| hereby declare that this submission is my ownkveord that, to the best of my knowledge
and belief, it contains no material previously pstéd or written by another person nor
material which to a substantial extent has beeaged for the award of any other degree or
diploma of the university or other institute of hey learning, except where due

acknowledgment has been made in the text.

March 7, 2007

Daniele Vivarelli

h&u’t& %l'ﬂ'






Alma Mater Studiorum — University of Bologna

Consequences of Plant Population Size for Pollinato

Visitation and Plant Reproductive Success

Thesis submitted in partial fulfillment of the regments for the degree of
Philosophiae Doctoin the Faculty of Science, University of Bologitaly

May 2007

Ph.D. Program in Biodiversity and Evolution - XIX/€le
BIO/02

Candidate: Daniele Vivarelli Supervisor: PiGfovanni Cristofolini

Coordinator: Prof. Giovanni Cristofolini






to Claudia






Abstract

Habitat loss and fragmentation have a prominer moldetermining the size of plant populations,
and can affect plant-pollinator interactions. Ithigpothesized that in small plant populations the
ability to set seeds can be reduced due to limpatnation services, since individuals in small
populations can receive less quantity or qualityieits. In this study, | investigated the effeét o
population size on plant reproductive success agect visitation in 8 populations of two common
species in the island of Lesvos, Greece (MeditemanSea)Echium plantagineunand Ballota
acetabulosaand of a rare perennial shrub endemic to nonttrakltaly, Ononis masquillierii

All the three species depended on insect pollisafor sexual reproduction. For each species,
pollen limitation was present in all or nearly ptpulations, but the relationship between pollen
limitation and population size was only presentdnonis masquillierii However, inEchium
plantagineum significant relationships between both open-palied and handcrossed-pollinated
seed sets and population size were found, beindl pmpulations comparatively less productive
than large ones. Additionally, for this speciesgétock grazing intensity was greater for small
populations and for sparse patches, and had aivegatiuence on productivity of the remnant
plants. BothEchium plantagineunand Ballota acetabulosaattracted a great number of insects,
representing a wide spectrum of pollinators, theredn be considered as generalist species. For
Ballota acetabulosathe most important pollinators were megachilignée bees, and insect
diversity didn’t decrease with decreasing plantiagon size. By contras©nonis masquillierii
plants generally received few visits, with flowesgecialized on small beekasioglossunspp.),
representing the most important insect guild Elchium plantagineunand Ballota acetabulosa
plants in small and large populations received shene amount of visits per flower, and no
differences in the number of intraplant visitedafeys were detected. On the contrary, |&@g®nis
populations supported higher amounts of pollinatbesy small ones. At patch level, higlchium
flower density was associated with more and higjuadity pollinators.

My results indicate that small populations were sobject to reduced pollination services than
large ones irEchium plantagineurandBallota acetabulosaand suggest that grazing and resource

limitation could have a major impact on populatfitness inEchium plantagineunirhe absence of
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any size effects in these two species can be euan the light of their high local abundance,
wide habitat specificity, and ability to competetlwother co-flowering species for pollinators. By
contrast, size represents a key characteristicbfwth pollination and reproduction i@nonis
masquillierii populations, as an increase in size could mitifsenegative effects coming from the
disadvantageous reproductive traits of the speéigmlly, the widespread occurrence of pollen
limitation in the three species may be the result)an ongoing weakening or disruption of plant-
pollinator interactions derived from ecological fpebations, 2) an adaptive equilibrium in response
to stochastic processes, and 3) the presence a@ivaunrable reproductive traits (fa@nonis

masquillierii).
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1. Introduction

During the last few decades, an increasing emplsie been placed on understanding the main
drivers affecting plant-pollinator systems. The $&wlo Declaration on Pollinators (1998) raised
international interest in pollinator conservatiand provided impetus for national and international
research programmes aimed to evaluate the caugedliofitor declines and the consequences on
agricultural and natural ecosystems.

It is in fact increasingly recognized that many &iems are facing a dramatic pollination
crisis (Buchmann & Nabhan 1996, Kearns et al. 1988)reat number of studies have shown that
plant-pollinator systems are under siege from htamd human-induced disturbances, such as fire
(Petanidou & Ellis 1996, Potts et al. 2001, 2008bitat fragmentation and isolation (Aizen &
Feinsinger 1994a, Steffan-Dewenter & Tscharntked12802), changes in land use (Kearns et al.
1998), pesticides (Batra 1982, O'Toole 1993), latal invasions (Brown & Mitchell 2001) and
climate change (Price & Waser 1998, Warren et@012. Additionally, surveys conducted on 258
species of angiosperms, indicate a high prevalehpellen limitation (inadequate pollen receipt to
fertilize all ovules), with 62% of the species olllimited to some extent (Burd 1994, Knight et al.
2005a). Other authors, however, theoretically csintileat pollen limitation is widespread within
plant species (Burley & Willson 1983, Snow 1986,I8a& Charlesworth 1992).

Many studies focused on whether pollen limitationld be governed by environmental factors,
and several ecological perturbations have beenogeapto have a major influence on it (Table 1).
For example, the introduction of rewarding nonvmtplant species can increase pollination
competition among plants, hence increasing poltaitdtion in plants less attractive to pollinators,
or wide-ranging shortfalls of pollinators, shifts pollinator species composition, and accelerated
rates of pollinator extinction may put into jeopapbllination services to plants.

Habitat fragmentation is known to represent onehef most frequent and major threats to
biodiversity (Oostermeijer 2003), and to plant-pator systems (Table 1). It has been defined as a
process where “a large expanse of habitat is wam&fd into a number of smaller patches of
smaller total area, isolated from each other bya#rimof habitats unlike the original” (Wilcove et

al. 1986). Basically, the process of fragmentatsomade up of three components, depending on the
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degree of habitat loss (Andrén 1994): 1) an extreadeiction (or complete loss) of habitat; 2) a
reduction in size of habitat fragments; and 3) w&elo connectivity of the remnant fragments.
Therefore, fragmentation implies a subdivision ofamtinuous habitat into fragments, becoming
progressively smaller and more isolated as thegz®increases, ultimately leading to population
extinction when a critical threshold value of fragmation is reached. From the plant’s perspective,
the lack of suitable habitat for expansion comingnf habitat fragmentation may favour the
occurrence of small arrays of plants, which in taray cause pollination deficits (Widén 1993,
Agren 1996, Morgan 1999). However, pollinators rpayceive habitat fragmentation in a different
way than plants, as basic bee habitat requirentmse less dependent upon the distribution of
flowering plants than expected (Cane 2001). Formpte, the availability of specific nesting
attributes (soil texture, moisture, salinity) mag lWbundamental for the persistence of bee
communities (Cane 1991).

Small and sparse natural plant populations can dre sensitive to habitat deterioration, due to
the Allee effect, which suggests that low reprogucsuccess (in terms of fertility and /or survijval
can result from declined population size and dgr{Sitephens et al. 1999). In fact, small and sparse
populations may be more prone to pollen limitatioan large ones (Table 1), and may show greater
vulnerability to environmental, demographic andejenhazards (Menges 1992, Young et al. 1996,
Holsinger 2000), leading in the long or short tdoma greater likelihood of stochastic extinction.
There is in fact a large body of evidence that sp@bulations are characterized by a lower genetic
diversity than large ones (Ouborg et al. 1991, Wieid et al. 1996, Hensen & Oberprieler 2005),
associated with higher levels of inbreeding depoesand genetic drift (Ellstrand & Elam 1993,
Fischer & Matthies 1998, Dudash & Fenster 2000néreet al. 2002).

Previous studies have reported a positive reldtipnbetween plant reproductive success and
population size (Agren 1996, Hendrix & Kyhl 2000érg et al. 2000, Oostermeijer et al. 2000,
Mavraganis & Eckert 2001, Tomimatsu & Ohara 2002ysBet al. 2004, Kolb 2005, Ward &
Johnson 2005, Hensen & Wesche 2006) or plant defi&itnin 1993, 1997; Bosh & Waser 1999,
Kirchner et al. 2005) and size and density oftematate (Agren 1996). Two possible explanations
for these observed patterns are that the quamihoa quality of pollen receipt are insufficient in
such populations (Table 1). First, small and soadtg@opulations generally result less attractive to
pollinators (Jennersten 1988, Kunin 1997), havimger visitation rates and pollen deposition on
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stigmas. Second, in such populations, pollinatoesnaore likely to favour shorter flight distances,
thus increasing within-plant movements and pollangfer. This can directly affect the quality of

the pollination service by increasing the frequeotgeitonogamy, ultimately leading to inbreeding

depression in self-compatible plant species (D &ral. 1993, Karron et al. 1995), or resulting in

a high fraction of incompatible conspecific polleleposited on stigmas in self-incompatible

species, that may physically or chemically prewauttross pollen from contacting the stigma and

from performing pollen tube germination and fezfiliion success (stigma clogging) (Shore &

Barrett 1984, Scribailo & Barrett 1994, Murphy 2000

Predicted consequence for pollen

Ecological perturbation limitation

Explanation Empirical support

Co-flowering results in pollinator

= ) S PL. competition, increased
Lcoflowering species Plsingle - heterospecific pollen delivery, Campbell 1985, Gross 1996, Gross

i i i i & Werner 1983
Presence of other plant species flowering species and/or stigma clogging by

heterospecific polléh
PLcoﬂowering specie§ P'—single Co-flowering results in increased

? . . . Moeller 2004
flowering species pollinator attractioR
Small populations have reduced
pollinator visitation, pollen Agren 1996, Davis et al. 2004,

depositiofs, ratio of conspecific to  FOrsyth 2003, Knight 2003, Kunin

PL; 2 PL
Plant population size/density in small populations Plin 1997, Moeller 2004, Sih & Baltus

large populations heterospecific pollen deliverfld 1987, Waites & Agren 2004, Ward
and more intraplant pollinator " & Johnson 2005
visits®
PL.. ) PL. . Pollinator visitation rate increases
Pollinator loss Lwith fewer polllnato@ Lwith  with pollinator abundance and Liu & Koptur 2003
more pollinators . .
d|ver5|t)7
. . ) ) Seed production depends solely on
PL P
Resource additions in resource rich habu&t tin pollen receipt when resources are Galen et al. 1985
resource poor habitat unlimited

Habitat fragmentation reduces the Cunningham 2000, Groom 2001,
PLin fragmented habitat Plin ~ abundance of plants and/or Johnson et al. 2004, Moody-Weis

Habitat size and isolation ; ; & Heywood 2001, Steffan-
; ; ollinators, alters pollinator '
continuous habitat P o P Dewenter & Tscharntke 1999,
compositio Wolf & Harrison 2001
PLuwith high enemy abundande Enemies decrease pollinator None
Plant enemies (herbivores, PLuwith low enemy abundance attract.ion and pollinator visitatiéh
pathogens) PL, it i Enemies decrease plant resource
;\N'th high enemy abundance < status; plants become more limited Parker 1987
LWIth low enemy abundance by resources than pollen
The presence of soil mutualists
Plant mutualists (mycorrhizal  Plwith high mutualist abundance <acilitates plant resource None

acquisition, pollinator visitation
and seed skt

fungi) PLuwith low mutualist abundance

(continued)
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Predicted consequence for pollen

Ecological perturbation Explanation Empirical support

limitation
PLi i Predators reduce pollinator
Pollinator predators Lwith pollinator predator§ .p. . ; Knight et al. 2005b
PLwithout predators abundance and visitation rhte
PLon-native plant§ PLhative Nor?—natlve plants lack effective .
Non-native plant species plants poIIlnator§<
PLhon-native plants Plyative  Non-native plants have a higher None
plants frequency of autoganl1y
Non-native pollinators compete
) ) PLyith non-native poIIinatoF with native pollinators, and are less
Non-native pollinators None

efficient pollinators of crops and

PLuwithout non-native pollinator
wild plantd!

8Campbell & Motten 1985; Caruso 1999, 2001; Gale@r&gory 1989; Waser 1983

bMoeller 2005, Rathcke 1983

CFausto et al. 2001, Feinsinger et al. 1991, Re@@® 1Whitehead 1983

dcaruso 2002, Kunin 1993

€Franceschinelli & Bawa 2000, Iwaizumi & Sakai 208dhkhamer & De Jong 1990, Mustajarvi et al. 2001
fBuchmann & Nabhan 1996, Kearns et al. 1998, Thor26ei

9Jennersten 1988, Linhart & Feinsinger 1980

hMothershead & Marquis 2000; Steets & Ashman 20@#uUSs et al. 1996; Irwin, Brody & Waser 2001
iWolfe et al. 2005

iDukas 2001, Dukas & Morse 2003, Mufioz & Arroyo 2084ttle 2003

KParker 1997

IRambuda & Johnson 2004
MQO'Toole 1993, Paini 2004, Paton 1993, Sugden & Pyd&l

Table 1 (From Knight et al. 2005a)

Even if there is a large body of evidence thatiesit factors may influence the seed output,
such as plant population size or density, intrirfaictors (relative to the plant reproductive thaits
may play an important role as well. Plant speciey mn fact not be equally sensitive to pollen
limitation, and many plant traits are supposedntituénce to some extent its likelihood and its
magnitude (Larson & Barrett 2000, Knight et al. 28]

Among these, a major role can be attributed tdahedltraits responsible for flower attractiveness
(flower size and display, nectar secretion, flowkape) and the traits that prevent the plants to be

strictly dependent on pollinators (capacity of @abmy, clonal propagation).
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For example, autogamous species (or allogamoudespeapable of vegetative propagation) are
expected to be less dependent on external polletorgethan obligate outcrossers; these species
will therefore be less exposed than others to #tendental effects of insect paucity or inconstgncy
and will persist even at low plant population déasi(Morgan et al. 2005). According to Burd’s
(1994) hypothesis, the additional source of pollepresented by the self-pollen in the selfing
species would account for the lower pollen limaatcompared with the outcrossing species.
Another factor that can have a strong influencepolten limitation involves the degree of plant
specialization. Given the profound differences ernts of body size, behavior and feeding
requirement among pollinator taxa, plant speciibra often means modification in the
morphology of the flowers (Feegri & van der Pijl 83;7even if species-specific pollination is quite
rare (Waser et al. 1996). For example, large-fledeaind nectariferous species are expected to
result more attractive to pollinators, and willdiit less suffer from low insect visitation rateriha
their counterparts (Bell 1985, Stanton & Presto88lXlinkhamer & De Jong 1990, Eckhart 1991,
Vaughton & Ramsey 1998, Valido et al. 2002, Mom23@e4).
Again, in constant pollinator regimes there is aaclselective advantage on specialization, as
restricted floral access can improve the qualityhef pollen receipt via better pollen placement on
pollinators (Kunin & Shmida 1997), promoting plamproductive isolation and speciation rate
(Sargent 2004). Therefore, for a rare plant’'s pegpe, specialization can counterbalance the lack
of showy floral displays and copious rewards. Nthadless, many studies highlighted how
pollination systems are mostly governed by extremd unpredictable fluctuations in pollinator
abundance and composition at both temporal andassatle (Herrera 1988, Petanidou & Ellis
1993, Tepedino et al. 1999, Petanidou & Potts 20@63uch conditions, specialist plant species,
that can rely on a narrow spectrum of suitableipatbrs, are expected to exhibit higher pollen
limitation than generalist species (but see Lar&oBarrett 2000), as a consequence of a higher
likelihood to lose (temporarily or definitely) tifew appropriate pollinators which the plant has
specialized on.

When insufficient pollen delivery comes from bothtransic (relative to ecological
perturbations) and intrinsic (relative to the refurctive characteristics of the species) factors, th

species may enter in a vicious circle of eventswimch the decrease of population size is not
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buffered by a proper ability of assuring the repcitve success, potentially leading to an ever-
decreasing population size and fithess processukintately ending with extinction.

