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Abstract – Plant population size has been shown to aﬀect insect visitation and reproductive success. Small
populations are at risk because individuals are more likely to be aﬀected by stochastic processes and inbreeding depression (Allee eﬀect). Additionally, several studies have found that plants in small populations
also experience lower pollinator visitation rates, which may further decrease reproduction. In this study,
seed set, pollinator visitation and pollen limitation of Thymus capitatus (L.) was assessed in 32 patches
in eight populations of various sizes on the island of Lesvos, Greece. All populations except one were
significantly pollen-limited. We found that although free-pollinated flowers produced more seeds in larger
populations this was not due to higher pollinator visitation rates as flowers which received pollen supplements also produced more seeds in larger populations. We hypothesize that the higher seed set is due
to a generally greater genetic variability or better habitat quality. We show that honeybee visitation alone
significantly decreases pollen limitation.
pollination / Thymus capitatus / Lesvos / population size / patch size / pollen limitation

1. INTRODUCTION
Habitat fragmentation is an increasing
problem and profoundly threatens biodiversity
in many ecosystems (Henle et al., 2004). As a
result many plant populations become smaller,
which can have serious implications for conservation (Brys et al., 2003).
Plant population size has been shown to
aﬀect demographics. Apart from the negative eﬀects resulting from stochastic processes
and genetic composition (e.g. Schemske et al.,
1994; Spira, 2001; Severns, 2003; Leimu et al.,
2006; Fox, 2007) the eﬀects on plant population demographics are due to the fact that
flowers in larger populations generally experience lower pollen limitation, and therefore, have higher seed set (Jennersten and
Nilsson, 1993; Conner and Neumeier, 1995;
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Ågren, 1996; Brys et al., 2007). This can be
due to pollinators in larger populations depositing less heterospecific pollen, which improves pollen quality (Jennersten and Nilsson,
1993), or to pollinators being generally more
attracted to larger resources, which improves
pollen quantity (Ågren, 1996). Small populations often provide less rewards (nectar
and pollen) thereby failing to recruit suﬃcient numbers of resident pollinators (Rathcke,
1983; Klinkhamer and van der Lugt, 2004),
have smaller, less attractive floral displays
(Amarasekare, 2004; Ghazoul, 2005) or lower
plant densities, and hence have higher withinplant movement of pollinators (Mustajärvi
et al., 2001; Iwaizumi and Sakai, 2004).
Fundamental changes in landscape
structure, and the domestication and concentration of colonies of honeybees by beekeepers, have the potential to disrupt the presumed
ecological balance between native bee populations and honeybees (Steﬀan-Dewenter
and Tscharntke, 2000). Honeybees have been
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Table I. Study populations of Thymus capitatus on the Greek island of Lesvos.
Location
Population

Altitude (m asl)

University
Moria
Skala
Airport
Sifnaios
Pirgi
Kudurudia
Quarry

31
137
36
32
75
78
80
64

Latitude
26◦ 34 17 E
26◦ 30 58 E
26◦ 32 20 E
26◦ 36 21 E
26◦ 36 13 E
26◦ 32 05 E
26◦ 30 57 E
26◦ 32 39 E

Longitude
39◦ 04 56 N
39◦ 07 18 N
39◦ 03 00 N
39◦ 02 48 N
39◦ 02 16 N
39◦ 04 37 N
39◦ 03 30 N
39◦ 05 38 N

Population area (m2 )

Population size (# of
individuals)

86
436
557
705
924
1586
1950
3562

<1000
<1000
<1000
<1000
>1000
>1000
>1000
>1000

described as superior competitors because of:
(1) the high requirements of nectar and pollen
of their large perennial colonies compared to
solitary bees; and (2) the rapid exploitation of
attractive patches of flowering plants facilitated by their unique communication system
(Visscher and Seeley, 1982; Steﬀan-Dewenter
and Tscharntke, 2000).

onomic groups of flower visitors, their impact
on seed set, and competition for resources.

