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Abstract Reproductive strategies can have significant

consequences for the viability of plant populations. Still,

the effects of lower fruit set due to pollen limitation on

plant demography and population persistence have rarely

been explored. The objectives of this study were to assess

the ecological factors determining female reproductive

success and to study the impact of pollen limitation on

population growth of Dracocephalum austriacum L.

(Lamiaceae), a critically endangered species with a dis-

continuous distribution across Europe. Despite the signifi-

cant background information gathered on the population

dynamics and genetic diversity of D. austriacum, little is

known about its reproductive strategy and the effect it has

on population growth. Thus, the reproductive system,

pollinator assemblage and pollen limitation were studied in

natural populations and the impact of pollen-limited seed

production on population growth was assessed using

existing transition matrix models. The results revealed that

D. austriacum is protandrous self-compatible species that

produces very few seeds in the absence of pollinators. The

flowers are visited by several insects, including legitimate

pollinators (e.g., Bombus hortorum, Osmia spp.) and nectar

robbers (other Bombus spp., O. aurulenta). Fruit and seed

production was significantly pollen-limited in all popula-

tions studied. However, despite the positive effect of pollen

supplementation on seed production, the resulting increase

in seed number did not significantly increase population

growth rates in any of the studied populations. Hence, we

conclude that populations are demographically stable and

current natural seed production is sufficient for the species’

persistence.

Keywords Endangered species � Pollen limitation �
Pollinator assemblage � Population growth rate � Population

persistence � Reproductive system

Introduction

Habitat loss, fragmentation and overexploitation, biologi-

cal invasions, and climate change are causing an ongoing

decrease in the population numbers and sizes of many wild

plant and animal species (Lande 1998; Dirzo and Raven

2003; Oostermeijer 2003). Frequently, changes in species

diversity and abundance drive the disruption of mutualistic

interactions, triggering a cascade of effects with major

impacts on population persistence and ecosystem func-

tioning (e.g., Bond 1994; Traveset and Richardson 2006).

As a result, the number of threatened species continues to
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grow worldwide (IUCN 2012). Therefore, it is crucial to

identify the biological traits and ecological and genetic

processes that maintain (meta)population viability to

ensure the survival of threatened species.

By its effects on demography and genetics, reproduction

can have significant consequences for the viability of plant

populations. In animal pollinated plants that rely on pollen

vectors to set seeds, the abundance, efficiency and behav-

iour of flower visitors determine the quantitative and

qualitative components of pollination and, consequently,

the reproductive success of the plant. Pollen limitation, i.e.,

a quantity or quality of pollen inadequate for optimum seed

set, has been described as a common feature of animal

pollinated species (Ashman et al. 2004; Knight et al. 2005)

and insufficient pollen receipt commonly reduces seed

production in plant populations (e.g., Knight et al. 2005;

Fernández et al. 2012). Pollen limitation can be a natural

phenomenon, for example, many self-incompatible species

have relatively low mean seed set, because not all pollen

transferred by flower visitors is compatible. It can, how-

ever, also result from invasions by non-native species,

reductions in plant or insect diversity, reduced population

size and/or density, skewed sex or style morph ratios, and

loss of S-alleles (Haig and Westoby 1988; Ashman et al.

2004; Eckert et al. 2010). Still, the consequences of pollen

limitation are poorly understood (Larson and Barrett 2000;

Ashman et al. 2004). Several studies have focused on the

ecological and evolutionary causes of pollen limitation and

its expected evolutionary consequences (Ashman et al.