The Mediterranean region is in unison consideregl @inthe richest bee and plant community
worldwide (Petanidou & Lamborn 2005 and referenitesein), and this diversity is maintained
despite both ecological constraints (e.g. summeugiit) and heavy anthropogenic perturbations
(e.g. fire, grazing, land use) that have creategatially heterogeneous and fragmented landscape.
This translates in a strong dependance of Mediteena plants on pollination mediated by insects,
and, in the meanwhile, in a high exposure for Me&ditnean plant-pollinator communities to the
risk of weakening or disruption of the interactions

This study examines the pollination ecology of é¢hrdifferent plant speciesE¢hium
plantagineum(Boraginaceae)Ballota acetabulosgLabiatae),Ononis masquillierii(Fabaceae)),
occurring in the Mediterranean Basin, with partacuémphasis on the effect of plant population
size on reproductive success and pollination. Thegnmuestion is whether small populations are at
reproductive disadvantage over large ones, and batwextent this is pollination-related.



2.Materials and Methods

2.1. The species

Echium plantagineum L.

Echium plantagineurh. (Boraginaceae) is an annual or biennial pla@tto 60 cm high and with a
rosette morphology. It is mainly found on roadsjdedds, degraded pastures, and sandy areas near
to the sea, at altitudes of 0-1300 m. Even if mativthe western Mediterranean Basin, it has been
introduced to many other countries (mainly Austradnd USA), where it has quickly become a
noxious weed of temperate pastures (Piggin & Shepp895). In the Mediterranean, it flowers
from early April to early-middle May.

Inflorescences are 5-15 cm high usually with 2-8&ading branches. Flowers are zigomorphic,
with a shallowly five-lobed infundibuliform coroll§18-30 mm), blue becoming pink through
purple, usually with two exerted stamens (Fig.T)e Talyx is 7-10 mm long at anthesis, but up to
15 mm in fruit. The fruits are four rough, wrinkléal fine-tubercled nutlets.

It produces large amounts of nectar (Corbet & Dxé01984, Corbet et al. 1991), and it's mainly
pollinated by bees.

Fig.1. Flower ofEchium plantagineurh. (Photo:

http://perso.orange.fr/scanice/botanique_flore.htm)
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Ballota acetabulosa (L.) Bentham

Ballota acetabulosgL.) Bentham (Labiatae) is an evergreen perenrialits woody at base,
growing up to 80 cm high. It cannot grow in the ddhait requires dry or moist soils (on rough
grounds) and it's drought tolerant. Its distribu@d range is represented by the Aegean area,
including Turkey, Greece and Crete. It flowers frearly June through July.

The small zigomorphic flowers have a purple andtevborolla (15-18 mm), and are arranged in
verticillasters along the ascending stems. Thexcalgrey-green, hairy and apically expanded (12-
15 mm), and holds the corolla tube; it persistgrafiower’s dehiscence (Fig.2). Flowers have a
nectary placed at the base of the superior ovaoglyzing nectar (Petanidou et al. 2000).

The flat, felted thick leaves are well adapted ¢évophytic conditions, having a high specific dry
weight and a reduced inner air volume; at matuthg, percentage of internal exposed surface per
leaf area increases as an adaptation to watertpgBsiaras & Rhizopoulou 1995).

The fruits are four nutlets, held in the same rexdp at the base of the calyx.

Like most of the Labiatae of the MediterraneBn,acetabulosas mostly pollinated by bees,
which can find in its flowers a large source of tae@and water, necessary to contrast the severe

summer drought (Petanidou & Voukou 1993).

Fig.2. Flower ofBallota acetabulosa
(L.) Bentham visited byEucera sp.
(Photo: Hjalmar Dahm).
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Ononis masquillierii Bertol.

Ononis masquillieriiBertol. (Fabaceae) is a perennial, leguminousbstendemic to the northern
Appennines (Italy), and found from Emilia Romagoatie northern part of Marche and Tuscany.
The species grows up to 40 cm high on dry and stalg, at altitudes of 0-600 m, where it prefers
sunny slopes. It flowers from late May to earlyyJul

Flowers are borne singly at each node, usuallyeimsd racemes, and are zygomorphic. They are
made up of five petals, arranged in a papiliondidcture: the posterior petal (flag or banner), two
lateral petals (wings) and two petals partiallyefdisogether to form a boat-shaped keel at the base
of the flower, that encloses the stamens and igeat Flowers have a small, pink corolla (11-15
mm) which exceeds the calyx (Fig.3) and the frait¢egumes are 3-6 mm long carrying 1-2 dark
brown seeds.

Ononis masquillieriipropagates both vegetatively and by seed. Poliinas predominantly
mediated by bees. Secondary pollen presentationegiated by a “pump” mechanism (Arroyo
1981, Westerkamp 1997, Lopez et al. 1999). Fingt,dollen is released onto the keel petals, then
insect’s pressure on the keel forces a pump-likt®mof stigma and style which extrudes a small
amount of pollen through an opening at keel tiplldhograins adhere to the insect’'s abdomen
(sternotribic mechanism), and, due to the gradabép emptying, more than one visit per flower is
possible.

Fig.3. Flowers oDnonis masquillieriBertol. (Photo: Daniele

Vivarelli).
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Voucher specimens of bochium plantagineurandBallota acetabulosare preserved at the
Laboratory of Biogeography and Cultural Ecology,pBement of Geography, University of the
Aegean, while the ones relative @nonis masquillieriiat the Herbarium of the University of
Bologna (BOLO).

2.2. Population characteristics

The study onEchium plantagineunand Ballota acetabulosavas carried out during spring and
summer 2005 in the island of Lesvos, belongingh® East Aegean Greek islands (Fig.4). The
island (about 70 km long by 45 km wide at its maxim point) is characterized by a rugged
topography, and, from a geological and vegetatipoait of view, divided into two different parts
by the Gulf of Kalloni. The eastern part is in fantinly formed of crystalline rocks, igneous
peridotites and ophites, and is dominated by dljk@/es and, at higher altitudes, by pine forests;
the western part is formed of igneous tertiary sp@nd phrygana is prevalent (Fig.5)

The study relative t®nonis masquillieriwas conducted during June and July 2006 in thessGe
Bolognesi e Calanchi del’Abbadessa Regional Par&dr Bologna, Italy (Fig.6). The Park (5.000
ha) is located on the hills surrounding Bolognal encharacterizedy aseries of gypsum outcrops,
a deep karst system and large erosional landfoguliigs). In the past, the park was strongly
subject to human-induced disturbances (mainly ngingrazing, agricultural practices), but today
the Park represents a very rich heterogeneous\itbasinkholes, woods, closed valleys, cliffs and
gullies.

For each species, eight populations were seleEich population was separated by at least 1
km from any other population, or natural barriecswred between them (Fig.4, Fig.6). amonis
masquillierii, all populations (except two) were located inside “Gessi Bolognesi e Calanchi
dell’Abbadessa Regional Park”. Hachium plantagineurandBallota acetabulosatwo qualitative
size categories were defined (small and largegpdas approximate numbers of individuals (Table
2). For both species, small populations were abaiftthe size of large ones. Population size was
estimated by roughly counting all the floweringngkain the area delimited by the limits of four 100
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meters transects in the four cardinal directiotaiting from the core area of the population. For
Ononis masquillierii it was impossible to distinguish and count ak findividuals due to the
vegetative propagation nature of the species, thosunted all the flowering racemes in the
population instead of the flowering plants. In thiase, the variable “population size” was
continuous, as the exact number of flowering racemvas recorded; for this species, location
details can be found in Table 3. The ei@monis masquillieripopulations in this study covered a
24-fold range in size. In addition, only f@nonis masquillierii population density was calculated
as the number dDnonis masquillieriiflowering racemes per population area. For eagiuladion

of this species, both population size and denstimates were done twice (one per round, see
“Pollinator visitation”), and | considered the meaas final values.

Within each population, four patches of floweringris (or racemes) were randomly selected,
separated by 2-10 m. For each species, the siga @acompassed by the outer limits of the patch,
m?2) and density (number of flowering individuals (acemes) per unit area) relative to each patch
were determined. Patch density was calculated lytoay the total number of flowering plants
(racemes) within the patch (therefore calculatitanis (racemes) /m?2) f@allota acetabulosand
Ononis masaquiliierii whereas forEchium plantagineunpatch density was sampled by using a
quadrat (0.25 m2) haphazardly placed within thelpd&N = 10 for large patches, N= 5 for small
patches, repeated for each round), then by coutiti@gumber of individuals within the quadrat.
Density resulted from the mean of the measuineaddition, for each patch &allota acetabulosa
| determined the mean plant size (area occupieli,by?haphazardly selecting 11 plants (10 from
pollination test focal plants, and 1 from insecs@tyation focal plants (per round), see below).

In each patch, one observation unit was choseim$ect observations (see below). Observation
units varied in size and shape, but contained aqmadively from 10 to 100 flowers. FdEchium
plantagineumfive “focal” plants within the observation areen chosen, and, for each focal plant,
the distance to the four nearest neighbouring ftowgeplants in four quadrants was measured
(spatial distribution, cm). The average values wesed at patch level. Moreover, only techium
planatgineum all the co-flowering species occurring in the efvation units were identified (at
species or genus level).

The values of each variable used in the analyse&kl{psize, density, plant size and spatial
distribution) came from the mean of the three (two Ononis masquillierl rounds.
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i

® Echium plantagineum
@ Ballota acctabulosa

-’0

Fig.4. Study area dEchium plantagineurandBallota acetabulosa(A) location of Lesvos in the Aegean Sea; (B)
studied populations (red circleBchium plantagineumblue circles:Ballota acetabulosa Population names are

displayed next to each circle (see Table 1 forilita



2.2 Materials and Methods-Population characteristis

13

LEGEND

Bl Galina

[ JUrhanarea

B Olive groves

B cea

[ Fine rorest

[ Coastal systemns

[ Broad leaved systems

[ Everaresn sy stems - non dense
[ ] Evergreen ystems - densa

1] Phrigana
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Fig.6. Study area dbnonis masquillierii located in the surrounding of Bologna, Itlay.
The box shows the enlarged area, correspondinfped‘®@essi Bolognesi e Calanchi

dell’Abbadessa Regional Park”. Sampled populatiamsindicated by solid circles and
site abbreviations.

Species
Echium plantagineum Ballota acetabulosa
Population Abbreviation Size Population Abbreviatio Size
University Un large Theatre Th large
Agra bridge Ab large Vasilika Va large
Pedi Pe large Molyvos Mo large
Agra donkey Ad large Skalachori Sk large
Parakoila Pa small Parakoila Pa small
Moria Mo small Mytilini castle My small
Komi Ko small Petra Pe small
Thermi Th small Pigi Pi small

Table 2. Name and size of the 8 studied populatddiEshium plantagineurandBallota acetabulosa
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Population Abbreviation Elevation (m) Location Plgiion size Population
density
Latitude Longitude
Abbadessa Ab 215 44°24'29" N 11°26'42" E 643 0.77
Casola Canina Cc 252 44°24'21" N 11°24'40" E 1991 0.42
Castel de Britti Cb 232 44°25'06" N 11°26'26" E 51 154
Croara Cr 239 44°25'34" N 11°23'28" E 455 1.57
Eremo Er 290 44°24°47" N 11°24'02" E 1023 2.40
Flaminia Fl 242 44°23'21" N 11°27'11" E 3575 1.02
Monte Calvo Mc 345 44°25'33" N 11°22'26" E 737 am
Monte Pieve Mp 244 44°24'27" N 11°28'09" E 832 a8

Table 3. Size (mean number of flowering racemes)sily (mean number of flowering racemes/m?) adtion of the

8 studied populations @nonis masquillierii

2.3. Flowering characteristics

In order to determine the phenology of the flowfer,each species 20 flowers were studied daily,
every 4 hours, from bud until they withered. Focleapecies one large population was selected for
this study (“Un” for Echium plantagineum“Th” for Ballota acetabulosa“FI” for Ononis
masquillieri). Each initial bud was selected at random oni##@rdnt plants (or racemes, separated
by at least 1m from any other @nonis masquillieri, and on different positions within the plant,
and marked with coloured plastic clips or with wpteof paint. Flower anthesis was considered to
start when the flower opened or, @nonis masquillierii when the flag was fully erect, thereby
enabling insect visits.

In Echium plantagineunandBallota acetabulosastigma receptivity and pollen viability were
determined by observing morphological changesignmsts and anthers of 15 flowers of different
ages, collected at “Un” and “Th” populations regpety. In Ononis masquillierii for stigma
receptivity and pollen viability, three stages loifering were identified as: 1) bud, 2) freshly npe

flower and 3) senescent flower. Stigma receptidhd pollen viability were assessed on five
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different flowers per stage at “FI” population bging the Perotexsmo KO test and the DAB test
respectively (Dafni et al. 2005). In addition, dmetsame flowers the anther dehiscence was
recorded.

In Ononis masquillierii nectar standing crop was also measured on foxeefls per stage, this
time in another large population (“Cc”), by insagi“drummond” microcapillary tubes along the

staminal column, and measuring the length of nesgtaretion in mm using a ruler.

2.4. Pollination tests

In order to evaluate the occurrence of pollen ktngin, supplementary hand vs free pollination tests
were performed in each of the eight populationsawh plant species, during peak flowering. Forty
focal plants were chosen in each population, tezarch patch, by selecting the closest plant to five
random points chosen on each of two crossed tremffi@ough the centre of the patch. On each
plant, two freshly open and receptive flowers wezkected, marked and randomly assigned to two
different treatment groups: hand cross pollinatiomerall N=320) or free pollination (overall
N=320). Manual outcrossing was performed with polfeom three other individuals within the
same population. The remaining flowers were lefirm®pen pollinated control.

In order to gain information about the breedingteys of each plant species, tests of self-
compatibility and spontaneous self-pollination wesgried out on 20 plants randomly chosen at
“Pe”, “Th” and “Cc” populations (forEchium plantagineumBallota acetabulosaand Ononis
masquillierii respectively), five plants per patch. Three corapkr unopened buds were marked on
each plant, and assigned to the following polloratireatments: hand-selfing (overall N=20),
spontaneous-selfing (overall N=20) and hand-crasdrol (overall N=20). After that, the whole
inflorescence was covered with a hydrophilic pabtg to prevent insect visits. When the flowers
opened, one flower was hand pollinated with sellepo by taking two flowers of the same plant as
pollen donors, the second flower was left unmarifaad and the third flower was pollinated with

outcrossed pollen from two nearby individuals. Th#nd-crossing treatment was to test for a bag
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effect on flower, fruit and seed development, am&l results of this final treatment were compared
with the productivity after hand crossing in natwanditions in the same population.

All hand-pollinations consisted of a single appiica of an abundant quantity of pollen.
Particular attention was paid to the stage of fienesed as pollen donors and receptors; in allscase
pollen at the maximum viability was used as dorard fully receptive stigma were used as
receptors. Outcrossing pollen donors were selett@ddistance of at least 10 metres from the focal
plant, to avoid the possibility of selfing from \atgtive propagules. I@nonis masquillierii an
estimate of the initial number of ovules was assgssom 10 freshly open flowers at “Cc”
population, while for botliEchium plantagineurandBallota acetabulosdahe number of ovules per
flower was invariably four.

At the end of the flowering season, fruits werelamikd from all the marked flowers,
approximatively one month after pollination treattse and viable seeds were counted.
Reproductive success was determined as the nurhbkeda viable seeds over the initial number of
ovules (seed set). The small “Th” populatiorEghium plantagineurwvas completely lost because
of the mechanical cutting of the vegetation.

As a great percentage &fthium flowers was subject to livestock grazing, | evatuathe
intensity of grazing by means of the same procedsegl for determining patch density (see above),
and by counting the number of grazed and ungr&obibmplants within the quadrats at the end of

the flowering season. Grazing was determined asatieof grazed Vs ungrazed plants.

