.46 <0.001
End of main flight (EMF) 3 96 68.11 <0.001
Main flight: mid-date (MFM) 3 91 125.41 <0.001
Duration of main flight (days) (dAMF) 3 91 51.11 <0.001
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Table III. A summary of mean values of and trends in monthly mean temperature and monthly precipitation in the

Kujawy region of Poland during 1981-2015

Temperature (°C)

Precipitation (mm)

Mean Trend p R? (%) Mean Trend p R? (%)
J -1.0 0.0134 0.813 0.2 29.0 0.342 0.111 7.5
F 0.0 0.0438 0433 1.9 233 0.118 0.464 1.6
M 4.0 0.0112 0.763 0.3 29.6 0.071 0.727 04
A 8.5 0.0599 0.006 20.8 28.3 0.052 0.805 0.2
M 13.9 —0.0002 0.991 0.0 52.5 0.570 0.084 8.8
J 16.3 0.0445 0.012 17.8 66.3 -0.204 0.619 0.8
J 18.8 0.0579 0.020 153 76.7 0.765 0.183 53
A 18.4 0.0428 0.023 14.6 58.5 0.102 0.819 0.2
S 13.8 0.0226 0.322 3.0 433 0.040 0.902 0.1
(0] 9.2 —0.0060 0.821 0.2 31.0 0.098 0.729 0.4
N 4.0 0.0712 0.028 13.8 344 0.051 0.839 0.1
D 04 0.0349 0.406 2.1 332 -0.215 0.391 22

The trend, significance (p) and % variation explained (R?) are derived from regression of the variables on year. Significant

trend results are shown in italics

Bombus spp. (Ovaskainen et al. 2013; Kudo and
Cooper 2019). There have also been studies based
on a limited number of field seasons (e.g. Goodwin
1995; Kudo and Ida 2013; Pyke et al. 2016) or
along latitudinal or altitudinal gradients. We show
in this paper that all aspects of the phenology of
Bombus bumblebees differ between species. For
example, B. ferrestris had the earliest mean first
date for queens, but the latest mean date for the end
of main flight period. In contrast, B. hortorum had
the latest mean first date for queens and the earliest
end of main flight period. The species order of
queen emergence was consistent with earlier studies
from the UK which also reported differences in
other aspects of species phenology (Alford 1969;
Goodwin 1995). In the years 1981-2015, the main
flight periods and some other aspects of the phenol-
ogy of the dominant bumblebee species in Central
Europe (B. terrestris , B. lapidarius , B. pascuorum
and B. hortorum ) have advanced. This is in agree-
ment with some of the bumblebee studies men-
tioned above and with predictions suggested by
recent rapid climate change for many other organ-
isms (reviews in: Hughes 2000; Sparks and Menzel
2002; Walther et al. 2002; Parmesan and Yohe
2003; Voigt et al. 2003; Badeck et al. 2004)
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including different groups of insects (Parmesan
et al. 1999; Hickling et al. 2005; Tryjanowski
et al. 2010; Rasmont et al. 2015). Our study re-
vealed a generally consistent advance in the main
flight period of the four studied bumblebee species
apparently driven, at least partly, by temperature.
However, there was some suggestion that the ad-
vance in the mid-date of the main flight period was
greater for B. lapidarius than for the other species.
There was also evidence of differences in trends in
the date of the first worker. It should be noted that
given the large number of analyses and large num-
ber of potential explanatory variables some signifi-
cant relationships may have been included by
chance alone.