2004; Eckert et al. 2010). However, few pollination studies

have addressed if population growth is likely to suffer from

a reduction in seed production caused by pollen limitation

(Calvo and Horvitz 1990; Ehrlén and Eriksson 1995; Oo-

stermeijer 2000). In particular in long-lived plants, seed

production is only one component of the overall fitness,

and generally has lower elasticity (i.e., contribution to the

population growth rate) than adult survival (Franco and

Silvertown 2004). To understand if changes in seed pro-

duction due to pollen limitation affect the overall fitness, it

is necessary to assess how variation in seed production

affects the population growth rate of a population (Oo-

stermeijer 2000; Münzbergová 2005). This can be achieved

by estimation of vital rates of populations, such as fecun-

dity, growth and survival, using transition matrix models

(Caswell 2001). Studying the effect of pollen limitation on

plant demography will help to understand the long-term

consequences of pollen limitation for population

persistence.

As a study system, we used Dracocephalum austriacum

L. (Lamiaceae). This is a critically endangered species with

a discontinuous distribution across Europe (Meusel et al.

1978; Council of European Communities 1992; Holub and

Procházka 2000). Targeted on developing conservation

measures, its population dynamics, genetic diversity and

impacts of local habitat quality and climatic variation on

population growth have recently been studied (Bonin et al.

2007; Dostálek et al. 2010; Nicolè et al. 2011; Andrello

et al. 2012; Dostálek and Münzbergová 2013). Studies

using transition matrix models performed in the Czech

Republic and Slovakia showed that low seed production

was a constant feature; seed production, together with seed

germination and stasis and growth of small adult plants,

was also the transition that contributed the most to varia-

tion in population growth rate (Dostálek and Münzbergová

2013). Furthermore, populations are relatively isolated and,

consequently, genetically differentiated (Bonin et al. 2007;

Dostálek et al. 2010). Despite the information gathered

about this plant species so far, little is known about

dependence on pollinator visitation and the effect of lim-

ited pollination services on seed production. The earlier

demographic studies by Dostálek and Münzbergová (2013)

enable a detailed evaluation of the effects of pollen limi-

tation on population growth rates.

In this context, our objectives were (1) to study the

reproductive system and pollination ecology of D. aus-

triacum in natural populations to test whether or not female

reproductive success, i.e., seed production, is reduced by

limited pollination services, and (2) to assess whether

lower female fitness due to pollen limitation affects long-

term population growth. To accomplish (1), we performed

controlled pollination experiments, assessed pollinator

assemblage and determined female fitness under open and

supplementary pollinations. To meet objective (2), we

analysed the demographic effects of increased seed pro-

duction through pollen supplementation on population

growth rates using existing transition matrix models for the

study populations (Dostálek and Münzbergová 2013).

Methods

Plant species

Dracocephalum austriacum is a perennial herb with erect

or ascending stems up to 60 cm tall. The flowers are con-

centrated in inflorescences of one to several tens of flowers

usually organized in whorls of six flowers each. They are

attractive to flower-visiting insects, presenting inflores-

cences with several simultaneously open flowers. The

flowers are large (44.9 ± 0.26 mm in length; mean ± SE)

and zygomorphic, with a bilabiate corolla, as in most

Lamiaceae. Nectar accumulates in the base of the long

corolla tube (1.1 ± 0.04 ll with 36.1 ± 2.18 % of sugar,

n = 26) and many flowers experience nectar robbing. The

flowers have a relatively short lifespan (4 ± 0.2 days,

n = 30). Flowering occurs from mid-May to mid-June.
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Typical for the family, the fruit is composed of four

1-seeded nutlets, which mature in June–July.

Dracocephalum austriacum grows on rocky steppes and

rocky sunny slopes (Hrouda 2002) and it is a species of

high conservation interest in Europe, listed in Annex II of

the EU Habitat Directive (Council of European Commu-

nities 1992). In the Czech Republic it is considered criti-

cally endangered (Holub and Procházka 2000).