2.5. Insect visitation

For each species, insect activity was monitoreceumatural conditions in all the 8 populations.
One day of observation consisted of four 15-mire(per patch/observation unit) periods, repeated
twice (AM and PM); each observation unit was mamitbby one or two observers. During an
observation period, | recorded the starting andrgntime of the observation period and, for each
individual which entered the observation areacbrded the residence time within the observation

unit, the guild, sex, behavior (nectar or pollefiesztor), the number of flowers and plants visited
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(the latter only forEchium plantagineurandBallota acetabulosh Visitors were identified in the
field to coarse taxonomic categories (i.e. “funeéib groups”, Fenster et al. 2004). Echium
plantagineuml also recorded, if any, the visits to the coaféaing species.

Each of the 8 populations &kchium planatgineurandBallota acetabulosavas visited three times
over the peak flowering period (except “Th” and “"ABchiumpopulations that were visited twice),
while all Ononis masquillieripopulations were visited twice. Overall, a totak@fdays (44 hours),
24 days (48 hours) and 16 days (32 hours) of obsierv were performed (orEchium
plantagineumBallota acetabulosandOnonis masquillierirespectively).

In addition, weather variables were recorded (teatpee, relative humidity, lux, wind speed, cloud
cover). Observations were not made during non-aggtweather conditions (T<12°C, cloudy or
rainy days, strong wind).

After the four 15-min periods, 30 minutes were $per@ random collection of the main visitors
within the population. Insects that had just viditen Echium Ballota or Ononis flower were
captured through a net, killed with ethil-acetatel put in separate vials for further identification
(identification of insects visitingchium plantagineurs still in progress). All the insects caught on
Ononisflowers were used for pollen load analysis (sdevig while, because of the large number
of insects collected, | quantified pollen loadsyooih a representative subseBailota insects.

In Echium plantagineunand Ballota acetabulosatwo aspects of pollinator behavior were
considered: the mean number of insect visits pavdl per 15, i.e. visitation rate (a measure of
pollination quantity), and the number of flowersited within a plant by each pollinator (a measure
of pollination quality). By contrast, i©nonis masquillierii due to the very low visitation rate
recorded through the observation intervals acrdistha 8 populations (mean: 0.0068 +0.0009
visits/flower*hour), | preferred to use the datdatiee to the random collection periods as an
estimate of the insect abundance and biodiversityeach site. | therefore retained from the
observation intervals data on insect behavior &wlefr handling time.

Insect specimens are conserved at the LaboratorBiajeography and Cultural Ecology,
Department of Geography, University of the Aege&or Echium plantagineumand Ballota

acetabulosp and at the BES Department, University of Bologifiar Ononis masquillieri.
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2.6. Pollinator effectiveness and fidelity

Even if direct measures of pollination effectivemase generally preferred, such as pollen removal
or deposition on stigmas (Herrera 1987, Wilson &oifison 1991, Fishbein & Venable 1996,
Canto-Aguilar & Parra-Tabla 2000) or seed set afiagle visits (Dieringer 1992, Olsen 1997,
Kandori 2002), in wide pollinator assemblages thasthods are not reliables, and so pollination
effectiveness must be derived through indirect apgnes (Lindsey 1984, Petanidou et al. 1995a,
Petanidou et al. 1998, Tepedino et al. 1999, Mpo2085).
The effectiveness of pollinators visitifgallota andOnonisflowers was assessed by estimating the
likely number of grains deposited on a stigma adtasingle visit, by visitors from different guilds.
For this it is not necessary to determine absgbaiéen carrying capacity, but to have a relative
measure of pollen from a range of different flowesitors (relative pollinator effectiveness)
(Lamborn & Ollerton 2000). Pollen samples were reetbby means of small equal-size pieces of
fuchsin gel (5 mm @, Beattie 1971) from all theetts caught in every site during the 30’ random
collection (forOnonis masquillieri or from the most representative insect taxa ctald in each
site (for Ballota acetabulosp Each separate piece of gel was pressed oncé fomthe head,
thorax and abdomen, in order to localize the pitti@ body responsible for the pollen transfer. The
pollen was then counted and identified under atligitroscope; a pollen library was created by
collecting specimens of pollen of the most abundarfiowering species in the area.

In addition, pollinator fidelity was determined layalysing a sample of the scopal pollen of
females bees (all bees Ononis masquillieriionly megachilids foBallota acetabulosa

Overall, 1120nonisand 442Ballota insects were examined.
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2.7. Data analysis

For each plant species, the data relative to rejmtoe success had high non-normal distributions
(through the Shapiro test), and transformationddtoube succesfully achieved. Non parametric
tests were therefore used. Variation in reprodectuccess after different treatments was tested
with Kruskal-Wallis ANOVA (K-S) followed by sepamtMann-WhitneyJ-tests (M-W).

In Echium plantagineumand Ballota acetabulosathe effects of population size (categorical
variable) and among population variation on se¢sl\were tested through a two-level mixed nested
ANOVA design, with populations (random factor) resktvithin size treatments (fixed factor), and
patches as genuine replicates. An analogous nA&E&Y/A model was used for testing the effects
of grazing on productivity values Bchium plantagineumn Ononis masquillierii population size
was a continuous variable, and its effect on setsl was investigated through Pearson's product-
moment correlation. lEchium plantagineurandBallota acetabulosathe effect of population size
and among population variation on both visitatiaterand number of flowers visited within a plant
were always tested by means of a mixed nested AN@&&Ign (three-level), with patch considered
in this case as an additional third level (randaxtdr), and rounds as temporal replicates.

Multiple regression analyses (backward procedurejewperformed to analyse the effects of
different variables on seed sets, visitation rateJ number of flowers visited within a plant (see
Results for details); in case of non-normal distibns, variables were conveniently transformed.
Generally, for each response variable, pairwisestist multiple comparisons (with Bonferroni
correction) were used to detect differences amapylations, if any.

In Ballota acetabulosawo-level mixed nested ANOVAs were used to thsteffects of population
size and among population variation on Shannoncésjiand on megachilids female relative
frequency and fidelity.

In Ononis masquillierii differences in pollen load, pollen placement &ddlity among groups as
well as differences in time spent per flower amangups were analysed with Kruskal-Wallis
ANOVA (K-S) followed by separate Mann-Whitn&jttests (M-W).

All the regressions referred to Pearson's produatiant correlation.

All calculations were performed using R version.@.3R Development Core Team 2004).
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3a.Results: Echium plantagineum

3.1a. Flowering characteristics

The duration of flowering was approximately one thoistarting in early-middle April and ending
in middle May. The average flower life span was/+1.02 days.

The flower-opening pattern includes morphologicad afunctional changes, flowers are
protrandrous. In the first phase (male phase),staenens protrude from the corolla, while the
stigma is short, hidden inside the corolla, witk thvo stigmatic lobes not spiltted. In this phase a
great amount of pollen is presented by anthersthénsecond phase (female phase), the style
elongates beyond the anthers, and the two stignaigs diverge, meaning that stigma becomes
receptive. By contrast, the pollen release is giforeduced. As new flowers open each day, both

sexual phases are simultaneously present in the pkant.

3.2a. Breeding system, pollen limitation and grazing

Only 0.2% of total flowers in the hand-selfing asgbntaneous selfing treatments set seeds, while
hand crossed flowers significantly set more seesls flower (M-W U-tests; P<0.001, Fig.7),
indicating thatechium plantagineurs not capable of induced or autonomous self+pafion. Bags
didn’t affect the production of seeds (M-Wtests; P>0.05).
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Fig.7. Reproductive success &chium plantagineunin unpollinated, hand
selfed and hand crossed flowers conducted at €&l €iblumns represent the
mean number of viable seeds per ovule. Mean sdsds®e displayed above the
bars in the graph.

The number of seeds per flower after hand-crossdldrpaddition ranged from zero to four
(pooled populations).

Pollen limitation was significantly present in plbpulation except “Mo”, with a mean value of
0.17+0.02 (Table 4). To investigate if any variation seed set (after hand-crossed and
nonsupplemeted treatments, and their differenee,“pollen limitation index”) occurred among
populations and between population size categaieésp-level nested mixed ANOVA model was
used, in which populations (random factor) weretagksvithin size treatments (fixed factor), and
patches considered as genuine replicates. The madelinbalanced as one population (“Th”) was
totally lost because of the clearance of the site.

Population size had no significant effect on poliemtation index (Table 5), indicating that large
and small populations were equally subject to polienitation, and no significant differences
among populations were detected. On the contraqylption size affected the productivity of both
hand-crossed and non-supplemented flowers, bergg [gopulations significantly more productive



3.2a ResultsEchium plantagineum-Breeding system, pollen limitation and grazing

23

than small ones (Fig.8) (Hand-crossed seed setangelVs small populations: 82.1+2.4 Vs
61.8+6.7; nonsupplemented seed set in large Vsl gopllations: 47.0+5.3 Vs 27.3+3.1. Mean

values, backtransformed data).

Population Size Hand crossed Free pollinated M-W
un large 0.824+0.003 0.476+0.004 *kk
Ab large 0.760+0.008 0.21+0.01 rxx
Pe large 0.858+0.003 0.591+0.003 rork
Ad large 0.884+0.002 0.513+0.007 ok
Pa small 0.698+0.008 0.30+0.02 *
Mo small 0.5740.02 0.26+0.02 ns
Ko small 0.69+0.01 0.271+0.005 Fork

Table 4. Results of separated pairwise Mann-Whitdetests for seed-set in hand-crossed and non-supplech

flowers in 7 populations dchium plantagineurMean + SE are given.

Signif. codes: 0 ***(0.001 ** 0.01 * 0.05, ns= hsignificant.

Trait

Source

Pollen limitation index

Free seed set

Cross seed set

Population size

Population (size)

Population size

Population (size)

Population size

Population (size)

MS F
46.9 ®B2%s
182.7 0.7332 ns
2651.5 6.2981
421.0 1.5020 ns
2837.5 6.6096*
429.3 1.7378

Table 5. ANOVA results for the effects of populatisize and among-population variation on polleritition index

(hand crossed-nonsupplemented seed set), freeupiasnented) seed set, and cross (hand crossetiyesiee

df=degrees of freedom, MS= Mean Square values,tEsFvalues.

Signif. codes: 0 ***(0.001 ** 0.01 * 0.050.1, ns=not significant.
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Fig.8. Boxplot of productivity after a) hand-pobited (cross) and b) nonsupplemented (free)
treatments in large and small sites (populatioM&dians are indicated by the central lines, theelow
and upper edges of the box are tifeahd 3 quartiles respectively. The whiskers extend to a

maximum of 1.5 times the inter-quartile range, gbints outside the whiskers are potential outliers.

Recovery of the marked flowers was very variabdgging from complete recovering to less
than 50% (“Pa” and “Mo” populations). Livestock grmag was the main responsible for this loss: an
analogous nested mixed ANOVA model (see above)usad to compare the effects of population
size and among-population variation in the extérgrazing; data revealed how grazing activity for
small populations was higher and statistically ediéht (ANOVA, P=0.02) from that for large
populations (Table 6, Fig.9). In detail, the meanfgrazed plants in small populations was almost
four times higher than in large populations (74.@2+20.4+7.0 respectively)



3.2a ResultsEchium plantagineum-Breeding system, pollen limitation and grazing 25

Trait Source df MS F
Grazed plants Population size 1 20177.1 11.7138*
Population (size) 5 17225 2.4935

Table 6. ANOVA results for the effects of populatisize and among-population variation on graziniyigg (% of
grazed plants per 0.25 m2).

df=degrees of freedom, MS= Mean Square values,tEsFvalues.

Signif. codes: 0 ***(0.001 ** 0.01 * 0.050.1, ns=not significant.
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Fig.9. Boxplot of grazing activity (% of grazed pta per 0.25
m?) in large and small sites (populations). Medisare
indicated by the central lines, the lower and upgukyes of the
box are the % and 3 quartiles respectively. The whiskers
extend to a maximum of 1.5 times the inter-quartlege, the

points outside the whiskers are potential outliers.
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In addition, a negative significant correlation wasnd between grazing activity and patch density
(number ofEchiumflowers per area, Log-transformed data), indigatimat grazing pressure was
stronger in sparser patches than in denser orre)(69, P<0.001).
Again, grazing activity (expressed as the % okgdaplants) influenced the seed production of the
remaining plants, as a more intense grazing pressesulted in a lower productivity for both
handcrossed and unmanipulated treatment (r = -86@,001; r = -0.50, P<0.01 respectively).
Summarized for all populations, the multiple regres analysis (backward procedure)
performed on the cross-free seed set (pollen ltratandex), by taking into account the effects of
insect visitation rate (number of visits pEchium flower * 15’, Log-transformed data), mean
number of visited flowers (per plant per insect *1bog-transformed data), patch size (Log-
transformed data), patch density (numbeEohiumflowers per 0.25 m2, Log-transformed data),
and spatial distribution (the mean distance tortearest flowering plant, Log-transformed data),
revealed that none of the considered variablesimasrtant (P>0.05). The same occurred when

large and small populations were kept separated.

3.3a. Insect visits

Insect visitation rate (number of visits gechiumflower * 15’, Log-transformed data) and mean
number of visited flowers (per plant per insect ¥150g-transformed data) were modelled on
population size (fixed factor), population (randéantor) and patch (random factor) by means of a
three-level nested mixed ANOVA model, to test wieetkignificant effects emerged. Rounds were
considered as genuine temporal replicates.

Population size didn't significantly affect the nben of insect visits t&chiumflowers; by contrast
insect visitation rate was somewhat different ampogulations, but not among patches (Table 7).
Pairwise t-tests multiple comparisons (with Bordeircorrection) indicated that “Ko” (small) and

“Un” (large) differed from three other populationisging the less visited populations (Fig.10).
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Insects visited the same number of flowers pertpladarge and small populations, and neither
among population nor among patch differences wetected (Table 7).

Trait Source df MS F
Visitation rate Population size 1 1.670 0.6044 ns
Population (size) 6 2.763 17.0556***
Patch (population (size)) 24 0.162 0.2819 ns
Flowers/plant*insect Population size 1 0.107 1.2442
Population (size) 6 0.086 1.3231 ns
Patch (population (size)) 24 0.065 1.3000 ns

Table 7. ANOVA results for the effects of populatisize, among-population and among-patch variatiorinsect
visitation rate (number of visits/flower*15’), amdimber ofEchiumflowers visited/plant*insect. Data from observatio
trials.

df=degrees of freedom, MS= Mean Square values,tEsFralues.

Signif. codes: 0 ***(0.001 ** 0.01 * 0.050.1, ns=not significant.
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Fig.10. Boxplot of insect visitation rate (numbefr \asits per Echium flower * 15%) in 8
populations oEchium plantagineurtsee text for details on populations). Mediansiadé&ated
by the central lines, the lower and upper edgeshef box are the *Land 3' quartiles
respectively. The whiskers extend to a maximum.bftimes the inter-quartile range, the points
outside the whiskers are potential outliers. Valsggnificantly different (pairwise t-tests
multiple comparisons, P<0.05) are indicated byedéht superscript letters (a=Ab, b=Ad, c=Ko,
d=Mo, e=Pa, f=Pe, g=Th, h=Un).
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Even if the patch effect didn’t result significantthe nested anova model, a multiple regression
analysis was performed, by using the same two respwariables as before and a series of
indipendent variables as covariates. The initialdetowas started including patch size (Log-
transformed data), patch density (Log-transformath)dand spatial distribution (Log-transformed
data) in both cases.

The final model (after backward procedure) indidateat only patch density had an effect on
visitation rate (+, P<0.001, multiple R-squared .39 Fig.11), while spatial distribution had an

influence on the mean number of visited flowersant (+, P<0.05, multiple R-squared = 0.17).
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Fig.11. Visitation rate (mean number of visits fehium
flower * 15”) as a function of patch density (meaumber
of Echium flowers per 0.25m?) (Log-transformed data).

Data are pooled over 8 populations.