Temperature effects dominated the phenology
of the main flight period and give considerable
support to findings of earlier flight in warmer
years. However, despite apparent differences be-
tween species, formal comparisons did not reveal
any statistically significant differences in temper-
ature responses. This may be because, despite the
series length, we still have only limited numbers
of years of observation, and because of the high
variability in the phenology of these species. Fur-
ther data, or data obtained from controlled
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Table I'V. Summary of stepwise regression models of bumblebee phenology in the Kujawy region of Poland during
19812015 in relation to the date of the first queen, antecedent monthly mean temperatures and antecedent total

monthly precipitations

Candidates Queen Temperature Precipitation R* (%) Overall p
Bombus terrestris
FQ FMA Mar — 1.64 +0.62 27.0 0.008
Apr 0.27+0.11
FW QAMJ 0.71 £0.25 May 4.15+1.69 Apr0.36+0.18 42.5 0.002
dFW QAMJ May 3.21+£1.64 12.0 0.061
FM QMIJ May 7.64 +2.44 May 0.29+0.16 33.7 0.012
Jun —5.82+£2.92
BMF QJJA 0.28 £ 0.10 Jul—1.16+0.56 26.0 0.009
EMF QJJA 0.22 £0.12 Jul —2.18+0.68 27.6 0.007
MFM QIIA 0.25 +£0.10 Jul = 1.60+0.59 26.7 0.008
dMF QIIA Jul —1.08+0.41 17.8 0.013
Bombus lapidarius
FQ FMA Mar — 1.90+0.77 159 0.019
FwW QAM 0.84 £0.15 54.1 <0.001
dFW QAM No model
FM QMIJ 044 £0.17 18.8 0.017
BMF QJIJA Jun—3.94+143 19.7 0.010
EMF QIJA Jun—197+1.16 24.9 0.014
Jul = 1.72+0.80
MEM QJIJA Jun—328+1.23 18.8 0.012
dMF QIJIA No model
Bombus pascuorum
FQ FMA Apr—2.56+1.24 11.4 0.047
Fw QAM 0.47 £0.21 14.7 0.036
dFW QAM -0.53 +£0.21 18.5 0.018
FM QMII No model
BMF QMIJ Jun —2.73+£1.32 11.8 0.047
EMF QJJA Jun —2.56+0.82 235 0.004
MEFM QJJA Jun —2.62+0.96 18.8 0.010
dMF QIJIA No model
Bombus hortorum
FQ FMA No model
FwW QAM 041 £0.19 Apr3.90+1.56 332 0.026
dFW QAM -0.59 +0.19 Apr 3.90+1.56 533 0.001
FM QAMJ May 4.16 +2.38 11.3 0.093
BMF QAMIJ May 4.25+2.00 14.8 0.043
EMF QJIJA Jun—3.61+1.38 Jul —0.09 +0.04 26.9 0.009
MFM QMJJ No model
dMF QIJIA No model

The second column indicates which variables were candidate variables in the stepwise regression. Variables: date of first queen
(FQ), date of first worker (FW), date of first male (FM), beginning of main flight (BMF), end of main flight (EMF), main flight mid-
date (MFM), duration of main flight (AMF; days). Coefficients + SE of selected variables are shown together with overall model R 2

and significance

0, date of first queen (with other letters indicating the two or three sequential months of both temperature and precipitation)
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Figure 2. Relationship between the beginning (grey) and end (black) of the main flight period, shown as days of the
year, for Bombus terrestris , Bombus lapidarius , Bombus pascuorum and Bombus hortorum and temperature. For
illustration purposes, mean June temperature (°C) is used, except for B. terrestris where mean July temperature (°C)
is presented. Regression lines superimposed. Please note difference in y-scales but that all divisions are in 10-day

intervals.

experiments will be needed to provide a definitive
answer to the question of whether species differ-
ences in temperature responses exist. Since the
phenologies of the species can be markedly dif-
ferent, for example, some aspects of B. hortorum
phenology were a month earlier than the other
studied species, it was anticipated that the climatic
drivers of their phenology would differ.

Further evidence for the variability in the data
can be inferred from the fact that the relationships
with weather conditions, especially temperature,
appear less clear than those found for similar
insects, such as the honey bee Apis mellifera L.
(Gordo and Sanz 2006). We believe that the phe-
nology of bumblebees may be less sensitive to
temperature than some other invertebrates. Sug-
gestions of species-specific responses among
Bombus to increasing temperatures are particular-
ly important given that some previous authors
have bulked phenology from different Bombus
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species. It should be noted that a slightly lower
abundance of B. hortorum in the study area re-
sulted in fewer valid years of phenology for this
species and potentially less reliable climate
relationships.

