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Temperature-dependent visitation rates of bumblebees to different
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YacToTa IMOCEIJeHUSI IIMEASIMU Pa3AUMYHBIX IJBETOBBIX MOpd
couseruit repaun Geranium sylvaticum (Linnaeus, 1753)
B 3aBUCUMOCTH OT TeMIIepaTyphl

C.D. Soulsbury®, S. Varga™**
K.A. Coacbepu®, C. Bapra™**

* School of Life Sciences, University of Lincoln, Lincoln LN6 7TS United Kingdom. E-mail: csoulsbury@lincoln.ac.uk.

* OtneneHue HayK O JKM3HHW, yHHBepcuteT JluHkonbHa, JIunkonsH LN6 7TS BenukoOpurtanwus.

** Department of Biological and Environmental Science, University of Jyviskyld, P.O. Box 35, Jyvidskyld 40014 Finland.
#* Or/ieNeHne OHOIOTHYECKHX M SKONOTMYECKMX HayK, YHHBepcuTeT Miossickions, Wiosckions 40014 OuumsHmms.

Key words: Bombus terrestris, colour polymorphism, gynodioecy, temperature.

Knrwouesvie cnosa: Bombus terrestris, IBeTOBOM OMUMOP(HU3M, THHO ML, TEMIIEPATYPA.

Abstract. Both temperature and flower colour have major
effects on the foraging of pollinators. Despite both factors
being important, no studies have examined the interactive
effects of temperature and colour and how this may impact
the maintenance of natural floral colour polymorphisms. We
tested how temperature influenced bumblebees (Bombus spp.)
visitation rates to Geranium sylvaticum (Linnaeus 1753)
plants both in a greenhouse and field settings. G. sylvaticum
shows colour polymorphism among populations, and indi-
viduals can be classified into two discrete morphs, dark
morphs or pale morphs based on their visible light. We found
that bumblebee visitation rates to plants and flowers in-
creased linearly with temperature in the greenhouse and in
the field, before decreasing at the highest temperatures in the
greenhouse. In the greenhouse, there was an increasing pref-
erence for dark morphs at 23-26 °C, whereas dark morphs
received more visits than pale morphs at all temperatures.
Temperature-related differences in reward quality along with
differences between colour morphs are likely to drive this
pattern, though other mechanisms could be important.

Pezrome. Kak Temneparypa, Tak U OKpacka LIBETOB OKa-
3BIBAIOT OOJBIIOE BIMSHWE HA MPUCYTCTBHE OIBLUIMTENICH.
Hecmotpst Ha TO, 4TO 00a (hakTOpa B paBHOM Mepe BaXKHbI, HU
OJTHOT'O MCCJICA0BAHMUS B3aUMO3aBHCUMOCTH TEMIIEPaTyphI U
OKpacKH [BETKOB U TOTO, KaK 3TO MOKET IMOBJIHUATH HA MOJI-
JIeprKaHNe eCTECTBEHHOTO LBETOBOTO MOJIMMOp(dH3Ma colBe-
THIA, HE ObUTO OMY0JIMKOBaHO. MBI IPOBEPUIIH, KaK TEMIIEpa-
Typa BIMSAET Ha IMOCEmaeMOCTh mmMesiMu (Bombus spp.)
pactenuit Geranium sylvaticum (Linnaeus, 1753) kak B Temn-
JIMIIE, TAK U B TIOJICBBIX yCIIoBUAX. B monymsinusx G. sylvaticum
MIPOCIICKUBACTCS MTOTUMOP(PHU3M OKPACKHU, U PACTCHUS MOXK-
HO pa3feiHuTh Ha JBE JUCKPETHbIE MOPGBI ¢ TEMHBIMH H
OJICAHBIMU I[BETKaMU. MbI OOHAPYKUIIH, YTO YaCTOTA MMOCE-
LICHUS IIMEJISIMU IBETYLINX PACTCHUH JIMHEWHO BO3pacTaa ¢
IMOBBIICHUEM TEMIIEPATYPHI B TCIUIMLIEC U B 110JIE BILJIOTH 10
MOMEHTAa CHHXKCHHU A MOCCIAEMOCTH ITPU JOCTHIKEHU N MaKCH-
MaJIbHBIX TEMIEPATYp B TEIUIHLE. B Terumie oTMeueHo Mak-
CUMAJIbHOC MMOCCIICHUEC TéMHOOKpaI_L[eHH])IX LBECTKOB IIPpH TEM-
neparype 23-26 °C, X0Ts1 UMEHHO TEMHOKpaLIeHHbIe MOP]EI