Many plant species belonging to different famileesflowered withEchium plantagineunfsee
Appendix 1).The mean proportion of insect visitghese species compared to the visitE¢bium
flowers was in most cases less than 1%, and osl{suwoTrifolium nigrescensaccounted for more

than 5% of the total visits (8.8%). In additidirjfolium nigrescensvas well widespread across the
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studiedEchiumpopulations, being present in 7 of 8 sites. Fose¢h@asons, it was then considered
as the most important co-flowering species. To khekether the presence of this legume led to
facilitation, competition or had no influence witlespect toEchium plantagineunpollinator
services, a correlation test between the visitataa toEchiumflowers (Log-transformed data) and
the occurrence ofrifolium nigrescendnflorescence was performed (Log-transformed ddtim)

relationship was found (P>0.05).
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3b. Results:Ballota acetabulosa

3.1b. Flowering characteristics

Ballota acetabulosabelongs to the group of late-spring/summer flomgrispecies in Greece
(Petanidou & Vokou 1993), with an anthesis lasabgut one month, from early June to early July.
Mean flower duration was 1.4+0.2 days.

Flowers are protrandrous: during the male phasestyle is initially curved inwards, hidden
among the dehiscent anthers. While reaching thalfesexual maturity, the style starts to spread
its stigmatic lobes always remaining enclosed witthe corolla, and stamens begin to wilt. The
dicoghamy is asynchronous, as male and female flgpases occur simultaneously on a given

plant. The anthers face downward, providing ndbatrpollination.

3.2b. Breeding system and pollen limitation

Recovery of the marked flowers was more than 90%.

Hand crossed flowers in enclusure condition yieldaphificantly more seeds than both hand
selfed and spontaneously selfed flowers (MJfests; P<0.001, Fig.12); these last two treatments
set a statistically equivalent number of seedsgeeite (M-W U-tests; P>0.05), falling nearly to

zero. No significant effects of bags were found\(WJ-tests; P>0.05).
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Fig.12 Reproductive successRudllota acetabulos@n unpollinated, hand selfed
and hand crossed flowers conducted at Th site. wdurepresent the mean
number of viable seeds per ovule. Mean seed setdigplayed above the bars

in the graph.

Generally, only a small fraction of ovules set sgeis one seed per flower was the most
common output even after pollen hand supplememtatio

Overall, hand crossing significantly increased sleed set compared with natural pollination
treatment in 6 of 8 populations (Table 8). Spati@nponents of seed set were investigated by
means of a two-level nested mixed ANOVA model, vatpulations (random factor) nested within
size treatments (fixed factor), and patches constas genuine replicates. The response variables
were in turn seed set after hand-crossed and cggenahtreatments, and seed set resulting from the
difference of these two treatments (i.e. “pollenitation index”).
The intensity of pollen limitation didn’t differ ammg populations, and populations of different sizes
were equally subject to inadequate pollen recdipble 9). Mean pollen limitation index for small
populations was in fact comparable to large oneSt(l7 and 1.4+0.5 respectively). Seed set
resulting from hand-outcrossing was not associatgd population size, and was not different

among populations. Population size had no effectopan pollinated seed set as well, while
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significant differences among populations were thuwith “Pa” population setting the lowest

number of seeds per ovule (0.08+0.01).

Population Size Hand crossed Free pollinated M-W
Th large 0.216+0.003 0.13+0.01 *
Va large 0.216+0.005 0.14+0.01 *
Mo large 0.222+0.003 0.11+0.01 **
Sk large 0.206+0.004 0.172+0.007 ns
Pa small 0.190+0.006 0.08+0.01 *x
My small 0.263+0.005 0.194+0.006 *
Pe small 0.256+0.002 0.151+0.008 **
Pi small 0.232+0.003 0.189+0.006 ns

Table 8. Results of separated pairwise Mann-Whitdetests for seed-set in hand-crossed and non-supplegh

flowers in 8 populations d8allota acetabulosaMean + SE are given.
Signif. codes: 0 ***(0.001 ** 0.01 * 0.05, ns= nsignificant.

Trait Source df MS F
Pollen limitation index Population size 1 2.13 (OGN
Population (size) 6 42.08 1.3660 ns
Free seed set Population size 1 10.52 0.1395 ns
Population (size) 6 75.39 2.7108*
Cross seed set Population size 1 22.14 0.8870 ns
Population (size) 6 24.96 0.8320 ns

Table 9. ANOVA results for the effects of populatisize and among-population variation on polleritition index

(hand crossed-nonsupplemented seed set), freeupiasnented) seed set, and cross (hand crossetiyesiee

df=degrees of freedom, MS= Mean Square values,tEsFvalues.
Signif. codes: 0 ***(0.001 ** 0.01 * 0.050.1, ns=not significant.
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In order to check whether seed set was influengedobariates, a muliple regression analysis
was performed (backward procedure). The testedonsgpvariable was the cross-free seed set
(pollen limitation index), while insect visitatiorate (number of visits peBallota flower * 15’,
squareroot-transformed data), mean number of didi®vers (per plant per insect *15’, Log-
transformed data), patch size (Log-transformed)datstch density (number &allota flowering
plants per patch area, Log-transformed data ) asmhmplant size (Log-transformed data) were used
as covariates. None of the considered explainatanables affected seed set (P>0.05, multiple R-
squared = 0.25).

3.3b. Insect visits

In order to verify if population size and among-plation variation had any influence on insect
visitation rate (number of visits p&allota flower * 15’, squareroot-transformed data) and mea
number of visited flowers (per plant per insect *150g-transformed data), a three-level nested
mixed ANOVA model was built, with population sizéxéd factor), population (random factor)
and patch (random factor) as discriminant factarsl rounds considered as genuine temporal
replicates. In addition, a striking among-populati@riation in the magnitude of honey beAgi¢
melliferalL.) abundance was found, which represented therdorhpollinators in some populations
(“Sk” and “M0”) and were nearly absent in otherBi(; “Th”, “Va”, “Pa”) (see Appendix 2); it was
likely that the presence of beehives near to thauladions accounted for these differences, thus
biasing the mean values relative to insect visitatate and number of visited flowers. Thereby, all
multiple regressions analyses were performed baisidering and not considering the contribution

of Apis mellifera
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With Apis mellifera

Results are shown in Table 10.

The eight populations d@allota acetabulosahared a similar insect visitation rate, and patoh
size didn’t result a significant discriminant fact®y contrast, a patch effect was found (P<0.05).
Thereby, a multiple regression analysis was peréarrfbackward procedure), and the effects of
patch size (Log-transformed data), patch densiymfper ofBallota flowering plants per patch
area, Log-transformed data) and mean plant sizeg-{tamsformed data) on visitation rate
(squareroot-transformed data) were investigated.

None of the variables was significant, and onlynpkize had a (marginal) positive effect (P = 0.08,
multiple R-squared = 0.14).

When considering the mean number of flowers visittin a plant per insect, population size
was found to have a null influence, and no amonmyfadion variation was found. The same
multiple regression analysis as before was perfdrmend no variable resulted statistically
significant (multiple R-squared = 0.09).

Without Apis mellifera

Results are shown in Table 10.

In this situation, a stronger among-population atéon in visitation rate was found, even if not so
marked, while population size always resulted mgni§cant. The two populations that presented
the highest visitation rates by honey bees (“Ski @avio”), dropped dramatically in their visitation
rate when honey bees were not taken into accouth, avloss of 62% and 46% respectively.
Multiple comparisons (pairwise t-tests with Bonéer correction) highlighted how these two
populations differed from three other populatiosepwing the lowest visitation rates (P<0.05,
Fig.13).

Form multiple regression analysis (multiple R-sgdar 0.60), visitation rate differed as a
function of patch density (-, P<0.05) and plazesf+, P<0.001), while patch area influence was
less clear (?, P<0.01) (Fig.14).

When considering the number of flowers visited with plant per insect, no differences with

the previous situation (witApis mellifera emerged.
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Trait Source df MS F

With Apis mellifera

Visitation rate Population size 1 0.007 0.3684 ns
Population (size) 6 0.019 0.9048 ns
Patch (population (size)) 24 0.021 1.9091*
Flowers/plant*insect Population size 1 0.411 0.9786
Population (size) 6 0.420 1.2139 ns
Patch (population (size)) 24 0.346 0.8759 ns

Without Apis mellifera

Visitation rate Population size 1 0.107 2.5476 ns
Population (size) 6 0.042 3.5000*
Patch (population (size)) 24 0.012 1.2000 ns
Flowers/plant*insect Population size 1 1.281 1.7680
Population (size) 6 0.732 1.7897 ns
Patch (population (size)) 23 0.409 0.9738 ns

Table 10. ANOVA results for the effects of poputatisize, among-population and among patch variatiofinsect
visitation rate (number of visits/flower*15’), amiimber ofBallota flowers visited/plant*insect, with and without the
contribution ofApis mellifera Data from observation trials. df=degrees of femadMS= Mean Square values, F=F-test
values. Signif. codes: 0 *** 0.001 ** 0.01 * 0.0%.1, ns=not significant.
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Fig.13. Boxplot of insect visitation rate (numbefr \asits per Echium flower * 15’) in 8 populations oBallota

acetabulosaApis melliferaexcluded from the analysis. Medians are indicatethe central lines, the lower and upper

edges of the box are thé and 3 quartiles respectively. The whiskers extend toaimum of 1.5 times the inter-

quartile range, the points outside the whiskersparential outliers. Values significantly differenft-tests multiple

comparisons, P<0.05) are indicated by differentessgript letters (a=Mo, b=My, c=Pa, d=Pe, e=Pi,ki=§=Th,

h=Va).
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Fig.14. Visitation rate (mean number of visits Ballota acetabulosdlower * 15’, squareroot-transformed) as a
function of patch area (m?, Log-transformed), pademsity (number oBallota flowering plants per patch area,
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over 8 populations.
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3.4b. Insect diversity, effectiveness and importance

A total of 28 insect genera were collected (througidom walks) across the eight populations of
Ballota acetabulosaduring its entire flowering period. Among thebegs accounted for more than
98%, representing three families (Fig.15). FliBsribyliusspp.), butterfliesThymelicusspp.) and
wasps were present at a very low percentage (1042% and 0.4% respectively) (see Appendix 2).

Apidae
74%

Megachilidae Halictidae
25% 1%

Fig.15. Proportions of insect families visitiiBallota acetabulosaOnly Hymenoptera

are considered. Data are pooled over 8 populatiods3 rounds.

Apis (mellifera)was the most frequent genus, accounting for 37%otafl insects, followed by
Bombusspp. (18%) andChalicodomaspp. (16%). Females were in general over-repredent
(64.0%). All bees accidentally or intentionally tacted the flower reproductive structures.
Summarized for all populations, patterns of insdmindance indicated that most of the genera
were represented by few individuals (<10) (Fig.18)d the same occurred at population level.
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Populations greatly differed in their insect fausaundance and composition. For example,
honey bees clearly dominated the “Sk” and “Mo” plagpions, whereas they were absent or nearly
absent in “Va”’ and “Pa” populations. The same was for most of the genera recorded, with the
exception ofChalicodomaspp., that showed a more homogeneous distribatioong populations.

To check if genera collected in few populationseva)y widespread acroBallota’s distributional
range but uncommon, or b) restricted to a smal,ai@ each genus the range size (the maximum
distance between occupied sites) was plotted a@gHiesnumber of sites where the insect was
recorded. In the first case a positive saturataigtionship was expected, otherwise a linear one.

A lack of fit test corroborated the first hypothe@P<0.001) (Fig.17).
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Fig.16. The distribution of abundance classes ix@ato Ballota acetabulosa
flower insects (only Hymenoptera). Data refer tgeict collection through

random walks, and are pooled over 8 populations3amdinds.
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Fig.17. Range size (the maximum distance between
occupied sites by each genus (only Hymenoptera),
expressed in Km) Vs the number of sites occupie@dih
genus in eight populations dallota acetabulosaData
refer to insect collection through random walksd are

pooled over 8 populations and 3 rounds.

To compare the diversity of potential pollinatoassemblages among populations and between
population size, the Shannon index relative to gegulation was computed (only bees considered,
genus level, from random walks collection). A tvex¢l mixed nested ANOVA model was used,
with populations (random factor) nested within sisatments (fixed factor), and rounds considered
as genuine replicates. As the presence of beeltoekl have biased the results, the Shannon
indices were calculated both with and without tbetabution ofApis mellifera(Table 11).



42 3.4b ResultBallota acetabulosa-Insect diversity, effectiveness and importance

Trait Source df MS F

With Apis mellifera

Shannon index Population size 1 0.141 0.2311 ns
Population (size) 6 0.610 7.625%**

Without Apis mellifera

Shannon index Population size 1 0.141 0.4184 ns
Population (size) 6 0.337 4.493*

Table 11. ANOVA results for the effects of popidatsize and among-population variation on Shanndex (only
bees considered, genus level), with and withouttwribution ofApis mellifera Data from collection through random
walks. df=degrees of freedom, MS= Mean Square galbeF-test values.

Signif. codes: 0 ***(0.001 ** 0.01 * 0.050.1, ns=not significant.

In both cases small and large populations had #gasimsect diversity, while populations markedly
differed each other. When honey bees were considefa” (predominantly visited by
Chalicodoma spp. andAmegilla spp.) and “Sk” (predominantly visited bgpis melliferg
population exhibited the lowest Shannon valuesH@3 and 0.77+0.05 respectively), whereas
excluding honey bees, “Pa” (where honey bees wewarlyn absent) resulted the less diverse
population (0.7£0.2).

As both observational and catching data showed Ballota acetabulosaflowers were
pollinated by numerous insect genera, with variabgndance and behavior, it was reasonable to
cluster pollinators into different functional graipCategories were created according to i) insect
life-style (i.e. solitary Vs social), ii) broad taomic position (i.e. family), and iii) sex. Insdumdy
size didn’t result a good discriminant feature hseaof the overlapping of most categories.
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The following guilds were created:

Solitary Megachilidae females bees (Mf);
Solitary Megachilidae males bees (Mm));
Solitary Apidae females bees (Af);

Solitary Apidae males bees (Am);

Solitary Halictidae females + males bees (Hfm);
Social bees (AB);

Others (parasitic bees, butterflies, beetles, Oth).

AN N N N N

A list of the insect genera comprised in each fimmet group is presented in Appendix 2.

Observational and catching data gave equivalenttseelative to the frequency of each functional
group (r = 0.77, P<0.05). As | wanted to assodailfferent variables obtained through observations
(flower handling time, number of flowers visited) ¢ach guild, the former data were preferred to
compute the analyses relative to the abundancagrattance of each guild.

The most abundant guild was represented by AB ycioh Apis melliferaand Bombusspp),
accounting for 34% of total visits, then Mf (32%)daAf (21%). Each guild strongly differed in its
relative abundance among populations. For instatiee, Mf guild was predominant in “Pa”
population (78% of total visits), while it was umdepresented when the AB guild was prevalent
(“Sk” population, 3%). By contrast, the AB guildlagve abundance ranged from 84% in “Sk”
population to 0% in “Pa” population (Table 12).
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Population

Functional group Mo My Pa Pe Pi Sk Th Va
Mf 21.1 44.7 77.9 20.0 225 3.0 58.3 16.0
Mm 0.0 6.4 9.8 8.6 16.9 0.0 18.3 3.2
Af 105 11.7 12.3 35.7 31.0 13.4 16.7 35.2
Am 0.0 21 0.0 14 0.0 0.0 3.3 16
Hmf 35 21 0.0 0.0 14.1 0.0 0.0 1.6
AB 59.6 22.3 0.0 314 11.3 83.6 3.3 41.6
Oth 5.3 10.6 0.0 29 4.2 0.0 0.0 0.8

Table 12. Relative abundance (% of total visitspa€th functional group (see text for details) inheBallota

acetabulosaopulation. Data from observation sessions, pomedds.

To compare the guild diversity among populationd population sizes, the Shannon index was
calculated, and a two-level mixed nested ANOVA nmogas used, with populations (random
factor) nested within size treatments (fixed fagt@nd rounds considered as genuine replicates.