The Mediterranean supports some of the
most diverse plant-pollinator communities and
is seen as a biodiversity hotspot (Michener,
2000). Pollen limitation is especially common
in ecosystems with high plant species richness as a result of strong interspecific competition between plant species to attract pollinators
(Vamosi et al., 2006). Therefore, habitat fragmentation has the potential to be even more
detrimental in Mediterranean ecosystems.

Thymus capitatus is a perennial chamaephyte
that occurs on dry hills, rocky places, roadsides
and occasionally on waste ground or sand-dunes in
sunny and dry places. It is a key species in Eastern
Mediterranean phryganic systems (Petanidou and
Smets, 1996; Blamey and Grey-Wilson, 2004). It
flowers from May to July. Flowers are purplish or
pink, 7–10 mm long and borne in terminal clusters (Petanidou and Vokou, 1993). They are insectpollinated and produce a maximum of four seeds.

Thymus capitatus (L.) is a cornucopious
plant. It is rich in nectar resources and is
visited by many diﬀerent pollinator species
(Petanidou and Vokou, 1993; Petanidou and
Smets, 1995). To our knowledge T. capitatus has not been tested for pollen limitation.
Given the reported high level of visitation to
T. capitatus in Greece (Petanidou and Vokou,
1993) we do not expect this plant to be pollenlimited, but in case of actual pollen-limitation
are interested to determine if pollen-limitation
is related to population or patch size.
We systematically sampled T. capitatus
flower visitors in eight populations on the
Greek island of Lesvos, famous for its Thyme
honey production, over three rounds during the
flowering season in June and July 2006. We focus here on patch and population size, the tax-

2. MATERIALS AND METHODS
2.1. Study species

2.2. Populations and study design
The study was carried out during the summer
(June and July) of 2006 on the Greek island of
Lesvos, which is situated in the North East Aegean.
The island is 70 km long and 45 km wide at its
longest and widest point. Eight sites were chosen in the southeastern part of the island (Tab. I)
which is dominated by olive groves and, at higher
altitudes, by pine forests (Kosmas et al., 2000).
The study sites were a minimum of 1 km apart
and the mean distance to the nearest population
was 2.1 km. Within each population four distinct
patches of flowering T. capitatus plants were selected, each at a distance of 2–10 m from the other.
The areas covered by patches and the areas covered by populations, hereafter called patch area and
habitat area were determined as a measurement of

Eﬀect of spatial population structure on Thymus capitatus

patch and population size. The density of flowering plants per patch was determined by counting all flowering plants in a patch and dividing by
patch area. The patch areas covered between 3.78
and 2629.88 m2 (average 288.78 m2 ) and contained
flowering plant densities between 0.09 and 6.08 m−2
(average 1.31 m−2 ).

2.3. Pollination treatments
In order to obtain information on the plant breeding system and to test for pollen limitation, we
subjected randomly selected flowers on randomly
selected plants to pollination treatments once at
the peak of the flowering period. In each patch of
each population 10 plants were chosen. On each
plant one flower was hand crossed with conspecific pollen from an individual situated at least 3 m
away from the recipient, and one further flower was
marked and left unmanipulated for open pollination.
In addition, on a further 10 randomly selected plants
in each patch, one open flower in previously bagged
inflorescences was hand pollinated with self pollen,
and one further flower was marked and left unmanipulated for spontaneous selfing in the “Quarry”
population only, at the peak of the flowering period.
The inflorescences were re-bagged subsequently.
All hand pollinations consisted of a single application of an abundant quantity of pollen by carefully daubing the exposed anthers onto the pollen
recipient’s stigma. When the fruits were almost mature they were collected and the contained seeds
counted. The number of fruits recovered from the
diﬀerent treatments was above 90% (collected N >
37) in all populations. The remaining marked fruits
could not be found due to the continuous growth of
the experimental plants and did therefore not enter
the analysis.

