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ABSTRACT

The flowering, nectar production and sugar conterrevexamined in 2012-2013 seasons for ti¢am-
panula species €. persicifoliaL., C. glomeratalL., C. tracheliumL.). The flowers of all studie€am-
panulaspp. are distinctly protandrous; most of them egebetween 10.00 and 14.00; only the flowers of
C. glomeratacontinued the opening process until 16.00 (GMT h).2The flower life-span differed be-
tween species and was the longestdopersicifolia—ca. 5.5 days and lasted 3.0-3.5 day€irglomerata
andC. trachelium The duration of the male phase was 2-3 fold sh{@epersicifoliaandC. glomerat
than the female phase or was equl tfacheliun). Irrespective of the year of study and the spediee
female-biased nectar production pattern was evidkntiee amount of nectar accumulated at the female
phase reached 70-87% of the maximum nectar prodbged flower. The total sugar yield (0.4—
12.2 g/10 ) established for the studiespecies is low compared to other herbaceous meadegiesp
However, due to diverse insect visitors groups, Gaenpanulaflowers can be recommended to support
pollinators in home gardens or on idle lands.
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INTRODUCTION

In terms of agriculture and horticulture, pollina-and Langevelde 2006]. Food shortage and nutritional
tors provide an essential service, as they podligt deficiencies are listed among the reasons for ¢jloba
least 75% of crops [Potts et al. 2010]. Plant-patior  pollinator decline [Alaux et al. 2010, Filipiak and
mediated interactions are also essential for maintWeiner 2017]. Shortage of floral food resourceg, i.
nance of entomophilous wild plants grown worldnectar- and pollen-yielding plants, both in spacd a
wide [Gonzalez-Varo et al. 2013]. The decline otime, is a result of habitat fragmentation, agtiotd
pollinators have been evidenced in Europe and Notintensification, industrial and urban development
America, therefore their conservation is among-prir[Potts et al. 2016]. One of the recommendations to
ciple targets for sustaining flora biodiversitypsgs- counteract ‘pollination crisis’ is to restore foothes
tem function, and food stability for humans [Kleijnfor pollinators [Fussell and Corbet 1992, Biesmeije
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et al. 2006, Denisow and Wrzesig007, Gonzalez- the genusCampanula (Campanulaceae) were se-
Varo et al. 2013]. Nectar- and pollen-yielding pg&an lected for the detailed observations of flowerimgl a
can be used to improve diversity and populatioe si:nectar production: (iCampanula persicifolid_., (ii)

of pollinators. Therefore, the interest in planésips Campanula glomeratd.., and (iii) Campanula tra-
suitable as food for pollinators is increasing [Ben cheliumL. (fig. 1A—C). The species were grown at
sow et al. 2014, Denisow and WrzésB015, Hicks the edge of railway lines within Lublin area
et al. 2016]. Number of studies have shown thiitStra(51°16-N, 22°30'E, 210 m a.s.l.), the Lublin Upland

of floral rewards (the quantity and quality) impact poland. TheC. persicifoliaoccurred on sandy-gravel
insect visitors rate [e.g. Kapyla 1978, DenisowZ00 o, in plant community oEpilobietea angustifolii
Pacini and Nepi 2007]. The data on plants that coc|ass: C. glomerataon sandy-breakstone soil within
tain an abundance of nectar and pollen, and bl@ommeadow of Molinio-Arrhenatheretea class, and

succession through the spring and summer seasic_ racheliumon sandy-loamy soil at the margin of
may be advantageous for pollinator conservaticdry_ground forest oTilio-Carpinetum

[Baldock et al 2015]. Flowering observations were made to establish

The representatives of the gerDampanulaare  {he phenology of blooming and to determine the
mainly distributed across the regions of the Narthe |, \oihar of produced flowers. We used the method

Hemisphere [Kovacic 2004]. In our _previous StudTdescribed by Denisow [2009] and ascertained the
we evaluated the pollen production in sevetam- duration of flowering. The initial phase of bloorgin

panula species [Denisow a_nd WrzeSiQOlS]_._ The was recorded when 10% of flowers in the population
Campanulaflowers are typically entomophilic and were in bloom, the full bloom phase when 50-80% of

Z:[jacgoﬁé\;]erssseg:glrglt nggress I:n'dpr?giggfe”eﬁg iflowers were in bloom, while the end of flowering
' i hase was evidenced when 70-80% of flowers fin-
sects [Kapyla 1978, Cresswell and Robertson 196> W Vi W 0 Wi l