6oJtee 4acTo MOCEIIATUCH IIMETISIMHU 110 CPABHEHHIO C OJICIHO-
OKpAILICHHBIMH IIPH JIFOOBIX 3HAYCHUAX TEMIIEPATYPBL. 3aBU-
CHUMOCTbD IIOCCUICHHUA LHIMCIISIMHA COLIBeTl/lﬁ repal-m oT pa3.|'ll/l'-{-
HOW TeMmmeparypbl U KOHKPETHOW OKPAacKH LBETKOB,
BEPOSITHO, SIBISICTCSL OTPEACIIOIUM (HakTopoM BBIOOpA,
XOTSA U ):lpyl"l/le MCXAaHHU3MbI TAKXEC MOFyT OKa3bIBaThb 3HAYU-
TCJIBHOC BJIMAHUC HA l'lpe)ll'[O'—lTeHHﬂ onmeTeneﬁ.

Introduction

Floral characters such as colour, odour and flower
shape have major influences on the attractiveness of
flowers to pollinators [Willmer, 2011]. Colour in particu-
lar is the most important method of attracting pollina-
tors [Kevan et al., 1996] and is incredibly plastic across
the angiosperms [Rausher, 2008]. In some species, flower
colour polymorphism (the existence of multiple discrete
flower colour phenotypes in a single species) can occur
[see Warren and McKenzie, 2001 for the distribution of
flower colour variation in the British Flora]. Colour poly-
morphism can arise due to changes in the regulation of
pigment biosynthesis [e.g. Durbin et al., 2003] or by
mutations in the enzymes themselves [e.g. Quattroc-
chio et al., 1999]. The maintenance of colour polymor-
phism has been mainly ascribed to disruptive selection
or frequency-dependent selection exerted by pollina-
tors, herbivores and pathogens [Gigord et al., 2001;
Irwin et al., 2003; Frey, 2004; Strauss, Whittall, 2007]
even though abiotic factors may also contribute to this
maintenance through pleiotropic effects [Schemske,
Bierzychudek, 2001, 2007; Warren, Mackenzie, 2001;
Arista et al., 2013] given the link of flower pigments and
biochemically related compounds [Gould, 2004]. More-
over, colour polymorphism may be also a result of flow-
er adaptation to UV light at lower altitudes because
floral pigments can help to protect gametes against
negative effects of UV [Koski, Ashman, 2015].
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Insect pollinators show innate preferences for cer-
tain colour morphs [Giurfa et al., 1995; Lunau, Maier,
1995]. In addition, most insect pollinators can learn to
discriminate among flowers based on the different
amount of rewards offered such as nectar [Cnaani et al.,
2006], pollen [Kitaoka, Nieh, 2009] or even warmth [Dyer
etal., 2006]. Given the relationship between flower con-
stancy and colour [Chittka et al., 1999] and that floral
constancy increases foraging efficiency [Gegear, 2005],
directional selection towards the most rewarding co-
lour morph should be observed in colour polymorphic
plants [Waser, Price, 1983]. However, whether this rela-
tionship is affected by temperature is a relatively over-
looked factor. Clearly, in cold environments higher tem-
peratures achieved by darker flower morphs may be
advantageous for pollen and seed development [Elg-
ersma etal., 1989; McKee, Richards, 1998]. Dark flowers
can influence pollinator choice regardless of the amount
of nectar offered [Dyer et al., 2006; Nicolson et al.,
2013]. However, some works have shown that paler
morphs may be warmer. In the colour polymorphic al-
pine annual Gentiana leucomelaena (Maximowicz et
Kusnezow 1892), pale morphs were warmer and opened
earlier in the flowering season than darker morphs [Mu
etal., 2010]. Nonetheless, as predicted from innate pref-
erences, dark morphs were preferred by specialist hy-
menopteran pollinators [Mu et al., 2011]. In addition,
the quantity and quality of nectar award is likely critical.
Nectar secretion is often positively correlated with tem-
perature [Jakobsen, Kristjansson, 1994] and studies
have also shown that certain colour morphs have great-
er sugar concentrations [e.g. Varga, Soulsbury, 2017].
Thus, both temperature and reward can combine to
increase preference for certain colours at increasing
temperatures.

