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Abstract Self-incompatible, non-clonal plant spe-

cies are especially dependent on the activity of flower

visitors for seed production. Therefore, populations of

these plants are vulnerable to a reduced flower

visitation rates, but also to increased isolation by

extinction of local populations. To study how local

populations of Centaurea scabiosa, a self-incompat-

ible, bee-pollinated herb species changed over time in

the region of Bonn, we collected historical population

records in the area and investigated their current

status. We found that more than half of the subpop-

ulations mentioned in the literature between 1950 and

2012 (38 of 65) have since disappeared. Small

populations were most vulnerable, whereas medium

to large populations increased in size. In a second step,

we studied visitation frequencies and achene produc-

tion and weight across 14 extant populations. We

found that both flower visitation frequency and achene

production were positively related to population size.

Achene weight was neither related to the frequency of

flower visitors nor to achene production. These results

clearly indicate that reduced pollen transfer and lower

pollination rates may contribute to local extinction in

small populations of Centaurea scabiosa. Overall our

results call for an intensified monitoring of the

populations of self-incompatible plant species.

Keywords Bee pollination �Geographical isolation �
Inbreeding � Land use change � Local extinction �
Pollinator loss � Population size

Introduction

In the past decades, the diversity and abundance of

flower-visiting insects has dramatically decreased in

many Central European habitats due to habitat loss,

fragmentation, a reduced food availability and the

massive application of pesticides in agriculture (e.g.

Biesmeijer et al. 2006; Brittain et al. 2010; de Palma

et al. 2016; Abrahamczyk et al. 2020). This decline is

expected to have a negative impact on pollination

services and consequently on the conservation status

of obligately entomophilous plant species (Biesmeijer

et al. 2006). Self-incompatible species, dependent on

active pollen transfer and high outcrossing rates for

successful seed production (Jennersten 1988; Ågren

1996) are expected to be particularly vulnerable.

These plant species commonly have large, attractive

flowers with high pollination reward (nectar and/or
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pollen) and are, therefore, important food resources

for many species of flower visitors.

Seed set, seed weight and seedling survival of self-

incompatible plants are strongly reduced or nullified if

pollinated by self-pollen or by pollen from closely

related individuals (Broyles and Wyatt 1993; Culley

et al. 1999; Schlindwein et al. 2005). Chronically

reduced seed production necessarily leads to popula-

tion decline and may even result in local extinction

because small populations are increasingly unattrac-

tive to pollinators, which often prefer species with

large populations. This, in turn, further reduces

visitation rates and seed set (Ågren 1996; Groom

1998). Additionally, small populations have a higher

extinction risk due to inbreeding and genetic drift

(Campbell and Husband 2007). If more and more

populations of a species go extinct within a region, the

remaining populations become increasingly isolated.

This fragmentation reduces gene flow and reduces

seed production (Ghazoul 2005). Gene flow between

isolated populations can be maintained either by

pollinators or by seed dispersal: However, gene flow

by pollinators is limited by the distance between

populations since especially smaller insects often

forage within one kilometre around their brood sites

(Walther-Hellwig and Frankl 2000; Zurbuchen et al.

2010; Hofmann et al. 2020). Seed dispersal, in turn,

can only maintain gene flow if appropriate adaptations

exist and dispersal vectors are functional (Ghazoul

2005).

Centaurea scabiosa is a useful model to study the

effects of population size on reproductive success: It is

a conspicuous, self-incompatible, non-clonal, peren-

nial herb (Marsden-Jones and Turrill 1954; Jäger

2016), widely distributed across Western Europe to

Central Siberia. However, it tends to have a scattered

distribution with populations restricted to suit-

able habitats such as dry meadows or ecologically

comparable man-made secondary habitats such as

road cuttings (Hofmann et al. 2013). In Germany it is

moderately common, but shows a modest population

decline (www.rote-liste-zentrum.de). Most impor-

tantly, quite detailed historical data on the distribution

of Centaurea scabiosa since the 1950s are available

for the region of Bonn (Gorissen 2013), enabling us to

study the changes of the populations across the past

decades.

The flower heads (capitulescences) of Centaurea

scabiosa are composed of several tubular, reddish

purple flowers that open between June and September

(Jäger 2016). The flowers are mostly visited by a range

of long-tongued bee species, especially of the genus

Bombus, but also by short-tongued bees, syrphid flies

and butterflies (Lack 1982a; Ehlers 1999). Flower

visitors are rewarded by nectar (Lack 1982b). The

achenes of Centaurea scabiosa are dispersed by ants

as well as epi- and endozoochorously by large

mammals (Jäger 2016). A Danish study (Ehlers

1999) did not find a significant relationship between

population size and the number of achenes per

capitulescence in Centaurea scabiosa, but did report

a high variation of seed set within and between sites.