Blionis and Vokou 2001, Denisow et al. 2014, Deni'—Shed row_ermg. .
In maximum blooming phase we marked 5-7 un-

sow and Wrzesie2015]. Nectar production iGam- oened buds. randomlv chosen. Everv dayv throuah-
panula species has not been adequately studied; t: P ' y ) y aay 9

data apply to only fewCampanulataxa [Kapyla out flower development we observed changes and

1978]. Nectar is a sugar-rich liquid, an imloortanestablished floral longevity and duration of male

energy source for diverse insect groups, therefoaﬁd female phases, the position and dehiscence of
nectar secretion is one of the most important issyanthers. To assess the sexual phases we followed th
for plant-insect relationship [Denisow 2005, PacirProcedures described by Dafni [1992]. The begin-
and Nepi 2007]. ning of anthesis were defined as _the time when pet-
The selection of plants for nutritionally usefulebe /S opened enough to allow poliinator to enter the
pastures requires the detailed study of floweringy flower and the end of anthesis as the time when
the nectar and pollen production of different erdgem Petals wilted. The male phase was the period be-
philous species. The present work was undertakentween the beginning of anthers dehiscence through
study nectar production in thr&@ampanulaspecies presentation the pollen on the trichomes of present
addressing the following questions: Does the nectand the beginning of stigma lobes opening. Func-
production differ between floral sexual phases®, antional female phase with stigma receptivity was the
What is the amount of produced sugars per flowtime from stigma opening till anthers wilting.
and the total sugar yield available for pollinators ~ Stigma receptivity was checked using 30%O
(n= 5-8 per species, per year). Receptive stigmas
MATERIAL AND METHODS have characteristic bubbling observed on their sur-
face when placed in D, [Dafni 1992]. The fea-
The observations were conducted in 2012—20%ures of flowers morphology were observed using

seasons. The perennial herbaceaaast species from stereo-microscope NIKON SMZ 800.
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Abundance of flowering was evidenced for each Statistical analyses. The results are presented as
population as such data are required for calcyatirmean values and standard deviations (SD). The
the total sugar yield produced per unit area. Wanalysis of variance (ANOVA) was applied, to find
counted all buds, flowers and capsule fruits tesss out if there are inter- and intra- specific diffeces in
the number of flowers developed per stem of diverthe mean values of the analysed criteria (nectasma
individuals (randomly selectedt = 7-12 per spe- nectar concentration, sugar mass) among species and
cies). The density of individuals were establisbed years of study, and among flower aBest hoccom-
the basis of 0.1 frcircular areas. We made throwsparison of means was tested by the HSD Tukey test
(n = 7-10) using a circular frame (36.7 cm in diame[Stanisz 2007]. The level of statistical significarto
ter) and established the number of flowers per 10 mmeasure the differences between means for all the

The amount of produced nectar was establishanalyses was at= 0.05. Statistica software version 6
measuring randomly chosen, unvisited flowers in twwas applied for these analyses (Statsoft, Krakow).
flower phases: (i) male and (ii) female. We exchlide
potential floral insect visitors by bagging inflecen- RESULTS
ces (n = 10-15 per species, per year) from differen
individuals (n = 5-8 per species, per year) inetull The flowering ofCampanulaspecies lasted from
isolators (mesh size <1mm). The flowers that redchthe end of May till the second decade of August
the appropriate sexual phase were picked out (ysug(tab. 1). The flowering period in the season and/Al
in late morning/mid-day hours; 10.00-12.00), anering duration differed slightly between populaton
within a half an hour were transported to the labor The species differed in the number of flowers per
tory. The nectar was collected from flowers wittindividual, the lowest number of flowers was indi-
glass pipettes of known mass. The mass of neccated forC. persicifolig 3-5 fold more flowers was
(in mg) was determined using an analytical balancestablished foC. glomerataandC. trachelium The
(RADWAG, Radom, Poland). Sugar concentrationumber of flowers recorded per individual differed
(in %) was established with an Abbe refractometebetween the years of study. Similarly, the yeagaff
The total sugar mass produced per flower (in mg) awas found for the total number of flowers per unit
then per 10 f(in g) was calculated from the amountarea, which was 2-4.5 times higher in 2013 than
of nectar and sugar concentration [Jabki 2000]. in 2012.