In the present study, we investigated bumblebees'
response to colour polymorphism using Geranium syl-
vaticum L. (Geraniaceae), a gynodioecious perennial
plant found in boreal-montane areas across Eurasia
[Hulten, Fries, 1986]. In G. sylvaticum, colour polymor-
phism among populations has been reported, with plants
producing flowers of a wide range of different colours
ranging from white through to dark purple [Vaarama,
Jaaskelainen, 1967]. However, all flowers can be dis-
tinctly categorised into visible light pale morph (white-
pink, non-UV reflective) and visible light dark morphs
(violet -purple, UV-bullseye) [ Varga, Soulsbury, 2017].
The frequency of the two colour morphs is believed to
vary clinally; in southern parts of Finland, dark morphs
seemed more frequent whereas in northern parts pale
morphs were more common [Vaarama, Jaaskelainen,
1967]. However, both colour morphs can be found to-
gether in most locations and there seems to be no
relationship between colour and petal size or sexual
type of flower [ Vaarama, Jaaskelainen, 1967], which is
constant within plant individuals.

Bumblebees [Bombus spp.] are important pollina-
tors of G. sylvaticum [Varga, Kytoviita, 2010]. In our
study, we focused on Bombus terrestris Linnaeus 1758.
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(Hymenoptera: Apidae), a commonly used model spe-
cies in pollination studies. Bumblebees, including B.
terrestris, have been shown to have innate preferences
for violet-coloured flowers [ Gumbert, 2000] and to pre-
fer warmer flowers in experiments using artificial flowers
[Dyer et al., 2006]. Like other bees, bumblebees are UV-
blue-green trichromats and can thus see UV light [Peitsch
etal., 1992; Chittka, Wells, 2004]. In G. sylvaticum, dark
flowers have higher sugar concentrations, which is tem-
perature-dependent [ Varga, Soulsbury, 2017]. Because
of the known innate preferences for violet-coloured
flowers and for higher sugar concentrations, we hy-
pothesised that bumblebees would visit more dark flow-
ers as temperature increases.

Materials and methods

Colour categorisation. There are multiple colour
morphs in G. sylvaticum populations [ Vaarama, Jaaske-
lainen, 1967]. Under UV, G. sylvaticum flowers can be
distinctly categorised into non-UV reflective (referred
to pale morphs hereafter and UV reflective with a UV
absorbing bullseye (referred to dark morphs hereafter
[Varga, Soulsbury, 2017]). Therefore, to characterise
flower colour, we collected flowers of the four common-
est visible colour types (pale-pink to pink and purple to
purple-violet) and took UV photographs. Flowers were
mounted against a white paper background and photo-
graphed with a Nikon D40x fitted with a Nikon 28-mm
series E lens equipped with a reverse-mounted 2-in
Baader U-Filter (Baader Planetarium, Mammendorf, Ger-
many). The UV filter removes visible and infrared wave-
lengths but transmits UV light between 320 and 380 nm,
with peak transmission at 340 nm. We illuminated the
image field with a UV lamp with peak UV emission at
360-380 nm.

Greenhouse experimental set up. Colour preferenc-
es were tested using a greenhouse study, carried out in
Konnevesi Research Station, central Finland, during
19-th to 26-th June 2012. We use 12 colonies of captive
bred B. terrestris L. (acquired from Schetelig Oy, Fin-
land), containing approximately 50 workers. Colonies
were kept in darkness until used. Bumblebees were
naive to flowers prior to experiment. Bumblebees were
allowed to forage over 18 single-coloured (9 x dark
morph/ 9 x pale morph) bunches of flowers placed stand-
ing on pots mimicking natural positions of flowers,
containing on average 11.7 = 0.1 open flowers (range:
5-22 flowers). There was no significant difference in
number of open flowers between colours (2-sample t
test: t,,, = 1.22, P =0.226); in total, we used 7545 flowers.
The pots were placed on a 30 cm high flat surface,
distributed in 3 rows with 6 pots each, at 40 cm inter-
pots distances and exposed to natural sunlight only.
Each day fresh floral shoots from > 50 plants were col-
lected from the surrounding area and placed immediate-
ly in water and used quickly to minimise changes caused
by being placed in water. The position of pale/dark
morphs were alternately placed and randomised in each
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trial. Each colony was allowed to forage for 30 minutes
and the foraging was filmed using a video camera placed
to the side of the flowers. The number of visits to
individual bunches and the total number of flowers
visited were recorded for each trial. After each trial,
bumblebees were caught are returned to the hive. Colo-
nies were used for 3 consecutive trials on the same day.
Trials were carried out from 09:00 to 18:00. Light and
ambient temperature were measured every 10 minutes
and the three readings averaged.