Additionally, Ehlers (1999) did not find a significant

relationship between visitation rate and population

size studying five medium to large populations (27,

250, 300, 350, 650 individuals).

To overcome the weaknesses of small sampling

size and moderate variability in population size in the

study by Ehlers (1999) we analysed population

dynamics, flower visitation frequency and achene

production of Centaurea scabiosa. We expanded our

sampling to a total of 14 populations, ranging from 1 to

22,340 individuals in the Bonn region. We compared

decadal changes in population sizes and correlated

population sizes to the frequency and diversity of

flower visitors as well as to achene production and

weight. Specifically, we tested the following

hypotheses:

1. The number and size of populations of Centaurea

scabiosa have declined in the region of Bonn since

the 1950s.

2. Flower visitation rates and the diversity of flower

visitors are positively correlated to population size

in Centaurea scabiosa.

3. Achene production and weight are positively

related to population size in Centaurea scabiosa.

Material and methods

Change of populations over time

We tabulated historical reports on populations of

Centaurea scabiosa in the city of Bonn and the

adjacent Rhein-Sieg Kreis, dating from the 1950s to

2012 from Gorissen (2013) and also noted the number

of individuals per population (Table S1). We
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standardised reported population sizes by defining five

individuals for descriptions like ‘‘few individuals’’ or

‘‘remnants’’, ten individuals for descriptions like

‘‘small population’’ or ‘‘several individuals’’. Descrip-

tions such as ‘‘many’’ or ‘‘very many’’ individuals

could not be translated. To identify additional current

populations of Centaurea scabiosa in the area we used

point localities from the website of the ‘‘Landesamt für

Natur, Umwelt und Verbraucherschutz Nordrhein-

Westfalen’’ (LANUV; www.florenkartierung-nrw.

de), our own observations as well as interviews with

local botanists (e.g. pers. com. Jutta Bohne, Wolfram

Lobin, Bodo Moeseler, Heiko Schmied). We georef-

erenced all known population and visited them from

March to May 2020 to verify current status and to

assess population sizes.

Stands of Centaurea scabiosa were treated as

representing separate population when they were

separated by[ 1000 m. Two or more groups of plants

500–1000 m apart from each other were treated as

subpopulations of one population. The distance

between (sub-)populations was obtained from Google

Earth�. We chose a distance of[ 1000 m because

bees, the main pollen vectors for Centaurea scabiosa

(Ehlers 1999), mostly forage within a radius of

roughly 1000 m around their nests (Walther-Hellwig

and Frankl 2000; Zurbuchen et al. 2010; Hofmann

et al. 2020).

We estimated population size in two ways: We

performed a total count of individuals for small

populations covering less than 1000 m2. In popula-

tions covering[ 1000 m2 we counted the number of

individuals in a number of 2 m 9 2 m squares ranging

from four squares for areas with 1000 m2 to 24 squares

for areas with 22,700 m2. Within each area we

arranged the position of the squares in a way to

optimally represent the variability in plant density. We

analysed the area covered by a population by

connecting the outermost plant individuals and calcu-

lating the area of the resulting polygon in Google

Earth�. We calculated the number of plants per

population by multiplying the average number of

individuals per unit area (m2) obtained from the direct

counts with the total population area.

Observations of flower visitors

Based on our population observations we selected 30

populations of Centaurea scabiosa (ranging from very

small to very large) for the subsequent study. In June

2020 we revisited these populations and counted the

Centaurea scabiosa individuals with inflorescences

following the methodology described above. In some

(sub-)populations these numbers were different from

the number of sterile individuals because some

meadows had been mown. Out of these 30 populations

we finally chose 14 populations ranging from one to

22,340 individuals (Table 1) for observations and

analyses of flower visitors and achene production. We

only selected populations for which we could be sure

that they had not been mown within the previous

weeks. The populations analysed were situated

2.3–32.6 km from each other. We additionally verified

that within an area of 1 km around each population

analysed no other flowering individuals of Centaurea

scabiosa existed.

In July and August 2020 we recorded flower

visitors of Centaurea scabiosa over 4 days, each for

2.5 h in all populations (= 10 h total observation time

per population). Observation time was subdivided into

30 min time slots. We observed flower visitors within

a 2 m 9 2 m square in the centre of each population

and marked the capitulescences at which we observed

the flower visitors with red cotton yarn. We recorded

the number of insect individuals per species alighting

on the capitulescences and touching anthers and/or

stigmas. We were unable to count the number of

individual florets visited within the capitulescence due

to the small size of the single florets and the high

number of flower visitors.