Table 1. Phenology of flowering and abundance of bloominG@afmpanulsspecies studied in 2012-2013

. Number of flowers Number of flowers
Flowering L .
Species Year per individual per 10 M in thous.
date length (days) mean +SD V (%) mean +SD V (%)
2012 30.05-10.07 42 8.2 7.8 95.1 0.4 0.3 75.0
C. persicifolia 2013 03.06-05.08 64 6.1 4.9 80.3 1.6 0.7 43.8
mean 53 72 88.9 1.2 50.0
2012 15.06-10.08 57 16.9 5.2 30.8 0.8 0.2 25.0
C. glomerata 2013 01.07-20.08 51 28.4 4.1 14.4 3.6 1.1 30.6
mean 54 22.% 20.7 2.2 29.5
2012 10.07-10.08 32 28.8 4.4 15.3 14 0.5 35.7
C. trachelium 2013 19.06-15.08 58 39.7 3.7 9.3 2.9 0.4 13.8
mean 45 343 11.8 2.2 20.9

Mean values +SD are given. Means within columns Wit same small letter do not differ significariiBtween years within a species and
means with the same capital letter do not diffgnigicantly between species based on Tukey’s test=20.05
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D

Fig. 1. Habitat of A —Campanula persicifoliaB — C. glomerata C —C. tracheliumat the full bloom;
D - stages of the development®f glomeratal — bud, Il — male-phase flower, 1ll — neutral-pbdower,
IV — female-phase flower
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Table 2. The duration of total flowers life-span and male &mdale phases @ampanulaspecies

C. persicifolia C. glomerata C. trachelium Mean
Stage for the phase
mean +s.d. mean *s.d. mean +s.d.

Life-span
(days) 5.5 1.4 3.5 0.6 3.Q 0.7 4.0
Male phase
(days) 2.0, 0.3 0.9 0.3 1.5 0.8 1.5
Female phase
(days) 3.5 1.3 2.6p 0.3 1.5 0.5 2.5

Values are means from 2012-2013. Morphologicahitedihs of the phases are given in the text. Menittsn the rows indicate differences
between species and if are followed by differenaltatters are significantly different at= 0.05 according to Tukey’s test. Means indicated
with capital letters show differences between flostages at = 0.05 according to Tukey's test

Flowers ofCampanulaspp. are arranged in inflo- or stigma lobes coiled up like a spiral and touctied
rescence and are day-opening. Most flowers openstyle towards the end of the anthe&ls glomeratd.
between 10.00 and 14.00; only the flowers cDuring the development of the flowers for all the
C. glomerata continued the opening process untistudied species, the corolla changed the coloue. Th
16.00 (GMT + 2 h). The bell-shaped flowers of alflower life-span differed between species and waas t
studied Campanulaspp. are distinctly protandrous,longest forC. persicifolia— ca. 5.5 days and lasted
therefore the number of functionally female flower«ca. 3.5 days inC. glomarataandca. 3.0 days in add
increases during the advance of flowering of the irin beforeC. trachelium
dividuals and population. At the bud stage, the an-
thers are rigid and form narrow tubes. The closeNectar production
lobe formation is centrally positioned with the an- A ring-like nectar glands are concealed in the ex-
thers touching the style closely (fig. 1D). Irresipdee panded bases of the stamens. No nectar was detected
of the species, some anthers dehisced in the wein bud stage (tab. 3). In the male phase, tracauamo
developed buds and the male phase begun before of nectar was detected in eve@ampanulaspecies
corolla opening. Pollen release begins in the &pic(fig. 2). For all the species, nectar accumulati@as
parts of the anthers and sticky pollen covergradual during the flower life-span, and the highes
trichomes present on the style. FlowerLofpersici- accumulative nectar production and sugar mass were
folia andC. glomerataspent less time on anther de-noted in the female-phase flowers. The amount of
hiscence and pollen presentation than on stigns prinectar sugars produced add the female phase reached
entation (paired df = 1, F = 0.42, p = 0.001; ah. 70-87% of the maximum nectar produced by
In C. trachelium both male and female phases wera flower. The same pattern was observed in 2012 and
equal intime (df =1, F=1.33, p =0.261). Polesss 2013. The period of nectar production varied betwee
presented on the trichomes and was available to ispecies and lastech. 5.0 days €. persicifolig, or
sects for 20—36 hours. After the pollen was rel@as2.5-3.0 days . trachelium and C. glomeraty.
from anthers, the style elongated and the femaA single flower of the studied species produced-rel
phase was correlated with the unfolding of thenséig tively low amounts of nectar (extreme values: 0.6—
lobes. When the lobes unfolded, the style was 2-12.4 mg/flower) of changeable concentration (ex-
times longer than at the beginning of the maleestactreme values: 33.0-62.0%). The total nectar sugars
The studiedCampanulaspecies had either stigmasproduction per flower was found to differ signifi-
positioned vertically €. persicifolig C. trachelium)  cantly between study specieB € 7.828, df = 2,
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P = 0.044; tab. 4). The lowest amount of sugars wicifolia; F = 3.87, df = 1P = 0.027- C. glomerata
produced in the flowers &. persicifolig almost 30— F = 7.77, df = 1,P = 0.031 - C. tracheliun).
40% more nectar sugars was produced in the floweThe amount of sugars produced per flower was
of C. glomerataand C. trachelium. Intra-species 2-2.5 times higher in 2013 compared to 2012.
differences in the total amount of sugars produceThe total sugar yield was 1.9 g/1G for theC. per-
per flower between two study years was found fcsicifolia, which was 2.5-3.5 times lower than estab-
each species~(= 5.341, df = 1P = 0.012- C. persi- lished forC. glomerateor C. trachelium