We chose to create a scenario that was ecologically
realistic. We therefore used real flowers as opposed to
artificial ones, which contained naturally varying vol-
umes of nectar, flower and insect odours, and which
may have been visited previously by pollinating in-
sects. Plants and flowers in G. sylvaticum also vary in
their position in the wild and our placement of flowers
in water presented flowers in multiple ways, though in
practise this made no difference to bee foraging. All
these factors add considerable variance to our data, but
at the same time present a real scenario that bumble-
bees will face in the field.

Field observations: Insect visits to the two colour
morphs. Observations were also carried out in the field
on a total of 135 plants, which comprised 2901 flowers
during June 2012 and June 2013 at four sites in Central
Finland where G. sylvaticum occurred as an abundant
plant. Proportion of dark morphs was 43 %, 35.8 %,
87.8 % and 60.4 % at each site. Observations were car-
ried out from 9:30 to 20:00. Randomly chosen plants
were observed for 15 minutes and the number of visits
and the insect type (bumblebees, other bees, Diptera
and others) visiting the plants were recorded, as well as
the number of open flowers and the colour morph not-
ed. Ambient air temperature was also recorded at the
start of each observation. In addition, flower and leaf
(the closest, fully expanded leaf to the flower) tempera-
tures were measured with a laser infrared thermometer
in a subset of plants.

Statistical methods. We first tested whether light
level (lux and temperature) in the greenhouse were corre-
lated using Pearson’s correlation. We then analysed
bumblebee visits in the greenhouse using a generalised
linear mixed effects model with a Poisson distribution.
The dependent variable was either number of visits to
single bunches (hereafter pots) or the total number of
flowers visited per pot. We first fitted the polynomial
(linear and quadratic) effect of ambient temperature and
its interaction with colour. Number of flowers in each pot
was included as a fixed factor, and both colony and trial
nested within colony, were included as random effects.
We tested for both zero inflation and overdispersion
prior to data analysis; data were not zero inflated, but
were found to be overdispersed so an individual-level
random effect was included to account for overdisper-
sion. We then modelled the effect of light (linear only),
colour, number of open flowers and their interactions on
bumblebee visits to plants and flowers. For both models,
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we initially include the interaction between ambient tem-
perature (or light) and colour, but if not significant, we re-
ran the model without the interaction. Field data on bum-
blebee visitations were also overdispersed, but not zero
inflated. We used negative binomial models, and like the
greenhouse models, the polynomial effect (linear and
quadratic) of ambient temperature, number of open flow-
ers and colour were included. The interaction between
colour and ambient temperature was initially included,
and then removed if non-significant. The relationship
between flower and leaf temperature was investigated
with an ANCOVA. All models were run using the ImerT-
est package [Kuznetsova et al., 2014] and MASS pack-
age [Venables, Ripley, 2002] inR [R-Core Team, 2015].

Results

Bumblebee visits in the greenhouse. During the
18 hours of observations the ambient air temperatures
registered in the greenhouse ranged between 16 and
33 °C (with a mean of 24 °C) and the light levels ranged
between 3 and 142 Klux (with a mean value of 32 Klux).
Unsurprisingly, these two factors were strongly corre-
lated (rp =0.59, P =0.04). Altogether, 767 visits to the
pots were observed and in total, the bumblebees visited
2454 flowers.