2.4. Flower observation
Insect visitation observations to T. capitatus
flowers were carried out over three rounds in each
of the eight populations between 13/06/2006 and
20/07/2006 from 9.45 am to 4.00 pm to determine
the visitation rates of diﬀerent taxonomic groups.
The order of which the eight plant populations were
visited was randomised in each round.
Pollinator observations were conducted over the
course of one day per population and round in
suitable weather conditions (temperature >20 ◦ C,
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avoiding cloudy, rainy or windy weather). Each observation round per population consisted of two sets
of four (in each patch) 15-min observations, one
set in the morning and another set in the afternoon.
The observations were carried out in subsets of each
patch, hereafter called observation units. Observation units were set up new in each round and varied in shape and size, but always contained between
96 and 121 flowers. Observers kept a reasonable
distance from the observation units and remained
still for a few minutes before starting the observations. During each 15-min observation period, we
recorded each insect that visited T. capitatus flowers
within the observation unit and assigned it to one of
four taxonomic groups: honeybees, other bees, hoverflies or other insects.
We pooled the observation data (i.e., the morning and the afternoon visitor counts) per round and
patch and calculated the visitation rate as the mean
number of visits to T. capitatus by the diﬀerent taxonomic groups per flower and hour.

2.5. Statistical analysis
The predictor variables were taxonomic group
(honeybee, other bee and other insect) visitation
rates, patch area, population area and density of
flowering plants per patch. The response variables
were open pollination seed set, cross pollination
seed set, Δ seed set (cross seed set – open pollination seed set), honeybee visitation rates and
other bee visitation rates. The statistical analysis
of the data was carried out using R, version 2.6.1.
All response variables fulfilled the requirements of
normality and homoscedasticity. We applied linear
mixed eﬀects models fitted by maximum likelihood
using the “nlme function”. For every response variable we constructed maximal models containing all
predictor variables and their interactions. We then
simplified the models using a stepwise backward
elimination of the terms. Population identity entered the model as random factor to account for the
nested design of patches being nested within populations. All other explanatory variables including
their interactions entered the model as fixed factors. Only models based on predictor variables that
were not significantly correlated were constructed.
We used simple linear regressions in Figures 3–6 to
graphically present the results of the mixed-models.
Mann-Whitney U tests were used in SPSS 15.0
to compare seed set of flowers that were left untreated, received pollen supplements from other
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Figure 1. Seed set per fruit in the “Quarry” populations after hand-crossing, open (free) pollination, handselfing and spontaneous selfing. Diﬀerent letters above bars indicate a significant diﬀerence between treatments (Mann-Whitney U tests).

individuals, were hand-selfed, and bagged in the
“Quarry” population. Bonferroni corrections were
applied.
Kruskal-Wallis tests were used in SPSS 15.0 to
compare open pollination seed set and and cross
seed set within each population.

3. RESULTS
3.1. Pollination treatments
Seed set in the spontaneous selfing and
the hand-selfed treatments were significantly
lower than in the free-pollinated flowers
(Fig. 1). Δ seed set had positive values in
all populations, which indicates general pollen
limitation. In all populations but, one open pollination seed set was significantly lower than
cross seed set (Fig. 2). Overall populations
were strongly pollen-limited (Z = –7.192, P <
0.001).