To identify the individual species of flower visitors

ofCentaurea scabiosawe caught representatives of all

morpho species at each site and transferred them into

snap cup vials. Then, we put these vials into a cooler

bag and cooled them down for a few minutes. By this

procedure the insects became inactive and we could

place them onto a grey background to take pho-

tographs from different angles. All insects were

subsequently released unharmed. The insect visitors

were identified based on the images and with the help

of pertinent literature (Harde and Severa 1988; von

Hagen and Aichhorn 2003; Amiet and Krebs 2014;

Ball and Morris 2015; Westrich 2018).

Achene production and weight

To analyse the impact of population size and fre-

quency of flower visitors on the achene production of
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Centaurea scabiosa we collected three capitules-

cences of six individuals each in the centre of each

population shortly before the capitulescences began

opening and releasing the achenes. We chose the

capitulescences previously used for observations of

flower visitors. The capitulescences were air-dried for

7 days, opened in the lab and the achenes were

removed for counting. Achenes were considered as

fully developed when at least the dorsal or the ventral

side was convex and the fruit wall was lustrous dark

brown. After counting we weighted all achenes using

an analytic balance (Mettler Toledo, XS205 Dual

Range, d = 0.01 mg).

Statistics

To analyse changes in subpopulation abundance of

Centaurea scabiosa in the region of Bonn we subdi-

vided the 28 historical subpopulations (coming from

21 populations) for which abundance data were

available into two groups: subpopulation B 10 indi-

viduals and subpopulations with[ 10 individuals.

Then, we tested with paired Wilcoxon tests per group

whether subpopulation size has increased or decreased

over time.

To test for a relationship between the visitation

frequency and visitor diversity against the logarithmic

number of flowering Centaurea scabiosa individuals

per population we conducted linear regression

analyses.

We used linear models analysing mean achene

production per capitulescence against logarithmic

population size and visitation frequency to identify

whether these two factors correlated to achene

production in Centaurea scabiosa. In these analyses

we had to exclude the data from our largest population

(Rodderberg) since at this locality a large population

of seed-predating birds (European Goldfinch, Cardu-

elis carduelis) was continuously present, feeding

regularly at Centaurea scabiosa seeds and depleting

our marked capitulescences. In a second step we

applied linear models analysing mean achene weight

per population against logarithmic population size and

frequency of flower visitors.

All statistical tests were conducted in R version

3.4.3 (R Development Core Team 2017).

Results

Change of populations over time

Of the 41 populations (including 65 subpopulations) of

C. scabiosa reported in Gorissen (2013), 24 popula-

tions (including 27 subpopulations) are still extant

(Table S1), 41.5% of the populations and 58.5% of the

subpopulations went extinct. We report six additional

populations and five subpopulations not reported in

Gorissen (2013).

We found historical abundance data for 28 subpop-

ulations of C. scabiosa coming from 21 populations.

Nine of the 13 subpopulation with B 10 individuals

went extinct, while four increased. A paired Wilcoxon

test did not, however, find a significant trend (V = 48,

p = 0.889). Remarkably, only one of the 15 subpop-

ulations with[ 10 individuals disappeared, while two

decreased and 12 increased in size. A pairedWilcoxon

test found a significant increase in subpopulation sizes

(V = 14, p = 0.007; Fig. 1).

Fig. 1 Development of large and small subpopulation of

Centaurea scabiosa in and around Bonn. Note that subpopula-

tions B 10 individuals did not show significant changes (paired

Wilcoxon test: V = 48, p = 0.889), while subpopulations[ 10

individuals significantly increased (paired Wilcoxon test:

V = 14, p = 0.007)
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Observations of flower visitors

The flowers of C. scabiosa were mostly visited by

long-tongued bees (8 species; Fig. 2, Table 1), espe-

cially by Apis mellifera and Bombus spp. However,

short-tongued bees (8 species) and syrphid flies (10

species) were also common flower visitors. Other

groups of flies (1 species), beetles (1 species) and

butterflies (3 species) only rarely visited the flowers.

Five species, e.g. Apis mellifera and Bombus lapidar-

ius were observed in nearly all (C 12) populations,

five species, e.g. Hylaeus variegatus and Eristalis

rupium were found as common flower visitors (oc-

currence in 8–10 populations), eleven species such as

Bombus pratorum and B. veteranumwere site specific,

but locally common visitors (occurrence in B 50% of

the population with C 10 observations in at least one

site) and 11 species were only rarely observed

(occurrence in B 50% of the population with B 10

observations per site). Locally common visitor species

occurred in all populations C 38 individuals of C.

scabiosa.

The flower visitation frequency is significantly and

positively related to log population size of C. scabiosa

(R2 = 0.38, p = 0.019; Fig. 3), but there is no signif-

icant correlation between log population size and

visitor diversity (R2 = 0.153, p = 0.168; Fig. 3),

although very small populations (\ 30 individuals)

appear to have an impoverished flower visitor com-

munity compared to large populations.