Study populations

The study was carried out in the spring of 2008 in the

Protected Landscape Area of Czech Karst in the Czech

Republic. This is an area with prevailing limestone bedrock

covered with oak forests and with a rich biodiversity, in

particular in the herbaceous layer. Eight populations of D.

austriacum are located in this area, ranging in size from a

few up to approximately 1100 adult individuals. Four

populations were selected for this study: Cı́sařská rokle

(C1), a population composed of 210 adult individuals,

situated on a rocky ridge on the slope of a ravine, 270 m

a.s.l.; Haknovec (C2), the biggest population with

approximately 1100 adult individuals, situated on the

southern and south-eastern slope of Haknová mountain,

287 m a.s.l.; Kodská stěna (C4), a population comprising

180 adult individuals and situated on rocky steppes on the

upper edge of Kodská stĕna, 350 m a.s.l.; and Velká hora

(C8), a population composed of 630 adult individuals sit-

uated on rocky edges and ridges on the southern and south-

eastern slope of Velká hora mountain, 320 m a.s.l. (for

more details see Dostálek et al. 2010). The population C4

was used to investigate the breeding system of the species;

all populations were used to study pollinators, quantify

pollen limitation and construct transition matrix models

except C8 for which no demographic information was

available.

Breeding system

To determine the reproductive system and the conse-

quences of insect exclusion and pollen source on the

reproductive success of D. austriacum, the following

treatments were applied in population C4: (1) spontaneous

autogamy, flowers were bagged with mosquito net to

exclude insects; (2) obligate autogamy, flowers were bag-

ged and pollinated with their own pollen; (3) geitonogamy,

emasculated flowers were bagged and pollinated with

pollen sampled from other flowers on the same plant; (4)

outcrossing within the population, emasculated flowers

were bagged and pollinated with a fresh pollen mixture

collected from 10 distinct plants from the same population;

(5) outcrossing between populations, emasculated flowers

were bagged and pollinated with a fresh pollen mixture

collected from 10 distinct plants from the nearest popula-

tion (population C1, 1 km apart from C4); (6) supple-

mentary pollination, flowers were left open to natural levels

of pollination and supplementary pollinated with a fresh

pollen mixture collected from 10 distinct plants in the same

population; (7) control, flowers without treatment left open

to natural levels of pollination. For the experiment, 15

distinct plants were selected and one inflorescence bagged

per plant to receive treatments 1–6 (2–3 flowers per treat-

ment) and another left open to natural pollination (treat-

ment 7). Treated flowers were followed daily until

senescence and the corollas were collected in 70 % ethanol

after flowers wilted and the corolla detached. Because the

style detached from the ovary after fertilization or after the

flower wilted, the styles of these flowers were subsequently

collected and stored in 70 % ethanol to observe pollen tube

development in the style. The styles were softened with

8 M sodium hydroxide for 30 min, stained with 0.05 %

aniline blue for 2 h and squashed in a drop of 50 %

glycerine (Dafni et al. 2005). Finally, they were observed

through a Nikon Eclipse 80i epifluorescence microscope

equipped with a UV-2A filter cube (330–380 nm excita-

tion) and the pollen tubes in the style were counted. When

nutlets were ripe, fruit set (number of flowers that matured

at least one nutlet) and seed production (mean number of

seeds produced per fruit) were recorded and seeds collected

for seed weight measurement.

Finally, to assess the opportunities for selfing we studied

the degree of separation between male and female struc-

tures (herkogamy) and the timing of pollen release and

stigmatic receptivity (dichogamy). Herkogamy was asses-

sed in corollas collected in the four populations and stored

in 70 % ethanol, measuring the distance from the middle of

the anthers to the base of the stigmatic lobes. To study

pollen release, 30 flower buds from population C4 were

marked and followed daily, recording availability of pollen

in the anthers and stigmatic lobes opening from anthesis

until senescence. Pollen availability was assessed by the

presence of pollen grains in the anthers quantified after

touching the anthers with a microscope slide, which was

then observed under a microscope. The percentage of

flowers with available pollen was calculated for each age

class. To determine stigma receptivity over the course of

the flower lifespan, fruit set was assessed in flowers pol-

linated with outcross pollen at different stages of anthesis.