There was a significant quadratic relationship be-
tween temperature and both the number of pots visited
and the number of flowers visited (Table 1; Fig. 1a, b).
In addition, there was a significant interaction between
temperature and flower colour (Table 1); there was a
greater number of visits to pot and flowers of the dark
morphs between 23-26 °C. Pale morphs were preferred
at lower (20-23 °C) and higher temperatures (26—30 °C
Fig. 2a, b). The number of open flowers did not affect
the number of visits to pots, but was positively corre-
lated with the number of flowers visited (Table 1; Fig 3).
Light level was not associated with the number of pots
or flowers visited (Table 1).

Insect visits in the field. During the 20.75 hours of
observations, 108 plants were observed and 273 insect
visits to 504 flowers were recorded. Registered temper-
atures ranged between 14 and 27 °C, with an average of
20 °C. Most of the insects visiting G. sylvaticum plants
were Diptera (58 % of the total visits), followed by
bumblebees (14 %), other Hymenoptera (13 %), and bees
(11 %). Moreover, 12 visits were made by beetles and
6 butterflies were observed visiting the plants.

For bumblebees, there was no effect of colour or the
number of open flowers on the number of plants visit-
ed, but bumblebees visited more plants when it was
warmer (Table 2). There was an effect of temperature
and colour on the number of flowers visited (Table 2).
More flowers were visited when it was warmer, and
there was a preference for dark morph flowers at all
temperatures (Fig. 4). In addition, the number of flowers
visited was positively correlated to the number of open
flowers (Table 2).
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Table 1. Results for GLMM between temperature and light (Klux) and the number of visits to pots and to individual
flowers in the two different colour morphs of Geraniwm sylvaticum plants by Bombus terrestris in the
greenhouse. Significant results are shown in bold

TaGanyga 1. Pesyabrars: oast GLMM mesxay Temniepatypoit n ocseryénnoctsio (Klux), koanuecrsom nocemjeHnit mmeasmm
Bombus terrestris TOPIIIKOB M OTAEABHBIX IJBETKOB ABYX BAPMAHTOB OKPACKM COLBETMI IepaHW B TEIIAMIE.
3HaYMMBbIe PE3YABTATHI BBIACACHBI JKUPHBIM IIPUPTOM

Model Factor Number of visits to pots Number of visits to individual flowers
R+ SE z P R+ SE z P

Temperature | |ntercept —46.98 + 20.98 —2.24 0.025 -56.68 + 26.78 -2.12 0.025

Temperature [linear] 3.54 + 1.66 2.14 0.033 427 £2.12 2.02 0.033

Temperature [quadratic] —0.07 £ 0.03 -2.08 0.037 —0.08 + 0.04 -1.97 0.037

Colour —20.94 + 2.97 —-7.06 <0.001 —24.17 £ 8.36 -2.89 <0.001

Number open flowers 0.01+0.02 0.74 0.461 0.07 +£0.03 2.25 0.461

Temperature [linear] x Colour 1.68+0.24 715 <0.001 1.91+0.67 2.85 <0.001

Temperature [quadratic] x Colour -0.03 £ 0.00 -7.19 <0.001 —0.04 £ 0.01 -2.82 <0.001

Light Intercept —-1.81+0.66 —2.74 0.006 —2.38 £ 0.89 -2.67 0.008

Lux [linear] 0.01+0.01 0.76 0.449 0.01+0.02 0.82 0.415

Colour -0.10 £ 0.07 -1.32 0.188 -0.14+0.11 -1.32 0.188

Number open flowers 0.00 +0.02 0.24 0.813 0.06 + 0.03 2.03 0.043

Flower temperature. Flower temperature in the field
(N = 101) was positively related to leaf temperature
(B£SE=0.97+0.02,t=152.80, P <0.001; Fig. 5a) and not
to flower colour (B+SE=0.23+£0.19,t=1.19,P =0.237).
However, diagnostic tests showed two outliers. Re-
moval of these points did not alter the relationship
between floral temperature and leaf temperature
(B+SE=0.97+0.02, t=60.14, P < 0.001), but dark
flowers were then found to be 0.4°C warmer that pale
flowers (B+ SE=0.37+0.17,t=2.12, P=0.037; Fig. 5b).