Again, Apis melliferawas in turn taken into account and omitted. Resar presented in Table 13.
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Trait Source df MS F

With Apis mellifera

Shannon index Population size 1 0.486 1.7802 ns
Population (size) 6 0.273 4.3333**

Without Apis mellifera

Shannon index Population size 1 0.565 1.7937 ns
Population (size) 6 0.315 3.9375*

Table 13. ANOVA results for the effects of popubatisize and among-population variation on Shanmalex,
(functional group level), with and without the cobtition of Apis mellifera Data from observation trials.
df=degrees of freedom, MS= Mean Square values,tEsFvalues.

Signif. codes: 0 ***(0.001 ** 0.01 * 0.050.1, ns=not significant.

Population size had no effect in both cases (P>0Wbile, as expected, the Shannon index was
different among populations (P<0.05). With honegdaot omitted, the same pattern found when
insects were grouped into genera was found. “Pal' ‘@k” resulted in fact the less diverse
populations (0.64+0.07 and 0.4+0.2 respectivelyjese two populations remained the last ranked
when honeybees were not considered (0.64+0.07 8a0.@ respectively).

Summarized for all populations, the number of iplaat flowers visited per insect guild ranged
from 2.7 (Hmf) to 7.7 (ABApis melliferaexcluded), while flower handling time ranged fr8m
(Am) to 23 (Hmf) (Table 14).
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Functional group Visitation rate Flowers visited oWwer handling time
Mf 0.020+0.003 4.6x0.4 61
Mm 0.0041+0.0008 3.1+0.4 5.1+0.8
Af 0.013+0.002 5.4+0.7 5.9+0.8
Am 0.0006+0.0002 542 3.1+0.6
Hmf 0.0013+0.0005 2705 239
AB (with Apis melliferg 0.021+0.004 6.0+£0.5 5.610.4
AB (without Apis mellifera 0.007+0.002 7.7+0.9 4.2+0.6

Table 14. Summary of results of observation sessigisitation rate (number of visits pBallota acetabuloslower *
15", number of visited flowers/plant*insect (1%phd flower handling time (sec) are displayed. Mga®E are given.

Insects are grouped by functional groups (seeftexdetails), populations and rounds are pooled.

To evaluate the relative importance of each fumetiogroup as pollinator, an index of
importance was calculated, as the product of medd gelative abundance and mean pollen load
(on head, thorax and abdomen). Both variables wefegred to the overall insects scored (pooled
populations and rounds).

Mf guild yielded the greatest amountsBdllota pollen, and was present at high frequencies across
all populations. This in turn implied it resulteldet most effective guild foBallota acetabulosa
(Table 15). Honey bees greatly contribute@&dlota pollen service especially because of their high
relative abundance; when omitted from the analybis,AB importance index dropped from the
second rank position to the fourth one, while Mhaegned the most important guild.

In all functional groups (except Af), the thoraxsuéied the body part mainly deputed to pollen
transport, whereas few pollen was placed on therakd. In contrast, insects of the Af guild

preferentially contacted the anthers with theirdse@ig.18).
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Mean pollen grains .
. Mean relative .
Functional group N per 15mmg sample * Importance index
SE frequency

With Apis mellifera

Mf 121 (1073£77) 0.333 357.3
Mm 99 841+106)0f 0.071 59.7
Af 103 (347+39)2:b.d 0.211 73.2
Am 29 (121+15)cd 0.010 1.2

Hmf 11 (503+148)2:b,¢.d.f 0.022 11.1
AB 79 (364+50)2:b.d 0.352 128.1

Without Apis mellifera

Mf 121 (1073£77)8 0.439 471.0
Mm 99 841+106)0f 0.094 79.1
Af 103 (347+39)b.d 0.279 96.8
Am 29 (121+15)&.c.d 0.013 1.6

Hmf 11 (503+148)2:b,¢.d.f 0.030 15.1
AB 42 (158+29)&.C.d 0.146 23.1

Table 15. The following data are displayd: samji#e f insects used for the pollen load analysis;
mean number dBallota acetabulosgollen grains (per 15gmm sample) adhering to Isodignsect
captured on flight (head + thorax + abdomen), aftaving visited aBallota flower (pooled
populations); mean relative frequency of each ihgpdld (after 48 hours of observations);
importance index, i.e the product of mean polleadland mean relative frequency. Insects are
grouped into functional groups (with and witholipis mellifera see text for details). Values
significantly different (P<0.05) are indicated Oifferent superscript letters (pairwise t-testshwit
Bonferroni correction, Log-transformed data).
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Fig.18.Ballota acetabulosaollen distribution on the three main body
parts of insects visiting the plant (pooled popalad). Percentage are
relative to means. Insects are grouped by fundtigrmaps (see text for

details).

As Mf resulted the most important guild, its relatiabundance and fidelity (the proportions of
Ballota pollen on ventral scopa) were investigated inti@tato both population size and among
population variation (two-level nested mixed ANOWAodel, with populations (random factor)
nested within size treatments (fixed factor), amands considered as genuine temporal replicates)
(Table 16). As far as fidelity concerns, six popiolas were considered (three small and three
large), as in “Va” and “Pi” populations none or yeiew insects were examined for pollen
composition.

The Mf abundance was never influenced by populasiae (P>0.05), while a significant among
population difference emerged (P<0.05, see Tableridetails).

Data relative to fidelity showed pronounced peragas oBallota pollen on ventral scopa (mean *
SE: 96.6+0.7); population size had a null effectipnand populations didn’t differ each other
(P>0.05).
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Trait Source df MS F

Mf relative frequency

) . . Population size 1 1245.2 2.1637 ns
(With Apis mellifery
Population (size) 6 575.5 3.7197*
Mf relative frequency ) .
) ) ) Population size 1 962.3 1.8577 ns
(Without Apis melliferp
Population (size) 6 518.0 2.8122*
Mf fidelity Population size 1 0.0031 1.2400 ns
Population (size) 4 0.0025 1.6667 ns

Table 16. ANOVA results for the effects of popubatisize and among-population variation on Mf (Mdulatae
female bees) relative frequency (proportions ofgufld on total visits Apis melliferaretained and omitted, angular-
transformed data), and Mf fidelity (proportionsRHllota pollen, angular-transformed data) .

df=degrees of freedom, MS= Mean Square values,tEsFvalues.

Signif. codes: 0 ***(0.001 ** 0.01 * 0.050.1, ns=not significant.
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The two most represented insect families (Apidask Megachilidae, see Fig.5) were negatively
correlated in their absolute abundance (logarithm@@tionship, P<0.05, Fig.19). The same
relationship was found when considering the Mf a®Bl abundance (withApis melliferaand

Bombusspp., and onlypis melliferaincluded, P<0.05).
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Fig.19. Mean Apidae abundance (overall number séh
visitors recorded in 48 hours of observation) Vsame
Megachilidae abundance (overall number of insect
visitors recorded in 48 hours of observation). Rafans

are pooled.
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3c. Results:Ononis masquillierii

3.1c. Population characteristics

Population size ranged from 151 to 3575 floweriagemes (average of the two rounds), and
density ranged from 0.42 to 7.08 flowering racemes square meter. Populations fell within the
following categories: 3 large populations (>100&éring racemes), 3 medium populations (500-

1000 flowering racemes) and 2 small populationSAC<flowering racemes) (Table 3).

3.2c. Flowering characteristics and nectar standing crop

The flowering period o©Ononis masquillierilasted about one month, from late May to early.Jul
Flower life span was quite short (1.31+0.04 days20).

At the bud stage stigmas are not receptive, ang @he often covered by the pollen released
from the dehisced anthers; pollen viability testsfgrmed on pollen at this stage showed a positive
reaction. Stigmas become receptive when the flowpened, and they remain in that state until
they withered. Pollen is viable in all flower stage

Nectar standing crop was null in any flower obsdrve
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3.3c. Breeding system and pollen limitation

Recovery of the marked flowers was over 75%.

Seed set after the hand-selfing and spontaneofisgsekeatments produced very little seeds,
and the two treatments didn’t differ in their respe ( M-WU-tests; P>0.05), while manual cross-
pollination tests resulted in the highest seedqMdéiV U-tests; P<0.001, Fig.20).
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Fig.20. Reproductive success ©mnonis masquillierii in unpollinated, hand
selfed and hand crossed flowers conducted at €&l €iblumns represent the
mean number of viable seeds per ovule. Mean sdsds® displayed above the
bars in the graph.

No significant differences in the seed set werentbbbetween the bagged and unbagged hand-
crossed flowers at “FI” (M-WU-tests; P>0.05), thus excluding any influenceshefltags on seed
set.

Generally, one or (rarely) two seeds per flowerevproduced after hand-crossed pollination

treatments in all populations.
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Pollen limitation was always present, and its maglg didn’t vary among the 8 populations
(K-W test, P>0.05). The mean pollen limitation wa402 (range 0.074-0.130, N=8) with the
minimum value found at “FI” (the largest populafjpand the maximum at “Cb” (the smallest

population) (Table 17).

Population Hand crossed Free pollinated M-W
FI 0.10+0.01 0.026+0.008 **
Cc 0.109+0.006 0.010+0.006 Frx
Er 0.122+0.008 0.015+0.007 rkk
Mp 0.119+0.007 0.006+0.005 roxx
Mc 0.11+0.01 0.010+0.006 Fokk
Ab 0.113+0.006 0.016+0.007 ok
Cr 0.103+0.007 0.005+0.005 Fkk
Cb 0.132+0.007 0.002+0.003 ek

Table 17. Results of separated pairwise Mann-Whitdeests for seed-set in hand crossed and nonsupplethe
flowers in 8 populations ddnonis masquillieriiMean + SE are given (backtransformed data). Robjpuls are listed in

order of size (number of flowering racemes). Sigoifdes: 0 *** 0.001 ** 0.01 * 0.05, ns= not sifjoant.

Nevertheless, pollen limitation was negatively etated with population size € -0.73, P=0.04;
regression based on population means, Fig.21a)lewieither population density nor insect
abundance had any influence on pollen limitation0(B5). The negative effect of population size
on pollen limitation reflected the positive relatghip between population size and the seed set of
unmanipulated flowers, where large populationsdgdl greater amounts of seeds than small ones,
(r=10.81, P=0.01, regressions based on populatiomsné&ag.21b), while again population density
had a null effect (P>0.05). No patterns emergedmnwtmnsidering the seed set relative to hand
crossed flowers ( P>0.05).
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Fig.21. Seed set as a function of population simeapy number of flowering racemes) and density (mean
number of flowering racemes/m?). Regressions waleutated for (a) the difference in mean seed set
between hand-crossed and unpollinated flowers ‘{ellen limitation index”), (b) the mean seed set
unpollinated flowers (Free pollinated seed set)taDafer to the &nonis masquillieriipopulations and are

pooled over two rounds.



3.4c Results:Ononis masquillierii-Flower insects 55

3.4c. Flower insects

A total of 112 insects were caught in 16 hoursamidom collection across the eight populations. As
the study spanned the full flowering period of #pmecies, | am quite confident to have nearly
covered the full spectrum of insect visitors. Alsects belonged to Hymenoptera, with 8 genera
represented overall (Table 18). On 112 insects alesnwere caught.

Population
Taxon Functional group Ab Cc Cb Cr Er Fl Mc Mp Tota
Hymenoptera
Andrenidae
Andrena spp. M-L - 3 - 1 1 6 - 1 12
Apidae
Anthophora sp. L - - - - - 1 1 - 2
Bombus spp. L - 7 - - 4 2 - - 13
Eucera spp. M-L - 3 2 - 4 9 - 6 24
Halictidae
Lasioglossum spp. S 4 5 1 - 2 4 4 6 26
Megachilidae
Anthidium sensu latespp. S-M 1 - - - 4 - - 1 6
Osmiasensu latspp. S-M 3 1 1 5 5 2 - 5 22
Megachile spp. S-M - - 1 1 2 - 2 1 7

Table 18. List of insect visitors recorded in 8 plagions ofOnonis masquillieriiin 2006. For each population the
number of insect caught during a total of 2 h efd@m collection (over 2 rounds) is indicated. Indaactional groups

are given (see text for details).

Three most abundant genera were observed, withiasrelative frequency of approximate2%
(Lasioglossunspp,Osmiaspp,Euceraspp), whileAnthophoraspp. accounted for <2%, and could

be considered an occasional visitor (pooled pojula). Most of the genera were absent in some
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populations as a consequence of the low insectdamaoe. For instancé&nthophoraspp was only
recorded in two populations (“FI” and “Mc”), whil&nthidium spp andBombusspp in three
populations (“Ab”, “Er”, “Mp” and “Cc”, “Er”, “FI” respectively).

By grouping insects onto functionally similar taxomic groups, according to both taxon
(genus) and size (expressed by the body mass)tameolusly, | obtained the following guilds (in

order of size, Table 18):

small bees (includingasioglossunspp., “S”);
small-medium bees (includingegachilespp.,Osmiaspp.,Anthidiumspp., “S-M");
medium-large bees (includirgndrenaspp. andeuceraspp., “M-L");

DN NI NN

large bees (includingnthophorasp. andBombusspp., “L").

All groups were significant different from each ethin terms of body mass (M-W-tests;
P<0.001) while genera belonging to the same groapestatistically equivalent (M-WJ-tests;
P>0.05). Overall, by pooling all the 8 populatiotigg four functional groups were nearly equally
distributed, except large bees that only accourfieedl3,4% of total insects; small bees were
represented only by genussioglossunbut accounted for 23,2% of total insects. No fiorl
group was the most abundant in all populations.dxample, medium large bees were overall the
most frequent group, but at population level thegravthe first ranked group only in three
populations (“Cb”, “FI”, “Mp”). Conversely, the lge bees group was the less frequent in all
populations, but at Cc it was first ranked accayqtor 37% of all insects.
The absence of a clear supremacy of the same garioss all populations reflected the great
variation in guild composition across populatiomsfact only three populations had all the four
insect groups represented (“Cc”, “Er” and “FI”), #htwo populations had only two functional
groups represented (“Ab” and “Cr”). This pointedt au lack of correspondence between the
patterns of insect guild abundance in each pomuiand the overall distribution.

Insect abundance was significantly and positivalyrelated with the logarithm of population
size (r = 0.81, P=0.01, Fig.22) but not to popolatiensity (P>0.05).
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Fig.22. Mean insect abundance (number @honis
masquillierii insect visitors per hour, from random walks
collection) Vs mean population size (number of #oing

racemes, Log-transformed data).

3.5¢. Pollinator effectiveness and importance

From observations on pollinator behavior, it restiithat all insects caught touched the reproductive
column, thus effectively contributing to pollenrisder.

Summarized for all populations, functional groupsfeded in the amount ofOnonis
masquillierii pollen carried per body area (K-W test; P=0.02gnreif only large bees statistically
differed from the other guilds, carrying the smstl@mount of pollen per area (M-W-tests;
P<0.05, Table 19).
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Functional group N Median Q1 Q3
S 26 232 0a,b,C 448 626.8
S-M 35 121.0&:b.C 27.5 444.0
M-L 36 96.0&:b.C 33.3 283.0
L 15 25.0d 16.0 39.0

Table 19. Median number @ddnonis masquillieriipollen grains (per 15gmm sample) adhering to kodieinsect
captured on flight (head + thorax + abdomen), dftaring visited at©nonis masquillieriflower (pooled populations).
Insects are grouped by functional groups (S= sbek; S-M= small-medium bees; M-L= medium largeshke large
bees). Sample sizeS'and ¥ quartile are given (N, Q1, Q3 respectively). Valsignificantly different (P<0.05) are
indicated by different superscript letters (a=SSbv, c=M-L, d=L).

A significant inverse correlation between pollemsiey and insect body mass was found, with
small bees that carried on average eight times malten per area than the largest bees (r = -0.98,
P=0.02, regression based on population means,3jig.2

Furthermore, differences in flower handling timethg four functional groups were detected,
with small bees that spent significantly more tipex flower than any other guild (M-W-tests;
P<0.001, Fig.24).
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Fig.24. Boxplot of flower handling time (sec) byeth
different functional groups recorded orOnonis
masquillierii flowers during 32 hours of observation
across 8 populations in 2006 (S= small bees; S-alls
medium bees; M-L= medium large bees; L= large bees)
Medians are indicated by the central lines, theeloand
upper edges of the box are th& and & quartiles
respectively. The whiskers extend to a maximum .6f 1
times the inter-quartile range, the points outsitie

whiskers are potential outliers.