3.2. Flower visitation
The populations of T. capitatus studied varied greatly in the area covered, ranging from
86 to 1950 m2 .
A total of 1126 insects were recorded performing 12 626 visits to 20 582 available T.
capitatus flowers in 48 h of observations.
Honeybees accounted for 893 of the recorded
insects (79.3%) and 11 386 of the observed
flower visits (90.2%). Other bees, hoverflies
and remaining insects made up only 58, 8 and
167 of the visitors, respectively and performed
306, 17 and 917 of the visits, respectively.
Hoverflies’ visitation rates were not included
in the statistical analyses due to their low numbers.
Open pollination seed set was aﬀected by
honeybee visitation rate and population area
and increased significantly with increasing
honeybee visitation rates and increasing population area (Tab. II; Figs. 3, 4). Likewise cross
seed set was significantly influenced by population area (Fig. 5). In order to exclude the
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Figure 2. Number of seeds per fruit and population after hand-crossing and open pollination in eight populations. Stars above bars indicate a significant diﬀerence between treatments within the same population
(* 0.05 > P  0.01, ** 0.01 > P  0.001; Kruskal-Wallis tests).
Table II. Degrees of freedom and F-values of selected linear mixed eﬀect models for 32 patches in 8
populations of Thymus capitatus. Honeybee visitation, other bee visitation, other insect visitation, patch
and population area and flowering plant density entered the model as fixed factors and population identity
as random factor. For every response variable we constructed maximal models containing all predictor
variables and their interactions. We then simplified the models using a stepwise backward elimination of
the terms. None of the interactions were significant. The variables in the top row are response variables,
the variables in the first column are predictor variables (*0.05 > P ≥ 0.01, ** 0.01 > P ≥ 0.001; n.s. =
non-signifiant).

Honeybee visitation
Other bee visitation
Other insect
visitation
Patch area
Population area
Patch flowering plant
density

Open pollination
seed set
d.f.
F
1, 23
4.45*
n.s.
n.s.
n.s.
n.s.
1, 6

n.s.
n.s.
12.90*

n.s.

n.s.

Cross seed set
d.f.

F

Delta seed set
d.f.
F
1, 23 8.15***
n.s.
n.s.

Honeybee
visitation
d.f.
F
n.s.

n.s.

Other bee
visitation
d.f. F
n.s. n.s.

n.s.
n.s.
1, 6 14.19**

n.s.
n.s.
n.s.

n.s.
n.s
n.s.

n.s.
n.s.
n.s.

n.s.
n.s.
n.s.

n.s.
n.s.
n.s.

n.s.
n.s.
n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.
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Number of honeybee visits per flower and hour

Figure 3. Relationship between open pollination seed set (# seeds per fruit) and the number of honeybee
visits per flower and hour for all patches (F1,23 = 4.45*).

Figure 4. Relationship between open pollination seed set (# seeds per fruit) and population area for all
populations (F1,6 = 12.90*).
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Figure 5. Relationship between cross pollination seed set (# seeds per fruit) and population area for all
populations (F1,6 = 14.19**).

variance in the seed set data, which is not
pollinator-dependent, we calculated Δ seed set
by subtracting the averaged open pollination
seed set from cross seed set for each patch. Δ
seed set is a measurement of pollen limitation
with positive values indicating actual limitation. Δ seed set was negatively influenced by
honeybee visitation rates (Fig. 6). The visitation rates of the taxonomic groups were not influenced by any of the predictor variables used.
None of the interactions in any of the models
were significant.
4. DISCUSSION
4.1. Flower visitation
The fact that seed set in flowers which received supplementary pollen increased with
population area suggests that there is an element other than pollinator visitation that impacts seed set. When we excluded the variance
in the seed set data, which is not pollinatorrelated, by calculating Δ seed set (pollen limitation) and used this as response variable,

habitat area and patch area had no more impact on seed set. This implies that we are probably dealing with a genetic eﬀect because individuals in small populations are generally
more likely to be related than in large populations, which may impact reproduction through
inbreeding depression (Spira, 2001; Severns,
2003; Leimu et al., 2006). It could also be due
to a generally lower habitat quality (i.e., climatic factors, soil quality, topography) associated with small populations (Campbell and
Halama, 1993; Paschke et al., 2002), although
we have no physical data to support this. Thus,
contrary to previous studies, pollen limitation
did not decrease with increasing population or
patch area (e.g. Ågren, 1996). This could have
resulted from the large foraging range of honeybees or the decision of the bee keepers to
take advantage of even the smallest available
flower resource. Wolf and Harrison (2001),
who also reported no correlation between visitation rates and population size in Calystegia
collina in California, and found an increase
in seed set in larger populations, hypothesized
that pollination success is related to the quality rather than the quantity of pollen deposited.
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Number of honeybee visits per flower and hour

Figure 6. Relationship between Δ seed set, as a measurement of pollen limitation, and the number of
honeybee visits per flower and hour in all patches (F1,23 = 8.15***).