Given what we know on the phenology of other
insects and of flowering plants we would expect
that the phenology of bumblebees would also ad-
vance, especially given the significant increases in
April, June, July and August mean temperatures
during the study period. Our data were most con-
sistent in terms of advances in multiple aspects of
the main flight period. First emergence of queens
showed a temperature response, except for
B. hortorum . This is consistent with the critical
temperature thresholds for queen emergence indi-
cated by other authors (e.g. Alford 1969; Goodwin
1995; Kudo and Cooper 2019). Later aspects of
bumblebee phenology were often associated with
the dates of first queen. This aspect may be direct,
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via development rates of the colony after queen
emergence, although it would be unwise to rule
out the possibility of temperature effects for which
first queen date might simply be a surrogate. For
three of the species, all three measures of the main
flight period (beginning, end, mid-date) advanced
significantly, but for B. hortorum , only the end of
the main flight advanced significantly. These as-
pects of bumblebee phenology were associated with
the significant increases in summer temperatures
mentioned earlier. These temperature effects may
be direct, affecting the physiology and development
rates of the bees themselves, or indirect via
advanced flowering encouraging earlier activity.
Bock et al. (2014) reported an overall shorter
flowering duration. If this occurred also in Poland,
then it might encourage a shorter main flight period
in bumblebees. Whilst all main flight durations had
a negative trend (i.e. towards becoming shorter)
only one of these was significant.

Colony initiation after hibernation is known to
be faster under higher mean air temperature
(Pawlikowski 1984; Alford 2011). In spring, dur-
ing April-May, all bumblebees in the Central
European Plain start to develop colonies in nests
(Pawlikowski 1996). The effectiveness of this
stage of the life cycle is not so much dependent
on temperature as on precipitation, although pre-
cipitation featured only peripherally in our
models. It has been found that the efficiency of
colony development is very susceptible to fungal
pathogens (Goulson 2010; Alford 2011), which
increase under high humidity associated with
heavy rainfall. Both drought and excessive
rainfall were reported by Goodwin (1995) to ad-
versely affect bumblebee abundance. A delay in
phenology associated with higher precipitation
was detected for some aspects of B. terrestris .

As a dominant group of species in an agri-
cultural landscape, bumblebees function as a
polyphagous community which increases its
own activity in a floristically diverse environ-
ment (Goulson 2010; Alford 2011). Therefore,
they may switch to different food sources
(Heinrich 1993) depending on prevailing tem-
perature. However, the advances in some as-
pects of bumblebee phenology may cause po-
tential conflicts with early season adverse
weather conditions and need to be considered.

661

Other studies have reported temperature re-
sponse in the duration of the main flight of
Vespinae wasps (Tryjanowski et al. 2010), in-
sect migration timing (e.g. Kullberg 1995),
population structure (e.g. Fordham et al.
1991), larval development rates (Archer 1998)
and changes in distribution (e.g. Spradbery and
Maywald 1992).

Some aspects of the phenology of the bumble-
bees studied, especially the main flight period,
clearly changed and were consistent with in-
creased temperatures in the study area. We have
not been able to fully explain the magnitude of
change and suggest that further study, particularly
experimental, would be advantageous. Variables
such as frost and rainfall frequency, sunshine,
drought or maximum temperature may be more
important than those that we considered here.
Furthermore, it may be that the bumblebees are
having to ‘catch-up’ with earlier advances in the
phenology of flowering plants and that their re-
sponse to temperature is partly indirect and de-
layed. Climate change is likely to affect many
aspects of the life cycles of bumblebees and, as a
consequence, the resulting potential conflicts be-
tween them need to be investigated.
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