In addition, insect size affected the pollen plaeehon the three main body parts (head, thorax,
abdomen). No significant pattern of pollen density head among functional groups was found,
while, when considering the pollen adhered to thawad abdomen, it resulted that large bees
tended to transport significantly less pollen tlsmall and medium bees (M-W-tests; P<0.05,

Table 20). That tendency could be the consequehaareechanical barrier relative to flower size:
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observations revealed that small and medium beglsl @nter the flower with all their body, and
collected pollen by moving freely inside it; consely large bees were mainly forced to use the
head for contacting the reproductive column. Thigonfirmed by the high proportion @nonis
pollen grains carried on head by large bees (4t®%hpared with the remaining functional groups

(Fig.25).

Body part Functional group N Median Q1 Q3
S 26 5sacd 1.0 28.0
S-M 35 230b.d 7.0 92.0
Head
M-L 36 g.5acd 3.0 26.3
L 15 11.0&b.cd 25 21.5
S 26 5o.5a.b.c 5.75 178.0
S-M 35 16.02:b.C 5.0 79.0
Thorax
M-L 36 21.0ab,c 3.8 63.3
L 15 5.0d 15 8.5
S 26 40.08b.C 5.3 343.8
S-M 35 54.080,C 9.5 178.0
Abdomen
M-L 36 46.53.b.C 13.0 1195
L 15 6.0d 2.0 13.0

Table 20. Median number ddnonis masquillieriipollen grains (per 15emm sample) carried on
different body parts of insects visiting the flowefpooled populations). Insects are grouped by
functional groups (S= small bees; S-M= small-medhers; M-L= medium large bees; L= large bees).
Sample size, land & quartile are given (N, Q1, Q3 respectively). Valuggnificantly different
(P<0.05) are indicated by different superscrigelst (a=S, b=S-M, c=M-L, d=L).
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relative to means. Insects are grouped by fundtigraups (S= small
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bees).

In order to have an estimate of the contributioreath functional group to the pollination of
Ononismasaquillierii, an index of pollinator importance was calculagsdhe product of the relative
frequency of each functional group and its meatepdbad (head + thorax + abdomen).

The same pattern between pollen density and insmty mass was found, as the importance of
each functional group was inversely related tdady size (r = -0.98, P=0.02 regression based on

population means, all populations pooled, Fig.26).
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Fig.26. Importance index (mean pollen grains penh®
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frequency) Vs mean insect body size relative t@dts
visiting Ononis masquillieriiflowers across 8 populations
(pooled populations). Insects are grouped by foneti

groups.

The most important pollinators were small bees [@&), with an importance value more than 10

times higher than the less important functionalugraepresented by the largest insects. This was
mainly due to the great amounts of pollen carriadtee body of small bees, rather than to their

relative frequency (Table 21). By contrast, desghtgr high relative frequency, medium-large bees

ranked only third, as they carried less pollen thiawall bees.

No insect guild was the most important in all p@piains, although no statistical elaboration could

be performed due to the low number of insects ppufation.
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Mean pollen grains per 15mmg

Functional group Mean relative frequency Importance index
sample
S 409.62 0.232 95.0
S-M 253.97 0.313 79.5
M-L 171.11 0.321 54.9
L 52.73 0.134 7.1

Table 21. Importance index (mean pollen grains p&mmg sample (head+thorax+abdomen) x mean relative
frequency) calculated for each functional grouptivig Ononis masquillieriiflowers (S= small bees; S-M= small-

medium bees; M-L= medium large bees; L= large bees)

Data on scopal pollen composition showed very liges of fidelity of all insect guilds, with
Ononispollen percentage always over 80% (all populatiposled, Table 22). Despite these high
values of fidelity, a great variability among po#itor guild was found (K-W test; P<0.001, Table
22). Small bees carried the highest percentag®radnis pollen (median 100%), while small-
medium bees, even if representing the second mguertant functional group, showed the lowest
value of fidelity (median 81%). If taken separataly 6 of 8 populations the highest values of
fidelity came from small bees, even if the very Imsect abundance per population prevented the

data to be statistically analysed.
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Functional group N Median (mean) fidelity Q1 Q3
S 26 1.00 (0.89f 0.88 1.00
S-M 35 0.81 (0.69P 0.53 0.91
M-L 36 0.98 (0.84fd 0.80 0.99
L 15 0.98 (0.91Fd 0.96 0.99

Table 22. Median (mean) fidelity (proportion @honis masquillieriipollen on scopa) of the four functional groups
visiting Ononis masquillieriiflowers (S= small bees; S-M= small-medium beest #medium large bees; L= large
bees). Sample sizeS'and ¥ quartile are given (N, Q1, Q3 respectively). Valsignificantly different (P<0.05) are
indicated by different superscript letters (a=SShv, c=M-L, d=L).
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4a.Discussion Echium plantagineum

The main goal of this study was to test whethemfain size represented an important factor for
Echiumplantagineunreproductive success. My data suggest to somatextgifferent behavior of
large Vs small populations.

In fact, in the small studied populations, the seetdin open, free pollinated flowers was almost
40% lower than in large ones. This agrees withraghelies, where reproductive success was found
to be affected by plant population size (Agren 199&ndrix & Kyhl 2000, Kéry et al. 2000,
Oostermeijer et al. 2000, Mavraganis & Eckert 20Ddmimatsu & Ohara 2002, Brys et al. 2004,
Kolb 2005, Ward & Johnson 2005, Hensen & Wescheé&20Burprisingly, the same tendency was
found when considering the hand-crossed flowers)gbsmall populations on average 20% less
productive than large populations. By contrastanmng—population differences were detected in
both “free” and “cross” data.

In addition, for six of seven populations, polletddion experiments were successful in showing
some level of pollen limitation: the average numbeiseeds per ovule was in fact significantly
higher when pollen supplementation occurred thanatural conditions. Nevertheless, small and
large populations experienced a similar magnitudsotien limitation.

Generally, three factors can influence the femapraductive success of a plant species: i) the

provision of suitable pollen for fertilization otales, ii) the amount of resources required fodsee
production and development i.e. light, nutrientsl avater, and iii) the presence of plant enemies
(herbivores, pathogens).
Between-population size differences in plant feaynaalculated as seed set in free pollination
treatment, revealed that somehow large populatss slightly more productive than small ones.
This difference can be attributed to one or morg¢hefprevious listed factors. Even if not directly
measured, resources availability seems to be imppras seed output in supplemented flowers
(cross seed set) was different between populatmn dasses, being higher for large populations.
On the contrary, when considering the pollen litiota index, no pattern emerges, as small and
large populations set an equivalent number of se€das, from productivity data, pollination

services didn’t vary in their magnitude between pagion size categories. This is confirmed by
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data relative to insect visits: large and small ydafons received in fact the same amount of
insects, and significant differences only occumaied population level. Again, the foraging behavior
of pollinators (in terms of number of flowers vest within a plant) was not influenced by

population size.

It is hard to discuss the direct causes of thelamattractiveness to insects of large and small
populations, but | can hypothize that the availgbibf insect nesting sites more than plant
population size may have played a major role.

The question of whether resources rather thannadiin may represent the principal limiting
factor to reproduction success have been alreadiressed (Stephenson 1981, Lee 1988,
Zimmerman & Pyke 1988, Mustajarvi et al. 2001). Bielreless, the present data need to be treated
with some caution, as this study made no attemphaddify the amount of resources, thus not
teasing apart the two effects. The strict dicothdragween pollen and resource limitation has been
criticized in the past on the ground of both théoe¢ and experimental manipulation ground, and
seed output could be the result of an equilibritetwieen resource and pollination levels (Galen et
al. 1985, Haig & Westoby 1988, Campbell & Halam&3)9

The picture is further complicated by the impacgzing orEchium plantagineurfitness.
Results indicate that in some populations the goapressure was so heavy that half the marked
seeds were lost, presumably eaten by sheep ansl Goathermore, smalichiumpopulations were
more exposed to this type of pastoral practice.

The Mediterranean region has a long history of minduced perturbations, with fire and grazing
playing a major role (reviewed in Petanidou & Lamb@005). The effect of grazing on plant-
pollinator interactions mainly depends on its isign if moderate and not persistent, it can suppor
a richer bee (through an increase of nesting siled)plant (through a balance between open ground
and woody habitat fragments) communities; if inbe@sor uncontrolled, it can lead to the
destruction of bee nesting sites and soil erosion.

In general, grazing practice in the studied sitekasvos can be considered threatening=idrium
populations, as in most cases plants had many dath@gnes, and sometimes after grazing the soil
was left completely bare. To what extent grazingspure may have contributed to determine the
size of smallEchium populations remains unknown, but differences iedsset with large

populations (ungrazed or less grazed) suggeskatdffect in causing a potential shortage of seed
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production for small ones, probably affecting tleedling recruitment in a successive stage. The
potential reduction in both seed production and seedbank level by grazing is confirmed by
studies conducted whekechium plantagineunms considered a weedy alien species (Smyth et al.
1997).

Thus, the combined effect of resource limitatiord agrazing pressure may have significantly
shaped the size &chiumpopulations.

When all populations are pooled, further data emefg a group in fact, the seven populations
of Echium plantagineunshowed i) a negative relationship between grapressure and patch
density, and ii) a decline in seed set (both fayssrand free treatments) of surviving plants
occurring in overgrazing regimes.

On the first point, a possible explanation may ¢aya biochemical bas&chium plantagineum
contains pyrrolizidine alkaloids, toxic to liveskto@Culvenor 1956). Even if sheep can graze it for a
time, prolonged grazing can provoke serious livemdges. Coupled with the fact that sheep are
selecting in their feeding preferences, preferting more palatable plants (Grant & Armstrong
1993), in the studied populations they presumadahgéd to avoidchium plantagineunas a first
foraging choice, and plants were likely grazed amhen the feeding sources provided by the other
co-occurring plant species were depleted (pers. titderives that dens&chiumpatches were less
grazed than sparser ones, at the expense of corogcplant species.

The second point highlights the consequences tit@hsive grazing had in ungrazed (or partially
grazed) plants in terms of seed development. Elvgnazing can also have beneficial effects on
plants, as defecation and urination can increasesthl’s nutrient properties, and competition
among large-seeded annual grasses is reduced l&eg@al. 2001), overgrazing is likely to stress
the detrimental effects. My results suggest that eéffects of grazing on productivity were not
limited exclusively on a loss of potential seedg& (ffower and/or fruit eating), but also on a
whatever it might be damage to the ungrazed flowBng (non-mutually exclusive) hypotheses
can be formulated. The first invokes a possible aal damage td&chium plants (at the
reproductive and/or vegetative structures), anditssequent loss of vigour. Intensive biting and
shearing may cause stem breakage and bruisesideaéd, while trampling can alter the soill
permeability of both air and volume, thus limitingpting volume (Wells & Dougherty 1997). As
plant systems are dominated by trade-offs (WeilB2d0wered overall resources could imply a re-
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allocation of resources at the expense of the ianadiéor female reproductive fitness, that is pollen
and ovules respectively.

A second explanation can concern the availabilitycompatible mates in the population. As

Echium plantagineumesulted fully self-incompatible, and as grazieguced the number (and/or

the vigour) of the flowering conspecifics, legititeapollen transfer wouldn’t be favoured in

overgrazing conditions. A minimum amount of pollanst be available for the fertilization process
to occurr (Cruden 2000), therefore a fraction o #gg cells could not have been fertilized.
Nevertheless this last hypothesis would not accéamthe decline in productivity in handcrossed
flowers.

Denser patches experienced lower level of graziag tsparser ones, but they also resulted
more attractive to insects. The positive relatigmdbetween flowering plant density and insect
visitation rate has been already documented by sthidies (Kunin 1993, 1997), even if not always
(Bosch & Waser 1999, 2001, Mustajarvi et al. 200ichner et al. 2005). The present study shows
that denser patches were associated with i) a highmber of visits per flower (with density
calculated as the number of flowering individuaés prea), and ii) a smaller number of flowers
visited within a plant per insect (with density @#dhted as the spacing between neighbouring
individuals). Thus, on a theoretical base, inseasiting denser patches would provide better
services both in terms of the quantity (numberalfgn grains deposited on stigmas) and the quality
(type of pollen grains deposited on stigmas) comneptsof pollination than insects visiting sparser
patches. Selfing by geitonogamous pollen may berohed by the behavior of pollinators, and
can be enhanced if pollinators visit more flowenshim a plant (Utelli & Roy 2000); in self-
incompatible species (&chium plantagineuimn geitonogamy would imply a waste of pollen and a
reduction of the free stigma surface availablelierlegitimate pollen to germinate.

In conclusion, even though productivity (cross-fee®ed set) was not associated with patch
density, there may be an advantage to organiEadgum plantagineumindividuals into dense
rather than sparse patches because of i) a lowensity of grazing, and ii) a higher ability to
attracting the pollen vectors.

Finally, a puzzling aspect of this study conceroligm limitation. My findings clearly show that
almost all populations occurred in highly pollemilied contexts, even if the extent of pollen
limitation didn’t vary with Echium population size. More than 75% of the initial aailafter the
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pollen hand supplementation developed into seetlde w open natural condition the percentage
dropped to 38%. A similar occurrence of pollen tation was found in another species of the
island Ballota acetabulosp However, it seems hard to detect which factaiddave driven this
pattern. Generally, common species are expectemjtyy higher visitation rate than rare species,
thus are expected to be less prone to pollen lilmrtaEchium plantagineuns a common (even if
not dominant) species in the Mediterranean, whegresents its native range and is considered a
hot spot in terms of plant and bee diversity (Rypet al. 1996). From my observations, the large,
nectariferous flowers attracted a large amout séats (mainly bees), covering a wide spectrum of
families and genera (pers. obs.); thus pollen &troh would not be expected. Moreover, a previous
study conducted in Spain showed evidence of a Wworde transport oEchiumpollen, that might

be important in the among-population pollen exclea(igodriguez et al. 2005). This could reduce
reliance on pollinators, and could account for sivailar pollen limitation values found between
large and small populations, but again this woubthtiast with data on pollen limitation. In
addition, when it co-flowered with other plant sis¢ Echium plantagineunresulted a good
competitor, but my study didn’t gather data on aisasitation rate to other flowering species ie th
absence oEchiumplants. It seems unlikely that the insect visitatrate toEchiumflowers was
lower than the one to other flowering species, even the island spring represents the “boom”
period in terms of number of blooming species, aondpetition for pollinators can be tough
(Petanidou et al. 1995b).

Two main hypotheses can be formulated to explarettistence of pollen limitation.

First, plant species evolving in a predictable ipalion system may be particularly prone to pollen
limitation if some sort of habitat perturbation ac& The most intuitive effect of recent habitat
degradation is that a continuous habitat can b&edoraip into small fragments, often by some
processes derived from anthropogenic sources. Becaunutualistic interaction is involved, it is
sufficient that only one component (either planpolinators) is plagued by habitat fragmentation
for the weakening or disruption of a particularrptpollinator interaction, hence resulting in palle
limitation. Generally, the surroundings of the sitghereEchium populations occurred formed a
complex and artificial matrix, with olive grovesdadisturbed open areas often interrupted by roads
and villages. In addition, aerial insecticide sjngyin olive groves represented a constant theat t

bee communities. Even Echium plantagineunis a common species in Lesvos, the degree of
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habitat fragmentation (both frofachium plants and its pollinators perspective) wherecturs
remains unknown, and although tempting (withoutomglete knowledge of the bee nesting
requirements), | cannot exclude the possibilityagfollinator shortage or decline in the area, as a
consequence of the low habitat quality. At the l@feesolution of my study, the consequences of
this loss would have affectétthiumpopulations regardless of their size, as bee gakessources
were probabl\Echiumindipendent.