This hypothesis is supported by Jennersten
and Nilsson (1993), who found that pollinators
in large populations deposit less heterospecific pollen. Wolf and Harrison (2001), however, related open pollination seed set and not
pollen limitation to population size and might,
therefore, unintentionally have measured habitat quality and genetic eﬀects.
Our finding that patch and population area
had no influence on visitation rates and pollen
limitation may again be due to the large foraging range of honeybees, which made up the
vast majority of visitors, and the fact that honeybee densities are to a large extent influenced
by anthropogenic decisions (Steﬀan-Dewenter
and Tscharntke, 2000).
Contrary to previous studies, honeybee visitation rates did not aﬀect other bee visitation rates, but competition might nonetheless
have had a major impact due to the overall
high numbers of honeybees, i.e., no population
of T. capitatus had low honeybee visitation
rates (Steﬀan-Dewenter and Tscharntke, 2000;
Spira, 2001; Walther-Hellwig et al., 2006). Because our visitation rates are based on coarse
taxonomic groups and not on species we cannot say if honeybee visitation rates aﬀected the

overall bee diversity, which may in turn have
influenced the other bee visitation rates and
seed set.
4.2. Pollination treatments
Our results suggest that Thymus capitatus is
self-incompatible. We observed very low seed
set both in the spontaneous selfing and the
hand-selfing treatment, which complies with
results from our previous research (Petanidou,
unpubl. data). Thymus capitatus is, therefore,
dependent on insect pollination and outcrossing, which renders habitat fragmentation and
the potential competition for floral resources
between pollinators and its eﬀect on bee diversity and seed set even more adverse.
We showed that all populations but one
were significantly pollen-limited. Pollen limitation is especially common in ecosystems
with high plant species richness as a result of
strong interspecific competition between plant
species to attract pollinators (Vamosi et al.,
2006). Given the very high visitation rates generally experienced in the study populations,
the result is nonetheless surprising. Honeybees may visit T. capitatus flowers primarily
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for their nectar, which constitutes an important and consistent source of water and nutrients in the Eastern Mediterranean phrygana
(Petanidou and Vokou, 1993). This is especially likely as in Labiatae pollen quantity is
very limited and nectar is the principal floral
reward (Petanidou and Vokou, 1993). It has
been pointed out that nectar foraging honeybees learn to avoid, to a large degree, the contact with pollen, thereby often neglecting pollination (Westerkamp, 1991). Pollen avoidance
by honeybees could have led to the pollen limitation we found, despite the relatively high visitation rates.
In addition, it has been shown before that
pollinator diversity rather than abundance increases seed set (Klein et al., 2003a, b). The
pollen limitation in our study populations despite high overall visitation rates might therefore be due to the low bee diversity, which may
be driven by the high honeybee visitation rates.

4.3. Conclusions
All populations except one were significantly pollen-limited. Although freepollinated flowers produce more seeds in
larger populations this is not due to higher
levels of visitation as flowers which received
pollen supplements showed the same phenomenon. We hypothesize that the increase in
seed set is due to a generally higher genetic
variability or better habitat quality. By relating
the predictor variables to a measurement
of pollen limitation we show that honeybee
visitation alone significantly decreased pollen
limitation. Honeybee visitation rates did not
aﬀect other bee visitation rates but competition might nonetheless have had a major
impact due to the overall high numbers of
honeybees. Neither population nor patch area
significantly influenced pollen limitation.
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La production de graines est-elle aﬀectée par la
structure spatiale de la population chez Thymus
capitatus avec une faible quantité de pollen disponible ?
Thymus capitatus / pollinisation / Lesvos / Grèce
/ taille de la population / taille du patch / limitation en pollen