Table 3. Some aspects of nectar production process in tltkestCampanulaspecies

Phase C. persicifolia C. glomerata C. trachelium
Amount of nectar in bud not present not present pnegent
Nectar amount at the female stage
of the maximum produced by the 87% 79% 70%
flower
Secretion period (days) 5.0 3.0 2.5
Resorption period (days) 0.5 0.5 0.5
7 T T
ot C. persicifolia —a-
C. glomerata -2-
o0 s} C. trachelium -
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1
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Fig. 2. Phase effect on nectar accumulation in tfi@aenpanulaspe-

cies. Values are means calculated across the géatady. Vertical
bars show 95% confidence intervals
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Table 4. Sugars concentration in nectar and amount of sugerguced byCampanulaspecies studied in the years
2012-2013

) Total sugars yield
Concentration of sugars

Number .
Species Year of examined in nectar (%) per flower (mg) 10 m(g)
flowers
mean +SD V (%) mean mean
2012 88 42.5 10.2 24.0 14 0.4
C. persicifolia 2013 95 53.2 7.8 14.7 2.4 3.4
Mean 47.9 18.8 1.6 1.9
2012 78 45.0 6.6 14.7 1.3 1.0
C. glomerata 2013 45 351 10.3 29.3 3.4 12.2
Mean 40.1 21.1 2.4 6.6
2012 95 52.9 8.9 16.8 1.2 1.7
C. trachelium 2013 44 60.5 12.6 20.8 34 9.0
Mean 56.¢ 19.0 2.2 5.4

Mean values +SD are given. Means within column$lite same small letter do not differ significarttigtween years within a species and
means with the same capital letter do not diffgnisicantly between species based on Tukey’s test=20.05

DISCUSSION duction of the costs of flower maintenance [Gaal et
2015]. However, as reported by Evanhoe and Gallo-
The flower life-span differed betwe&@ampanula way [2002], the sexual phases duration exhibit-plas
species. The variance in flower life-span couldibe ticity and longevity of the phases can by modifisd
to genetic or to environmental factors [Evanhoe arpollen removal from pollen presenter (male phase
Galloway 2002, Denisow 2009]. Flowers of the stucshortening) or by pollen deposition on stigma (flEama
ied Campanulaspecies are protandrous. Sex chancphase shortening). Therefore, the flower life-spad
and earlier maturation of anthers than stigma receexpression of sexual phases may vary depending,
tivity have also been reported in otheampanula e.g. on the frequency of pollinators or even their
species [Evanhoe and Galloway 2002, Schlindwein assemblage.
al. 2005]. The length of male and female phases dif The studiedCampanulaflowers offer both nectar
fered between species, however the male phase vand pollen for insect visitors. Most of the flower
shorter than the female phase. Different duratibn open between 10.00 and 16.00 h, similarly not syn-
sexual phases in dichogamous flowers was reportchronized opening time was described for the flewer
by Bertin and Newman [1993], and different patternof C. rapunculusby Schlindwein et al. [2005Fimi-
were reported foCampanulaspecies, e.g. itam- lar pattern was also observed @. bononiensis
panula rapunculusthe duration of both male- and[Denisow et al. 2014] and €. patula (personal
female-phases was equal [Schlindwein et al. 200%observation; unpublished data).
male-phase was shorter by approximately 50-90% In our study, the female phase flowersGfper-
compared to female-phase in ni@ampanulaspe- sicifolia, C. glomerata andC. tracheliumproduced
cies studied in Greece [Blionis and Vokou 2001]e Th2—3-fold more nectar than the male phase. The gen-
longevity of sexual phases is interpreted as ai opder-biased nectar production pattern has been re-
mal strategy for flower cross-pollination and fer r vealed in diverse dichogamous flowers [Pacini and
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Nepi 2007], however, the male-biased or femaldlowers of the species studied here, eApis mel-
biased nectar production have been documentedlifera, Bombusspp., other Hymenoptera, Diptera,
several protandrous species and is thought to Coleoptera, Syrphidae, Lepidoptera. Our previous
driven by sexual selection or avoidance of inbnegdi observations also revealed diverse pollinators mgou
[Carlson 2007]. IlCampanulaspecies, female-biasedattracted byCampanulaflowers [Denisow and Wrze-
pattern of nectar secretion combined with a paiérn sien 2015]. According to various authors, in order to
flower opening contribute to the formation of nectaconserve insect pollinator biodiversity, the preaer
production gradient along the inflorescences amd ction and maintenance of diverse flowering plants is
influence insect behaviour and impose insect movrequired [e.g. Fussell and Corbet 19B&smeijer et
ments between individuals. The female-biased necial. 2006 ,Hicks et al. 2016].