For this, prior to anthesis, flowers were emasculated, bag-

ged and marked with the day of flower opening; all flowers

were hand-pollinated with a fresh mixture of pollen col-

lected from 10 distinct individuals; the hand-pollinations

were made on flowers of 1 (n = 12), 2 (n = 17), 3

(n = 12), 4 (n = 12) and 5 days old (n = 12). Fruit set

was recorded at maturity as the number of treated flowers

that had at least one nutlet. The production of fruits was the
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indicator of stigma receptivity and the percentage of

receptive stigmas was calculated for each age class.

The effect of the pollination treatment on the number of

pollen tubes in the style and on seed weight was analysed

with a one-way ANOVA. Differences among pollination

treatments on fruit set and seed production were analysed

using Generalized Linear Models (GLM), with fruit set

(presence/absence of developed fruit) adjusted to a bino-

mial distribution a logit link function to model responses,

and seed production (number of seeds per fruit) adjusted to

a Poisson distribution with a log link function. The effect

of flower lifespan on pollen availability and stigma

receptivity was also analysed using GLM with the depen-

dent variables adjusted to a binomial distribution and a

logit link function. Likelihood ratio tests were also per-

formed in each analysed enabling to compare the full

model with a restricted model where the explanatory

variables of interest are omitted and calculating P values

using the v2 distribution. When significant differences were

found, differences between levels of each effect (i.e., pol-

lination treatments or along flower lifespan) were analysed

using multiple comparisons of means with Tukey contrasts.

All statistical analyses were carried in R version 2.14.2 (R

Development Core Team, R Foundation for Statistical

Computing, Vienna, Austria) with the packages pscl and

multcomp.

Levels of inbreeding depression (d) were determined for

fruit set, seed production and seed weight by calculating

the relationship between the output of manually self-pol-

linated (ws) and cross-pollinated flowers (wx) as: d = 1

- (ws/wx) (Charlesworth and Charlesworth 1987).

Assemblage and foraging behaviour of flower visitors

To determine the assemblage and behaviour of flower

visitors, direct observations were made in every popula-

tion. The observations were performed during the flower-

ing peak in 6 patches (except in population C1 due its small

area where only 4 patches were monitored) of 2 m2 that

had similar plant density, distributed in different places

within the population. Each patch was characterized for the

number of D. austriacum plants and number of open

flowers. Visits were recorded during series of 15 min

censuses at different hours of the day (from 09:00 to

17:00 h, GMT ? 1). In total, 170 censuses were performed

across the four populations, corresponding to a net obser-

vation time of 42 h 30 min. During each census the fol-

lowing variables were registered: visitor species, type of

visit (pollinator—when touching the anthers and style;

nectar robber—when accessing the nectar by an incision at

the base of the corolla, not touching the sexual organs;

Inouye 1980), and number of flowers visited per plant and

patch. Specimens of each flower visitor were collected and

photographed for identification (voucher specimens

deposited at the CFE, University of Coimbra).

The frequency of interaction was calculated for each

visitor species and population as a measure of visitor

efficiency (Herrera 1989; Fishbein and Venable 1996) by

multiplying insect abundance (number of individuals per

15 min) and flower visitation rate (number of flowers vis-

ited per 15 min; Herrera 1989). The variation in abundance

of flower visitors among populations were analysed using

GLM, with the dependent variable (i.e., visitor abundance)

adjusted to a Poisson distribution and a log link function

for model responses. Differences in visitation rate among

populations were assessed using one-way ANOVA after

square root transformation to achieve normality and

homoscedasticity.

Pollen limitation

Pollen limitation was investigated in all the study popula-

tions. One inflorescence on each of 15 distinct plants

received the treatments (6) and (7) described above in

section ‘Breeding system’. In population C4, these treat-

ments were included in the pollination experiments

described above. When mature, fruit set and seed produc-

tion were recorded and seeds collected for seed weight

measurement. From each plant and treatment, 10 seeds (if

available) were placed in Petri dishes with wet filter paper

and kept in a growth chamber (12/12 h light/dark regime,

at 20/5 �C day/night temperature and with intensity of

irradiation at 120 lmol m-2 s-1). The tip of each seed was

cut to facilitate water uptake. Seed germination was

recorded as percentage of germinated seeds after 3 months.