Zusammenfassung – Beeinflusst die räumliche Populationsstruktur die Samenmenge bei
pollenlimitiertem Thymus capitatus? Es wurde nachgewiesen, dass die Populationsgröße von
Pflanzen auch deren demographische Entwicklung
beeinflusst. Dies könnte daran liegen, dass Bestäuber in größeren Populationen weniger Pollen
von anderen Pflanzenarten deponieren, wodurch die
Pollenqualität verbessert wird; Bestäuber könnten
aber auch grundsätzlich von den größeren Ressourcen stärker angelockt werden, wodurch sich
die Pollenquantität erhöhen würde. In dieser Untersuchung werden die Samenmenge, die Besuche
durch Bestäuber und die Pollenlimitierung von Thymus capitatus (L.) auf der Insel Lesbos in Griechenland evaluiert. Angesichts der beschriebenen
hohen Frequenz an Bestäuberbesuchen bei T. capitatus in Griechenland gingen wir davon aus,
dass diese Pflanze nicht pollenlimitiert ist. Sollte
aber tatsächlich eine Pollenlimitierung nachgewiesen werden, wollten wir herausfinden, ob diese von
der Populations- oder Patchgröße abhängt.
Wir erfassten auf der Insel Lesbos systematisch die
Blütenbesucher von T. capitatus bei acht Populationen. Innerhalb jeder Population wurden vier unterschiedliche Patches von blühenden T. capitatusPflanzen ausgewählt. Die von den Patches bedeckten bzw. von den Populationen besiedelten Flächen
wurden als Messwerte für die Patch- und Populationsgrößen verwendet. Für die Versuche wurden
zufällig ausgewählte Pflanzen künstlich bestäubt.
Dazu wurden in jedem Patch von jeder Population 10 Pflanzen ausgewählt und danach per Hand
auf jeweils einer Blüte von jeder Pflanze konspezifischer Pollen übertragen; eine weitere Blüte von
jeder Pflanze wurde markiert und diente als unmanipulierte Kontrolle für natürliche Bestäubung. Zusätzlich wurden bei weiteren 10 zufällig ausgewählten Pflanzen aus jedem Patch jeweils eine oﬀene
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Blüte eines zuvor eingesackten Blütenstandes per
Hand mit eigenem Pollen bestäubt; eine weitere
Blüte wurde markiert und verblieb ohne weitere
Manipulation für spontane Selbstung. Alle Handbestäubungen bestanden aus einer einzigen Applikation einer ausreichenden Menge an Pollen, indem
vorsichtig die oﬀenen Antheren auf die Pollen aufnehmenden Stigmata verschmiert wurden.
Alle Populationen waren mit einer Ausnahme signifikant pollenlimitiert. Obwohl natürlich bestäubte
Blüten in großen Populationen mehr Samen produzierten, war dies kein Eﬀekt einer höheren Anzahl
an Blütenbesuchen, da Blüten, die zusätzlich Pollen
erhielten, dasselbe Phänomen zeigten. Wir vermuten vielmehr, dass die Zunahme bei der Samenmenge durch die insgesamt höhere genetische Variabilität oder durch die bessere Habitatqualität verursacht
wird. Indem wir die prognostizierten Variablen mit
den Messungen zur Pollenlimitierung verknüpften,
konnten wir zeigen, dass bereits die Honigbienenbesuche allein die Pollenlimitierung reduzierten.
Die Honigbienenbesuche hatten keinen Einfluss auf
die Besuche anderer Bienenarten, jedoch könnte
Konkurrenz trotzdem aufgrund der insgesamt hohen Anzahl an Honigbienen einen bedeutenden Einfluss haben. Weder die Populations- noch die Patchflächen hatten einen signifikanten Eﬀekt auf die
Pollenlimitierung.
Bestäubung / Thymus capitatus / Lesbos / Populationsgröße / Patchgröße / Pollen
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