Achene number and weight

Achene number per capitulescence of C. scabiosa

increased significantly with increasing log population

size of C. scabiosa (R2 = 0.425, p = 0.015; Fig. 3),

but it is not significantly related to flower visitation

frequency (R2 = 0.165, p = 0.169). Achene weight is

neither significantly related to flower visitation fre-

quency of (R2 = 0.051, p = 0.459) nor log population

size (R2 = 0.089, p = 0.322).

Discussion

We investigated changes in population size of Cen-

taurea scabiosa in the region of Bonn and the possible

correlations between population size and reproductive

success. The number of populations of C. scabiosa in

the study region changed significantly: 40–60% of all

populations and subpopulations mentioned in the

literature between 1950 and 2012 (summarised in

Gorissen 2013) have disappeared, while only few new

populations appeared. Small populations were most

negatively affected, whereas medium-sized and large

populations increased in population size. These

increases in population size as well as the establish-

ment of new populations are mostly induced by

infrastructure development, i.e. the construction of

roads or dikes, on or along which C. scabiosa among

other species of dry meadows have been actively

established and managed (pers. comm., Klaus Wed-

deling). The loss of populations is commonly induced

by changes in land use of the formally dry meadows

and our data clearly show that small populations are

Fig. 2 Flower visitors at capitulescences of Centaurea
scabiosa; a Apis mellifera; b Bombus lapidaries; c Bombus
terrestris; d Halictus scabiosidae; e Megachile willughbiella;
f Pyronia tithonus; g Episyruphus balteatus; and h Eristalis
rupium
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less resilient and more likely to disappear, which has

serious implications for conservation.

One possible mechanism for population breakdown

is a loss of fertility, e.g. due to reduced pollination or

fruit set occasioned by loss of pollinators and/or

inbreeding depression due to small population size and

isolation. Our data show that while the total number of

individuals of C. scabiosa has increased in the region,

the remaining populations have becomemore isolated.

This fragmentation would be expected to negatively

affect reproductive success in a self-incompatible

species such as C. scabiosa (Ghazoul 2005).

Fig. 3 Regression analyses indicating that frequency of flower

visitors and the number of achenes per capitulescence is

positively related to log population size. Species number of

flower visitors and log population size, respectively, the number

of achenes and frequency of flower visitors are not significantly

related to each other
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Geographical isolation and small population size often

lead to a reduced visitation rate by flower visitors (e.g.

Jennersten 1988; Dauber et al. 2010). In our study,

there is a strong positive correlation between flower

visitation frequency, respectively, fruit set on the one

hand and population size on the other (Fig. 3). Our

smallest population had a visitation rate 18 times

lower than the largest population. While there is no

significant statistical correlation between visitor diver-

sity and population size, the five smallest populations

had the lowest number of visitor species compared to

all but one other population. The small populations

have only a subset of the overall range of flower

visitors, lacking even some of the common visitors

reported from larger populations. However, the diver-

sity and composition of flower visitor species was

highly variable in the medium-sized and large popu-

lations of C. scabiosa. This may be explained by

variation in habitat size and resource availability as

well as composition of flower visitor diversity. All of

these factors lead to variation in resource partitioning

by flower visitors (Geslin et al. 2016). Overall, our

results clearly demonstrate that small populations of

C. scabiosa are less attractive to flower visitors, which

can be explained by the flower fidelity of bees and

other groups of flower visitors (Amaya-Márquez

2009). Many flower visitors favour common, abundant

resources over the smaller resources offered by the

few flowers of an individual species and may end up

ignoring rare species (Goulson et al. 1997; Goulson

1999). A common mechanism found in naturally rare

species, such as many non-rewarding orchid species

that has evolved to overcome this is mimicing the

flowers of common species within their habitats

(Johnson 2000).

Interestingly, seed set is not significantly correlated

to visitor frequency (Fig. 3), indicating that pollina-

tion quality is the driving force behind fruit set—the

mere presence of insects moving pollen between a

small number of plants is evidently not enough to

ensure high seed set. Pollination quality may be

associated with the heterozygosity of the pollen load

delivered and this would provide a direct correlation to

population size—and presumably genetic diversity—

and seed set. However, since we only measured

visitation rates, not pollen transfer rates, we cannot

rule out that impoverished pollinator communities in

small populations differed sufficiently in pollen

transfer rates to compromise successful pollination

despite similar visitation rates, or that smaller plant

number led to an increase in geitonogamous pollina-

tion and stigma clogging. Overall, the net result is not

surprising: a positive correlation between seed set and

population size has been repeatedly reported (e.g.

Jennersten 1988; Ågren 1996; Groom 1998; Dauber

et al. 2010).

Future studies might address the exact mechanism

behind the correlation between population size and

reduced fruit set. Independently of the exact driver, the

present study underscores the inverse relationship

between population size and likelihood of local

extinction in C. scabiosa as a non-clonal, self-incom-

patible herb.
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