secretion in protandrous flowers can be also inter-

preted as compensatory mechanism to continue SCONCLUSIONS

function in the flower with not pollen availablechto

enhance female reproductive success, as suggested b1 The length of blooming differed between study
Inoue [1990] or Pei et al. [2011]. species and year€ampanula persicifoliavas the

We have revealed the differences in nectar charéfirst to bloom (end of May/beginning of June), fol-
teristics (sugar concentration, sugar amount) b&twejowed by C. glomerataand C. trachelium All the
the Campanulaspecies. Plant species vary greatly iispecies ended blooming in the second decade of Au-
the rate at which their flowers produce nectar BIgaguyst.

[Pacini and Nepi 2007]. For example, Pacini et al. 2 Flowers of studied species are protandrous with
[2003] claim that the quantity of nectar sugars-prithe female phase 1.5-3-fold longer than the male
duced by a flower correspond to the volume of thphase C. persicifolia and C. glomeratd or with
cells of nectary parenchyma or nectary type (phot1equa| duration of the phase. tracheliun).

synthetic or non-photosynthetic). No precise micro- 3 Female-biased nectar production pattern was
scopic observation were performed here and ités tkoynd in theCampanulaspecies; 76887% of nectar
recommendation for further studies. amount was produced in the female phase.

As in many angiosperms, differences in nectar 4. Mean nectar sugars concentration ranged from
sugar concentration and sugar mass produced 40 1% C. glomeratd to 56.7% C. tracheliun).
mainly due to weather conditions (e.g. air humidityThe highest sugar-yielding species v@sglomerata
air temperature) [Denisow 2005, Pacini and Newith 2.4 mg of sugars per flower and 6.6 g of sagar
2007]. It is because the photosynthetic activityhef per 10 M.
plant and corolla parts are responsible for pradoct 5 Campanulaspecies are attractive as pollen and
of sugar constituents of nectar, although the g®ranectar producing plants and can be used as possible

organs might also contribute to nectar productioladdition to support pollinators in home gardensror
Nectar volume and sugar concentration can be aligje |ands.

considered as adaptation to pollinator types tst v
flowers and/or pollinate flowers [Galetto and Bergererences
nardello 2004, Pacini and Nepi 2007].

The total sugar yield (0.4-12.2 g/102)nestab— Alaux, C., Ducloz, F., Crauser, D., Le Conte, Y. (2010)
lished for the studiedCampanulaspecies is low Diet effects on honeybee immunocompetence. Biol.
compared to other herbaceous meadow species. Forett., 6(4), 562-565. DOI: 10.1098/rshl.2009.0986.
example Salvia pratensigan yield 116-217 g/10°m Baldock, K., Goddard, M., Hicks, D., Kunin, W., Niithu-
of sugars [Jabloski and Koftowski 2001]. However, nas, N., Osgathorpe, L., et al. (2015). WhereddtK’ s
Campanulaplants support insect visitors with high  pollinator biodiversity? The importance of urbaeas
amount of pollen [Denisow and Wrzesi€2015]. for flower-visiting insects. Proc. R. Soc. B, 282038
In fact, we observed generalist insect speciesingsi ~ 20142849. DOI: 10.1098/rspb.2014.2849.
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