Discussion

Temperature-dependent bumblebee foraging rates.
Our data show that the visitations to both colour mor-
phs were related to temperature; visitation rates in-
creased with temperature before declining at highest

temperatures in the greenhouse. Temperature is one of
the most important drivers of bee foraging patterns in
general [Willmer, Stone, 2004]. Bumblebees have ther-
moregulatory abilities [Heinrich, 1979; Goulson, 2010]
and thus, they are less dependent on climate for carry-
ing out activities that other insects. Field data support
this, with B. terrestris foraging rates apparently indif-
ferent to irradiance, relative humidity and temperature
[Herrera, 1995, temperature range observed not given;
Peat, Goulson, 2005, temperature range observed: 13—
29 °C]. Moreover, similar or even higher foraging rates
to those found during summer have been reported for
B. terrestris at ambient temperatures as low as 3 °C
[Stelzer et al., 2010]. However, a positive correlation
between foraging and temperature like the ones ob-
served in the present study has also been previously
shown in B. terrestris [Corbett et al., 1993; Roman,

Table 2. Negative binomial GLM model outputs for number of plants and number of Geranium sylvaticum flowers
visited by bumblebees in relation to temperature and flower colour in the field. Significant results are shown

in bold
Tabanyga 2.

PesyabTaTsl oTpryaTeabHOM buHoMmassHOM GLM-MoaeAn AAST KOAMYECTBA PACTEHMI M KOAMIECTBA [JBETKOB

Geranium sylvaticum, MOCeIyEHHBIX IIMEASIMM B 3aBUCUMOCTI OT 3HAYEHNIL TEMIIEPATYPBI M OKPACKN LBETOB
B IIOA€. SHAUMMBIE PE3YABTATHI BRIAEACHBI SKUPHBIM IIPUGTOM

Model Factor R+ SE z P
Intercept —8.42 £ 3.22 -2.62 0.009
Number of plants visited -
Temperature [linear] 0.64 +0.31 2.03 0.043
Temperature [quadratic] -0.01+0.01 -1.74 0.082
Colour 0.34 £0.31 1.1 0.265
Number of open flowers 0.01+0.01 1.03 0.302
Intercept —-14.99 + 4.27 -3.51 <0.001
Number of flowers visited -
Temperature [linear] 1.26 £ 0.42 3.02 0.003
Temperature [quadratic] —0.03 +0.01 -2.75 0.006
Colour 0.87 +£0.38 2.29 0.022
Number of open flowers 0.02+0.01 3.14 0.002
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Fig. 1. Relationships between the temperatures registered in the greenhouse and [a] the total number of visits to pots and
[b] the total number of flowers visited per pot by Bombus terrestris. Points represent the mean = SE for each trial.
Prc. 1. 3aBUCHMOCTD MEKAY TEMIEPATYPaMmM, 3aPErUCTPUPOBAHHBIMU B TENAMLE, U [a] OBIGUM UMCAOM TOCEIJEHM?I TOPIIKOB

Szczesna, 2008] and also in a wider range of bumblebee
species [Lundberg 1980; Corbett et al., 1993]. In green-
houses, highest bumblebee foraging is around 25 °C
[Kwon, Saeed, 2003], similar to what we found.

Many pollinators exhibit bimodal patterns of forag-
ing throughout the day, avoiding the highest tempera-
tures [e.g. Herrera, 1990]. However, studies suggest
this is not the case for B. terrestris [Peat et al., 2005;
Couvillon et al., 2010]; declines in foraging rates may
instead relate to a greater amount of time spent main-
taining nest thermoregulation [Couvillon et al., 2010] or
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because of the increased nectar rewards available at
higher temperatures [Corbet et al., 1979; Varga, Souls-
bury, 2017]. Thus, patterns observed in foraging rate
may stem from a number of potential reasons, but con-
firm the general pattern of temperature-dependent for-
aging in bumblebees.

Colour-dependent visitation rates. Our second ma-
jor result was that foraging rates were related to the
floral colour. Bumblebees preferred the dark morph over
the pale morph both in the greenhouse and in the field,
with increasing preference for dark morphs in the green-
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Fig. 2. Preference of Bombus terrestris visiting pale and dark colour morphs of Geranium sylvaticum in the greenhouse at

different temperatures in [a] the total number of plants visited and [b] the total number of flowers visited per plant. Values > 0
indicate a greater choice for dark morphs, values < 0 indicate a greater choice for pale morphs. For clarity, we have removed
trials with O visits. Each point represents the average differences between each morph within a trial.