Second, pollen limitation may be the result of @apive equilibrium in response to stochastic
processes that govern pollination systems (Burdl,12995). The unpredictability of pollen receipt
in such systems may favour an oversupply of ovpesflower, in order to achieve the maximum
seed set in optimal pollination situations, thuswvibuld result adaptive for the species to be
chronically pollen limited. The Mediterranean isndoated by tremendous fluctuations in insect
abundance and composition between years (Herre88, Fetanidou & Ellis 1993, Petanidou &
Potts 2006), and variations in the pollination eowment coming from human-induced
perturbations may exacerbate these fluctuatiortsinguunder risk the pollen transfer also for bee-
richer areas and for common plant species.

Therefore, further work (at both spatial and terapscale) is necessary to untangle the relative rol

of factors ruling pollen limitation.
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4h. Discussion:Ballota acetabulosa

There are two major findings of this study: i) matypopulations oBallota acetabulosdiffering in
size equally responded in terms of reproductivecesss, insect visitation rate, number of flowers
visited within a plant per insect and insect diitgrsi) most of populations were strongly subjéat
pollen limitation, irrespective of population size.

There is a large body of evidence that large pajuasize is positively related to pollination
(Jennersten 1988, Aizen & Feinsinger 1994a, Watedgren 2004) or plant fecundity (Agren
1996, Hendrix & Kyhl 2000, Kéry et al. 2000, Oosteijer et al. 2000, Mavraganis & Eckert 2001,
Tomimatsu & Ohara 2002, Brys et al. 2004, Kolb 208&rd & Johnson 2005, Hensen & Wesche
2006). Nevertheless, some other studies indict&ttihe previous associations are not always valid
(Kunin 1997, Molano-Flores & Hendrix 1999, LeimuSyrjanen 2002); therefore it always results
dangerous to draw conclusions from single studisspollination and plant reproductive ecology
are governed by complex interactions.

From the pollination facet, pollinators can applodéarge populations at a higher rate than small
ones because of their larger floral display (BéB3, Valido et al. 2002, Momose 2004). Moreover,
in natural plant populations population size andsity are often correlated, and large population
size can lead to higher rates of outcrossing (Vaeuren et al. 1993). Therefore, insufficient
guantity and quality of pollen are commonly consgdethe most likely explanantions to reduced
seed set in small populations (Byers 1995), eslidia case of self-incompatible, animal-
pollinated species. In this study, the size Bdllota populations had no impact on seed set
(difference between hand crossed and open polinateatments, pollen limitation index),
indicating that somehow pollinator services were peoevailing in large populations. Data
concerning insect visits confirmed this assessmastno differences in insect visitation rate
between large and small populations were found.irAgaith regard to the quality component of
pollination, the outcome was that the number oivics visited by each pollinator within a plant
didn’t respond to population size, suggesting thatlikelihood of performing geitonogamy was the

same in large and small populations.
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Therefore, the lack of any differences in seedls#tveen large and small populations can be
interpreted in the light of a similar pollen seeji@s the two patterns go in tandem.

Sometimes, for the plant reproductive output theoueces available for reproduction result
more important than the pollination services (Seggon 1981, Lee 1988, Zimmerman & Pyke
1988, Mustajarvi et al. 2001); nevertheless, Ballota acetabulosa seed set after pollen
supplementation was not different between poputasiae groups, suggesting that resources were
equally distributed between population size catiegor

In addition to a variation in the total amount ddits, some studies have investigated the role of
plant population size in determining the composital the pollinator fauna (Sih & Baltus 1987,
Sowig 1989, Levin 2000), while others investigathd role of habitat fragmentation (Aizen &
Feinsinger 1994b, Tomimatsu & Ohara 2003). Aized aollegue showed that, in an Argentine
subtropical dry forest, small fragmented habitatsuwere poorer in native species than continuous
fragments, and that some processes of bee guildcreg with non-native bee®pis melliferd
occurred. Again, insect shifts between large andllspopulations were recorded in a deciduous
forest in Japan by Tomimatsu and collegue.

Ballota acetabulosavas mainly pollinated by bees and, even if aleats contacted the flower
reproductive column, most of them were uncommont (videspread across the island) and
occurred at a low abundance. This suggests thatwdle of interactions betweeBallota
acetabulosaand its pollinators was composed by a core ofngtrioteractions, and a network of
weak interactions. Both at genus and functionaugrievel, the Shannon index didn't differ with
population size, whereas great differences in insmsemblages among populations existed
(whether honyebees were considered or not). Thereés it happened with data on visitation rate
and geitonogamy, population size didn’t affect tbenposition and richness of pollinators, as large
Ballota populations didn’t support a more diverse entoniophk fauna than small ones.

Therefore, the overall results indicate that srpalbulations ofBallota acetabulosavere
unlikely to be at a reproductive disadvantage, ldieel that some considerations may be relevant in
explaining this homogeneity of response.

First, | expect population-related size and densitgcts on pollination and reproductive success to
have a minor influence on common species adaptgbte on different habitats. This is the case of
Ballota acetabulosathat can be considered a common species in LesMus eight studied
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populations fell within a wide range of habitatégp such as open sunny disturbed lands, sparse oak
forests or olive groves, often in the proximity mfads and towns. Although large and small
populations constituted two clear and distinct gatees, | can’t exclude that, at a higher scale,
plants ofBallota acetabulosavere arranged in more continuous fragments, aat gbhpulation
connectivity was higher than expected. In this cagether reproduction and pollinationBallota
populations showed a significant relationship wsthe could have depended on the presence of
other neighbouring populations, and on whether ondew small populations received great
amounts of suitable pollen.

Furthermore, the ecological features characterizpignt-pollinator interactions during the
flowering period of the species may provide othesights into the size-related effects on
pollination and reproduction @allota acetabulosaln an exhaustive 4-years long study carried on
the greek phrygana, Petanidou and colleagues (Beta& Ellis 1993, Petanidou & Vokou 1993,
Petanidou et al. 1995b) examined the temporal patiaf resource selection in this particular plant-
pollinator system (Fig.27). It resulted that flowey plant species were very sensitive to the summer
climate constraints, and that only few of them ngauhto overcome the prolonged summer
drought, being shrubs the dominant life form. Thaimflowering period extended from mid-
February through May, thus most of the plant sgebleomed early in the season. By contrast,
insects resulted less affected by summer consétaast a shift towards summer in the temporal
distribution of insect species occurred. Therefdhe, overlapped temporal patterns suggested a
possible competition among flowering species faeats during the main flowering period, and

viceversa (competition among insects for floral aeds) during late spring-summer.
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Fig.27. Temporal distribution of the daily numbeir flowering plant

species (DNP) and insect species (DNI) in a Grdekganic ecosystem.
From: Petanidou et al. 1995b.

In my year of studyBallota acetabulosavas in anthesis from early June to early July, edately
after the main flowering period of the plant comntynwhen flowering plants are scarce (then
competition among plants is low, highlightened bg high values of Mf guild fidelity foBallota
pollen) and insects comparatively abundant. Moredike all late-flowering Labiatae, the flowers
of Ballota offer nectar as the main reward (Petanidou & Vok883) and, in conjunction with this,
they provide the main source of water for bees.il\gaven if Megachilidae (females) represented
the most important guild (strongly favoured by thegh summer foraging activity levels), the wide
spectrum of pollinators indicates ttzdllota acetabulos# a generalist species, thus should be less
exposed to problems with reduced visitation ratesmall populations (Waser et al. 1996).

For these reasonBallota acetabulosavould represent a key species for bees during srmnamd
pollinators would visit it despite of its populatigize, with the result of a similar performance of

large and small populations.
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By contrast, the differences in both visitatiorer@with honey bees omitted) and Shannon index
(both for genera and functional groups) among patpals suggest that random or unknown
environmental events might have interacted with dmamunities in complex ways and at a lower
scale. When it has been possible to perform thdiplailregression analyses at patch level, the
variables used (patch size, density and plant sizd)a general low explainatory power, even if in
one case (when honey bees were omitted) highectinggtation rate was positively associated
with plant size (consequently, negatively with pldensity), as previously found in other studies
(Schemske 1980, Klinkhamer et al. 1989). Howeveérreisults tempting to unravel these
interactions, unless investigations on bee haprtferences are done.

Some additional data coming from honey bee aburedanggest a cautionary note. Generally,
honey bees were relevant to pollen transfeBatlota acetabulosaespecially for their higher
abundance, as they accounted for 37% of totalsviditespite this high but dishomogeneous
abundance (likely to be attributed to the occureeaicd nearness of apiaries), whether including or
not honey bees in the analyses led to similar pettef responses of the considered variables.
Nevertheless, in this study, an increase in honegsbmeant a decrease in the females of
megachilids, that represented the most importamttional group in thd3allota insect spectrum.
Honey bees are assumed to be superior competitanswild solitary bees especially beacuse of
their high exploitation of floral rewards for theamtenance of large colonies, and because of the
complex dance-language used for communicating heroindividuals the position of flowering
patches representing high-quality food resourcess@er & Seeley 1982). There is evidence of a
mutual avoidance between honey bees and wild sagggesting a competition for flower resources
(Roubik 1983), but the density of honey bees ca@®mé not always associated with a decrease in
wild bee species richness or abundance (SteffaneD&w & Tscharntke 2000). It remains unclear
if the significant correlation between honey bed amegachilid abundance found in this study is
biologically meaningful; if so however, the preseraf beehives near the populations could have
distorted all the conclusions concerniBgllota population size effects through an interspecific
inhibitory effect.

The answer to the question ofBallota acetabulosgopulations of different sizes differently
responded in terms of reproduction and pollinatiservices is no. Yet, like inEchium
plantagineum this study has further shown that most of theutetmpns strongly suffered from
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pollen limitation. This is unexpected, as lichium plantagineumBallota acetabulosas a
common species in Lesvos, offered nectar as adyajtollinators, and was visited by many insect
genera (28, representing different insect famibiegdifferent body sizes and sexes), suggestingit’s
generalist plant species. In addition, as alreadly, she competition with other co-flowering specie
was expected to be low.

The two hypotheses mentioned t6chium plantagineunseem to cover the main possibilities for
justifying the occurrence of pollen limitation Ballota acetabulosabut still, this study provides no
empirical evidence for these. It appears problesrtatdefine the distribution ddallota populations

as fragmented, without a complete mapping of thenids nonetheless, even in the presence of a
high population connectivity, the habitat couldftegmented from the pollinators’ perspective, and
a general pollinator decline could allow the exist of pollen limitation. In addition, for the self
incompatible Ballota acetabulosaanother problem could be represented by a higiregeof
improper pollen transfer, as each plant had mawdts open at a time.

Again, | suggest that detailed studies on pollentéition over different seasons and on ecological

attributes of bee community would be worthwhilekarify these interactions.
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4c. DiscussionOnonis masquillierii

Ononis masquillierii resulted fully self-incompatible, and although @ble of vegetative
propagation, it appeared dependent on pollen v@fboits reproductive success.

Reproduction appeared to be pollen limited in &k teight populations. The fact that hand-
outcrossings significantly increased seed setlipagdulations, without significant differences in %
suggests that pollen limitation is a natural candiof the species. Moreover, even if the magnitude
of pollen limitation didn’t vary among populationigrge populations were associated by a better
seed output.

Many other studies reported how plant reproducthuecess could be sensitive to plant
population size and/or density (Kunin 1993, 199g@reh 1996, Bosch & Waser 1999, Hendrix &
Kyhl 2000, Kéry et al. 2000, Oostermeijer et al0@0Mavraganis & Eckert 2001, Tomimatsu &
Ohara 2002, Brys et al. 2004, Waites & Agren 20ichner et al. 2005, Kolb 2005, Ward &
Johnson 2005, Hensen & Wesche 2006). The two raagilile interpretations of the influence of
population attributes on the degree of pollen tman involve the quantity and the quality of
pollinator service to the plants. About the quant#cet, large and dense populations are supposed
to be more attractive to pollinators, showing ims®d number of visits per flower (Jennersten 1988,
Kunin 1997) and higher reproductive successOlnmasquillierii, the strong correlation found
between insect abundance and the logarithm of ptipal size (r = 0.81, P=0.01 Fig. 22)
corroborates this hypothesis. The finding of thgatiwe correlation between pollen limitation index
and population size clearly shows the importancpatien services in determining the seed set; in
addition, the positive correlation between plamufadity (expressed as the seed set in open natural
condition) and population size disappears whenidenag the seed set of experimentally hand-
crossed flowers, as we would expect if seed owtastlimited by pollinator activity levels.

Moreover, the quality of pollinator services caaypan additional and important role. Van Treuren
and colleagues (1993) documented a positive ralship between outcrossing rate and plant
density in four populations of the bumblebee-palied Salvia pratensisthat could underlie a

different pollinator foraging behavior in response different plant population densities.
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One of the hypotheses was that higher levels ofros$ing found in denser populations were
caused by a higher frequency of interplant fligllkss could lead insects to visit more flower per
plant in small or sparse populations, thus prongogeitonogamy (De Jong et al. 1993, Karron et al.
1995). In this study | couldn’t demonstrate this,iaresulted impossible to distinguish separate
plants because of the vegetative propagation sfgpecies. Anyhow, population density was found
to have little effects in terms of productivity,cathis can be the consequence of i) the occurrehce
clonal growth, that may have shaded the effecdeokity through the arrangement of genets into
more or less clumped distributions (Charpentier2200) the type of experimental design, as this
study made no attempt to modify population dersiti@herfore, density experimental
manipulations would be necessary to investigatgttential role of plant density in contributing to
the Allee effect.

In contrast to my expectations, even if pollen tation tended to be negatively related to insect
abundance, it only approached statistical sigmiftea This can be mainly due to the exceptional
low number of insect collected per census, thavesreed the 30’-long catching sessions to be
sufficient to obtain a more powerful correlationhefefore, exceedingly large sampling efforts
would be advisable in pollination systems charaoterby low and unconstant pollination services
(Larson & Barrett 1999, Baker et al. 2000).

Finally, another interesting feature ©f masquillieriireproductive biology is represented by its
widespread reduced female fecund@®nonis masquillierihad an ovary containing on average six
ovules, but generally one (rarely two) seed waslpeed, regardless of the pollination treatment,
thus even in presence of great amounts of compapibllen. In hand-crossed flowers in fact, only
11% of the initial ovules developed into seeds,levitihe percentage dropped to 1.1% in open
pollinated flowers. One of the factor responsibléhis loss can be represented by a limitatiomén t
available resources needed to develop all ovutethaparticular habitat where the species occurrs

is particularly subject to soil dissolution, watanoff and drought.

Even if population size represented an importantiresic factor regulating the magnitude of
pollen limitation (which affected small populatiotts a bigger extent than large ones), it remains

that the pollination environment where the spedesurred was characterized by a widespread
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inadequate pollination. Thus, the problem of datgcthe principal causes of the occurrence of
pollen limitation can be solved by examining theimsic reproductive traits of the species.
My findings demonstrate thaDnonis masquillierii displays several characteristics of its

reproductive biology that can account for the pneseof pollen limitation.

a. Plant specialization & competition

Flower specialization may play an important rolel@termining the extent of pollen limitation, and
pollinators may not equally contribute to the polteansfer dynamics.