Germinated seeds were replanted to small pots and kept in

the growth chamber. Seedling mortality was recorded as

percentage of seedlings that died after another 3 months.

Differences between supplementary pollination and

control were tested using GLM with fruit set, seed pro-

duction, seed weight, seed germination and seedling mor-

tality as dependent variables. Fruit set, seed germination

and seedling mortality were adjusted to a binomial distri-

bution with a logit link function, seed production to a

Poisson distribution with a log link function, and seed

weight to a Gaussian distribution with identity link func-

tion. Population and individual were taken as a covariate in

the tests of the whole dataset. Differences between treat-

ments within each population were also tested separately

using the same approach.

Effect of pollen supplementation on population

dynamics

Our previous study on population dynamics of D. aus-

triacum (Dostálek and Münzbergová 2013) showed that
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seed production substantially contributed to variation in

population growth rate (seed production was responsible

for 14 % of total variation in population growth rate, sur-

vival in the stage of small adults for 16 %, growth from

small to large adults for 16 % and germination from seeds

for 24 %). The effects of pollen supplementation on pop-

ulation dynamics were thus tested using previously devel-

oped transition matrix models which were constructed

using demographic data collected in 2003–2006 in three of

the studied populations of D. austriacum (populations C1,

C2, and C4, for details see Dostálek and Münzbergová

2013). In each population we collected demography data in

approximately 200 plant individuals. The life-cycle of D.

austriacum was divided into four stages: seeds (a1), seed-

lings (a2; plants with one thin vegetative stem up to 10 cm

high), small adult plants (a3; plants with one stem higher

than 10 cm or with 2–5 stems) and large adult plants (a4;

plants with more than 5 stems) (Fig. 1). To project the

consequences of the changes in seed production that result

from pollen supplementation, we compared the original

transition matrices with matrices incorporating increased

seed production transitions. Seeds produced in year t could

become in year t ? 1 either part of the soil seed bank, or

seedlings if they germinate after dispersal. Hence, we

specifically modified matrix elements of seed and seedling

production by small and large adult plants (a13, a23 and a14,

a24; aij denote probabilities of transitions from stage j in

year t to stage i in the next year, t ? 1; Fig. 1) by multi-

plying them with index DS. DS = SPS/SC, where SPS is

mean seed production per flowering stem treated with

pollen supplementation and SC is mean seed production per

flowering stem used as control (i.e., after natural pollina-

tion). Seed production was calculated per flowering stem,

which enabled inclusion of the combined effect of pollen

supplementation on both seed set and fruit set. We did not

modify germination rate and seedling survival because we

did not find significant consistent effect of pollen supple-

mentation on these traits (see ‘‘Results’’ below).

To calculate the population growth rates and their con-

fidence intervals of both the original matrices and the

matrices with pollen supplementation we used a script

developed by Münzbergová (2006, 2007) which works on

statistic software MATLAB version 7.3.0.267 (The Math-

Works, Inc., Natick, Massachusetts, USA). The MATLAB

script bootstraps the single data points (individuals) used to

create the transition matrices. These confidence intervals

enable estimation of the variation in population growth rate

and enable us to compare the differences between the two

matrices (with and without pollen supplementation) (Ca-

swell 2001). Stochastic population growth rates (kS) were

calculated for each of the studied populations by randomly

selecting one of three annual matrices with equal proba-

bility for each of 105 model iterations and calculating the

geometric mean of the acquired annual growth rates (Ca-

swell 2001). Using this approach we incorporated temporal

stochasticity into the model as well.