Puc. 2. Tlpeanourenme mmeasmu Bombus terrestris Témubix nan 6aeansix mopd userxos repanu Geranium sylvaticum s tenanyge
IpY pasHBIX TemIeparypax, [a] — obIyee KOAMYECTBO NOCEIJEHHBIX pacTenuit, [b] — oblyee KOAMYECTBO IOCEIJEHHBIX LBETOB Ha
oAHOM pactenmu. 3HadeHus > O ykaspiBaroT Ha Goabmii BEIGOP Aast TEMHBIX MOpd, sHadeHmst <O ykassiBatoT Ha GoabLnii BbIGOp
st GaepHBIX MOPpD. Aast sicHocTn 11pobsI ¢ O mocergermsmm He puBoaaTes. Kaskpas Touka mpescTaBasieT cobom CpeAHMe pasamdms
MESKAY KasKAOM MOPDOI B XOAE MCIIBITAHWSL.
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house at 23-26 °C. This was expected as bumblebees
are reported to have an innate preference for this colour
[Gumbert, 2000]. In addition, bumblebees will preferen-
tially select for a greater quality nectar reward [Cnaani
et al., 2006], and in G. sylvaticum, dark morphs have
higher sugar content than pale morphs [Varga, Souls-
bury, 2017]. Interestingly, selection for the dark morph
was greatest during the “optimal” foraging temperature
[i.e. 23-26°C] in the greenhouse. Usually sugar concen-
tration is increased at higher temperature levels [e.g.
Petanidou, Smets, 1996] and even though most previ-
ous studies report no difference between colour mor-
phs in sugar amount present in floral nectar [Galen,
Kevan, 1980; Chen et al., 2014], we found dark morphs
had higher sugar content than pale flowers in our study
species and a positive relationship between sugar con-
tent and temperature [Varga, Soulsbury, 2017]. Hence,
it is likely that the primary difference in foraging be-
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Fig 3. Relationship between the number of flowers visited
and the number of open flowers (mean=SE) per pot.

Puc. 3. CBsI3b MEKAY KOAMIECTBOM IOCEIJEHHBIX LBETOB M
KOAMYECTBOM OTKPHITHIX 4BeToB (cpeanee = SE) Ha roprox.
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Fig. 4. Relationship between the temperatures registered in the field and the total number of flowers visited per plant by
bumblebees for dark [filled circles, solid line] and pale [empty circles, dashed line] Geranium sylvaticum plants.

Pric. 4. CBsI3b MEKAY TEMIIEPATYPOTL, OTMEYEHHO B MOA€, M OBIGMM KOAMIECTBOM MOCEIJEHHBIX MIMEASMNU JBETKOB Ha PacTeHMe
Geranium sylvaticum aast TEMHBIX [4€pHDBIE KPY)KKH, CIAOIIHAS AMHWMS] W GAaeAHBIX [6eAble KPYsKKM, HYHKTUPHAS AMHMS] JBETKOB
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Fig. 5. Relationship between the [a] flower temperatures and leaf temperatures registered in the field for dark [filled circles,
solid line] and pale [empty circles, dashed line] Geranium sylvaticum plants. Each data point is a separate plant. [b] The mean *
SE difference between flower temperature and leaf temperature in pale dark morphs.

Puc. 5. CBsI3b MEKAY TEMIIEPATYPONl [a] UBETKOB 1 AUCTBEB, OTMEYEHHON B IIOAE AAS TEMHBIX [4€PHbIE KPYSKKM, CIIAOIITHASL AUHMI]
" GAaeAHBIX [beAble KPY’KKM, IYHKTUPHAS AMHWMS] JBETKOB TepaHn. Kaskaas TOUKa AQHHBIX IMPEACTABASET CODOV OTACABHOE PACTEHME.
[b] — cpeanee 3Hauenne = SE MeKAY TeMmmepaTypoil UBETKA M TEMIIEPATYPOI AMCTA § GAEAHBIX M TEMHBIX MOP).
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tween colours is driven by the reward quality. The lack
of increasing preference in the field may simply derive
from our smaller scale field work and the inability to
control multiple confounding variables. Even so, our
results show that both temperature and colour are im-
portant in floral choice for wild bumblebees. With in-
creasing summer temperatures, the preference for dark-
er morphs may lead to the longer term selection against
the pale morph in northern climates.
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