The spectrum of insects visitifi@. masquillieriiwas taxonomically and morphologically diverse. A
similar number of genera has been documented li@r t¢gumes growing in the same area (Galloni
et al., in press), and, at functional group levuakects ranged in size from very small bees
(Lasioglossunspp.) to large onedBombusspp.). All insects recorded touched the reprogacti
structures. Not surprisingly, great differencesnsect assemblage (both at genus and functional
group level) were found among populations. Previstuslies highlighted spatially variable plant-
pollinator associations (Herrera 1988, Fenster &&xn 2000), mainly due to variations in plant
community backgroud (Moeller 2005), availabilityradsting sites (Cane 1991, Steffan-Dewenter &
Tscharntke 1999, Michener 2000, Potts et al. 208&) landcape fragmentation (Aizen &
Feinsinger 1994b). I©. masquillierij neither population size nor density resulted ative in
explaining the shift in insect fauna compositionogs populations, but populations were located in
slightly different landscape contexts, with popuas in turn delimited by roads, surrounded by
agricultural matrices or close to forest fragmeMariations in insect fauna at a small spatial escal
have been already found (Herrera 1988, Moeller POt heterogeneity of environmental factors
between small spatial sectors can play a majorinoshaping the structure of insect assemblages.
For this reason, deeper investigations on the dtid abiotic characteristics of the environment
where the species occurs would be advisable.

Despite this variation in insect guild abundang&l(enportance) across populations, it resulted
that small bees were the most important pollinator$D. masquillierii and that there was a clear
pattern of variation of importance with insect siPeevious studies have documented the effects of
forager body size on pollinator behavior and plaproductive success (Tepedino et al. 1999, Stout
2000), and mechanical constraints on pollen hangseemed to represent@ masquillieriithe
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major cause of the negative relationship betwesadnimportance and body size. Shall | have to
consider the plant as specialize@? masquillierii flowers show the typical “bee-pollinated
syndrome”(Faegri & van der Pijl 1979), with smaljamorphic flowers, but at the same time they
were promiscuously visited by different insect takRecently, the concept that a plant could be
successfully pollinated only by a narrow subsefpollen vectors has been criticized after field
studies showed widespread plant-pollinator intévast of high generality (Waser et al. 1996).
Anyhow, Fenster and colleagues (2004) proved thatnajority of the generalist interactions
obtained by organizing pollinators into speciesabee instead specialized when pollinators were
organized into functional groups. In this caseeadody size and taxonomic position seemed to
represent the more adapt ecological features tidhimate the set adDnonispollinators; therefore,
smallO. masquillieriiflowers resulted specialized on small bees (reprtes! only by asioglossum
spp.). A correspondence between the pattern oépalensity Vs insect body size and pollinator
importance Vs insect body size was found. This redhat the insect relative frequency had less
influence in determining the importance of the oas functional groups in comparison with the
amount of pollen carried on insect bodies, althodigta could suffer from the low insect abundance
widespread across the populations. Thus, small lbegslted the most important pollinators
especially because of their great pollen load, evihieir relative frequency was not particularly
high. Because of their small size, they manageehter the flowers with the entire body, and, by
working flowers at a lower speed than the otheddguithey gathered more pollen and they
contributed to a great extent to the pollen transfeir high fidelity toOnonispollen strengthens
their prominent role in the assurance of the pddlervice.

Zygomorphy is expected to be associated with sfipethpollinators, and with a higher quality of
the pollination mechanism (Kunin & Shmida 1997, Netaal. 1998). This could in theory imply a
smaller probability of facing pollen limitation f@pecialized flowers (but see Larson & Barrett
2000, Knight et al. 2005a). Nevertheless, two fisctan reverse this consideration.

First, the ecological advantages of having a comfiaver architecture can be counterbalanced by
a lack of flower attractiveness. Without the propawards or advertising, flowers are likely to be

avoided by pollinators, bringing benefits to othesre attractive co-flowering species.
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The overall number oDnonisvisitors caught in 16 hours of random collectiamoas the eight
populations represents a very low value if comghangth insect abundance on other legumes
growing in the same habitd#¢dysarum coronariuppers.obs).

Higher insect visitation rate has been reportedaiae-flowered Vs small-flowered species (Valido
et al. 2002, Momose 2004), and for nectariferousngstarless species (Motten 1986, Thomson
1986, Klinkhamer & De Jong 1990), and higher seaipput has been reported for nectariferous Vs
nectarless orchids (Johnson & Bond 1997, Neilari&ock 1998) and in general for 224 species
of animal-pollinated flowering plants (Larson & Bett 2000).O. masquillieriicoexisted with other
bee pollinated species well adapted to the sekecswbstrate of the gullies, primarily other
LeguminosaeHedysarum coronariugrDorycnium hirsutumTrifolium spp.), or it was surrounded
by arid-meadowed Labiatadj(lga genevensiand Stachys officinaligor example). These species
attracted in general more insects tammasquillierii(pers.obs), and even@. masquillieriiand its
main co-flowering species shared a similar flowtencture (in respect of size and shape), profound
differences in nectar production were documen@dmasquillierii being completely nectarless,
contrary to the majority of its neighbouring spaci€his could in theory translate in an interspecif
facilitative interaction via shared pollinators ermeijer et al.1998, Moeller 2004), as facilaati
has been often documented when nectarless speeiesuaounded by rewarding species (“the
magnet species effect”, Thomson 1978, Johnson 20@B). Nevertheless my observations contrast
with this expectation, as the two more frequeneabgaxa visiting the main co-flowering species
(Apis sp. andBombusssp., pers.obs.) were either absépig sp.) or accounted for only 12% of
total insects Bombusspp.) in theOnonisspectrum. In addition, during the observation isess
some insects belonging to other taghdélicodomaspp. andXilocopasp. for example) were noted
to approach the flowers @nonis masquillieriiat first, even if they avoided any contact whesyth
were closer to them, as optimal foraging modelsimags(Goulson 2000). It could be possible that
some insect taxa were shared in the plant commuastyt often happens when flowering times of
different species overlap (Gross et al. 2000),abdicothomy in terms of pollination agents between
Ononismasquillierii and its co-flowering species seemed to exist, therdcompetition hypothesis
appears more reasonable.

The high level of fidelity of the different insegtilds visitingO. masquillieriiseems to strengthen
this hypothesis. Among these, the insects that wapposed to be the less adapDtwnisflowers
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because of their large sizéAnthophora sp. and Bombus spp.) resulted the second ranked
pollinators, suggesting a selective preferenc®ioonisflowers as a pollen source.

Again, as the only reward offered I@nonisflowers was pollen, no insect males were recorded
across all the eight populations; to what extems tan have contributed to pollen limitation
remains unknown, and sex-ratio investigations ingdab the main insect taxa would be necessary.
Second, plant species specialized on a narrow swbg®llinators may experience reproductive
failure in unpredictable pollination systems. Ralior abundance and composition may fluctuate
tremendously across years and sites (Herrera F&8nidou & Ellis 1993, Tepedino et al. 1999,
Petanidou & Potts 2006), hence it can happen tlegptoper pollinator could not be always present.
Therefore, the low number of suitable pollen vextarakes specialized plants less flexible to
environmental stochasticity than generalist spe@esnd 1994, Waser et al. 1996).

Even if this study spanned only one year, the bganeity in insect composition and frequency

among the eight populations ©@honismasquillierii suggests that this risk can be real.

b. Breeding system & asexual propagation

Data relative to the breeding system showed tleaspecies was fully self-incompatible, leading to
the conclusion thaDnonis masquillieriiwas incapable of producing seeds in the absence of
pollinators. Previous studies supported the hymithef a lower degree of pollen limitation in self-
compatible species compared with self-incompatdsies (Larson & Barrett 2000, Knight et al.
2005a). The most quoted hypothesis to justify fhastern was provided by Burd (1994), who
invoked the self pollen as an additional sourcepafen received by stigmas in self-compatible
species.

My data indicate that all the eight population€wfonis masquillieriwere deeply subject to pollen
limitation; if the same pattern occurred acrossggete plant would be chronically pollen-limited.
Plant species occurring in chronically pollen-liedit systems may be subject to evolutionary
pressures, and the evolution of self-fertilizatican result as an adaptation for the assurance of
reproduction (Motten 1986, Bond 1994). This is tdespite pollen discounting and inbreeding
depression may contrast the evolution towards amgg as in pollen-limited environments smaller
amounts of self-pollen are needed to promote gglfitorcher & Lande 2005). Therefore, if pollen

limitation in Ononis masquillieriwere a natural condition of the species, | wowgeet a long-
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term modification of its breeding system, with theeakdown of self-incompatibility (Vallejo-
Marin & Uyenoyama 2004).

Furthermore,Ononis masquillieriiis capable of vegetative propagation through rhis.
Different ecological advantages are associated elithal reproduction, and trade-offs in allocation
to asexual Vs sexual reproduction can help the tptanface changing and heterogeneous
environments (Ronsheim & Bever 2000). The mostitints advantage of asexual reproductive
mode is the (partial) independence of the plamhfpwllination mechanisms, particularly important
in case of self-incompatible entomophilous spedreaddition, clonal growth may contribute to the
floral display through the increase of the flowgrshoots, thus enhancing pollinator attractiveness.
Despite these advantages, vegetative propagatiphesnnegative aspects as well. For example,
clonal growth can increase the rate of geitonogameyce reducing the plant fitness because of a
lack of compatible pollen (Charpentier 2002). Herexen if it's true that vegetative propagation
allows the species to persist even in scarce pddmenvironments, it can also lower the quality of
the few pollinator services. In my study, it's pb$s that the higher values of pollen limitation
found in small populations were the consequencesiglier levels of geitonogamy, as small
populations were likely represented by few genetkért & Barrett 1993).

To summarize,Ononis masquillieris reproductive biology presented several chareties
that made it a poor competitor. The small, necsatrlshort-living flowers attracted very few insects
than the co-flowering species, and among them, Isimved¢s seemed to matter most, thus
representing the main pollen vectors. Although gwlllimitation may not always mean an
immediate conservation threat because of the sttichaature of plant-pollinator systems (Burd
1994, 1995), the reduced reproductive success iagsovith the size oDnonis masquillierii
populations may lead to dangerous demographic qoesees for small populations. Rare, self-
incompatible unattractive and specialized plantcigseare more vulnerable to this risk (Larson &
Barrett 2000), and, when possible, have to relyenmr asexual reproduction for their persistence;
this in turn can provoke a reduction in plant fgaseand in the ability to buffer the effects of

environmental stochasticity.
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6a. Appendix 1

Plant species Family Population
Anagallis arvensis L. Primulaceae Ab, Ad, Ko, Me, P
Ab

Boraginaceae

Anchusa hybrida Ten.
Ab, Ad, Ko, Mo, Pa, Pe, Th

Compositae

Anthemis spp.
Brassica nigra (L.) Koch Cruciferae Ab, Un
Bunias erucago L. Cruciferae Ko, Pe
Calendula arvensis L. Compositae Ko, Mo, Pa, Un
Carduus pycnocephalus L. Compositae Ad, Ko, Mo, Pa
Chrysant_hemum Compositae Th, Un
coronarium L.
Chrysanthemum segetum L. Compositae Mo
Crepis spp. Compositae Ab, Ad, Ko, Mo, Pa, Pe, Un
Erucastrum sp. Cruciferae Ko, Mo, Pa, Pe
Ko, Pa, Mo

Geranium molle L. Geraniaceae
Ab, Ko, Mo, Pa, Th

Hedypnois cretica (L.) .
Willd. Compositae
Linaria pe|_|sser|ana ) Scrophulariaceae Ko, Mo, Pe
Miller
Lotus sp. Leguminosae un
Matricaria chamomilla L. Compositae Ab, Ad, Pa
Moenchga?tﬁlantlca ©) Caryophyllaceae Ad, Pa, Pe
OrmthogaILll_m narbonense Liliaceae Ab, Ko, Mo
Papaver argemone L. Papaveraceae Ab, Ad, Pe
Petrorhagia (Raf.) G.Lopez
& Romo Caryophyllaceae Mo, Pa, Pe
Prasium majus L. Labiatae Un
Ranunculus sp. Ranunculaceae Ad
Tolpis barbata (L.) Gaertner Compositae Pe
Tordylium apulum L. Umbelliferae Ko, Mo
Trifolium campestre Leguminosae Ab, Ad, Ko, Mo, Pa, Pe
Schreber
uUn

Leguminosae

Trifolium echunatum Bieb.
Ab, Ad, KopMPa, Pe, Th

Leguminosae
Ab, Pa,, Pe,Th

Trifolium nigrescens Viv.
Leguminosae

Trifolium tomentosum L.
The 28 plant species co-flowering wiltchium plantagineunin the 8
studiedEchium populations in 2005. For each plant, the spedamsily
and the population where it was recorded are gjsea text for details).
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6b. Appendix 2

Population
Functional
Taxon Th Va Mo Sk Pa My Pe Pi Total
group
Hymenoptera
Apidae (Xylocopinae)
Ceratina spp.(females) Af 1 2 1 - 5 - - 4 13
Ceratina spp.(males) Am 2 - 1 - - - 1 - 4
Xilocopa spp.(females) Af 5 5 6 1 - 6 9 19 51
Xilocopa sp.(males) Am - - - - - - 1 - 1
Apidae (Nomadinae)
Biastes spp.(females) Oth - 4 - - - - - - 4
Apidae (Apinae)
Amegilla spp.(females) Af 8 12 6 6 12 15 16 77
Amegilla spp.(males) Am 3 1 1 1 1 1 2 - 10
Anthophora spp.(females) Af 3 2 5 7 1 1 - 25
Anthophora spp.(males) Am 1 3 10 2 3 14 - 34
Apis mellifera (females) AB 5 - 227 407 1 11 49 5 705
Bombus spp.(females) AB 12 67 56 - - 92 - 115 342
Eucera spp.(females) Af - 17 3 17 - 1 31 15 84
Eucera spp.(males) Am - 16 - 2 - - 1 - 19
Melecta spp.(females) Oth - - - 2 - - - - 2
Tetralonia spp.(females) Af 1 4 3 - - 8 - 6 22
Thyreus spp.(females) Oth 1 1 - - 1 8
Thyreus spp.(males) Oth 1 - 3 5 - - 3 - 12
Halictidae
Halictus spp.(females) Hfm - - - - - 8 - - 8
Halictus spp.(males) Hfm - - - - - 3 - - 3
Lasioglossum spp.(females)  Hfm - 2 - - - - - - 2
Lasioglossum spp.(males)  Hfm - - 2 - - - - 1 3
Pseudapis spp. Hfm - - 1 1 - - 1 - 3
Megachilidae
Anthidium spp.(females) Mf 17 4 2 - - 9 1 - 33
Anthidium spp.(males) Mm 11 2 5 - - 15 - - 33
Chalicodoma spp.(females) Mf 37 11 29 31 61 26 10 9 214
Chalicodoma spp.(males) Mm 21 5 12 3 8 18 22 2 91
Coelioxys sp.(males) Mm 1 - - - - - - - 1

(continued)
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Creightonella spp.(females) Mf - - 1 - - - - 1 2
Creightonella spp.(males) Mm - - 1 1 1 - 1 - 4
Eoanthidium spp.(females) Mf 2 - - - - - - - 2
Eoanthidium sp.(males) Mm 1 - - - - - - - 1
Hoplitis spp.(females) Mf - - - - - 4 - 4 8
Hoplitis spp.(males) Mm - - 1 - - 4 - - 5
Icteranthidium sp.(females) Mf - - 1 - - - - - 1
Lithurgus spp.(males) Mm - 1 - - - - 1 - 2
Megachile spp.(females) Mf 3 9 - 3 1 3 1 3 23
Megachile spp.(males) Mm - 3 1 - 4 1 - 2 11
Osmia spp.(females) Mf - - 2 - - 2 1 2
Osmia spp.(males) Mm 1 - - - - - 1 R
Rhodanthidium spp.(females) Mf - - - - - 2 - - 2
Rhodanthidium spp.(males) ~ Mm 2 - 1 - - 1 - 27 31
Stelis sp.(females) Mf - - - - - - 1 - 1
Other Hymenoptera (wasps) - 2 1 4 - - - - - 7
Diptera - 1 14 1 7 1 - 1 3 28
Lepidoptera - - - 1 - - 3 - - 4

List of insect visitors recorded in 8 populatiorisBallota acetabulosén 2005. For each site the number of insect caught
during a total of 3 h of random collection is inatied (overall: 24 h). Functional groups are givethe second column
(see text for details).
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