Results

Breeding system

Flower functioning and sexual organ separation did not seem

to prevent the occurrence of self-pollination. Pollen dehis-

cence occurred mainly on days 1–2 and decreased signifi-

cantly with flower age (v2
4;150 = 75.13, P \ 0.001), while

stigma receptivity increased until it reached a peak at day 3

(v2
4;65 = 20.59, P \ 0.001; Fig. 2). Despite the temporal

separation of male and female phases (protandrous species),

there is still a temporal overlap between both functions that

may allow spontaneous and/or visitor-mediated self-polli-

nation. Additionally, we observed a small extent of spatial

separation between stigma and anthers (1.4 ± 0.07 mm,

n = 139), which are displayed in the upper part of the corolla

throat opening readily accessible to pollinators.

Pollination treatments significantly affected the number

of developed pollen tubes in the style, fruit set, seed pro-

duction and seed weight (Table 1). A reduced number of

pollen tubes and low fruit set and seed production were

observed after spontaneous autogamy (Table 1). Despite

Small adults

Large adultsSeeds

Seedlings

a11
0.557

a21
0.021

a22 
0.210

a32
0.380

a33
0.744

a44
0.847

a43
0.174

a34
0.138

a14
0.052

a23
0.006

Fig. 1 Life-cycle of Dracocephalum austriacum, representing mean

probabilities of reproduction (broken lines) and transitions of

individuals between stages (solid lines). aij denote probabilities of

transitions from stage j in year t to stage i in the next year, t ? 1.

Probabilities were calculated as means over years 2003–2006 over

three studied populations (C1—Cı́sařská rokle; C2—Haknovec; C4—

Kodská stěna). For further details see Dostálek and Münzbergová

(2013)
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not significant, obligatory autogamy had lower outcomes

for all the response variables than geitonogamy (Table 1).

These results might constitute a real trend considering that

the species is protandrous (Fig. 2), lowering the fitness of

obligatory autogamy in comparison with geitonogamy due

to a temporal separation of male and female functions

(Fig. 2). Geitonogamous pollinations led to similar results

as cross pollinations (for pollen tube development, fruit set

and seed production) and indicate the absence of a self-

incompatibility system.

The reproductive variables after cross pollination

between individuals of the same population (outcrossing

within population) and between individuals of different

populations (outcrossing between population) were similar

(Table 1). Inbreeding depression was low for all the

reproductive variables (dFruit set = 0.26, dSeed production =

0.38, dSeed weight = 0.13). Still, the level of inbreeding

depression varied greatly at the individual level (ranging

from -0.50 to 1.00, -0.14 to 1.00 and -0.10 to 0.50 for

fruit set, seed production and seed weight, respectively).

Also, seed mass after geitonogamous pollination was less

than half of seed mass after cross pollination within pop-

ulation (for example, 100 hypothetical flowers yield a seed

mass of 208.8 mg after geitonogamy versus 521.7 mg after

Fig. 2 Pollen availability (open

circles) and stigma receptivity

(closed circles) along the

lifespan of Dracocephalum

austriacum flowers. Different

letters reveal statistically

significant differences at

P \ 0.05 after multiple

comparisons of means with

Tukey contrasts. Broken lines

represent the trends of stigma

receptivity and pollen

availability along the flower

lifespan

Table 1 Breeding system of Dracocephalum austriacum assessed after different hand pollination treatments

Treatment Pollen tubes

(mean ± SE; n;

percentage)

Fruit set

(mean ± SE; n)

Seed production

(mean ± SE; n)

Seed weight

(mean ± SE; n)

Spontaneous autogamy 1.6 ± 0.7 (13, 39 %)a 24.5 ± 4.2 (106)a 0.32 ± 0.06 (106)a 3.02 ± 0.16 (34)a

Obligatory autogamy 4.3 ± 1.2 (12, 75 %)ab 51.7 ± 9.4 (29)ab 0.72 ± 0.15 (29)b 2.86 ± 0.28 (25)a

Geitonogamy 7.2 ± 1.9 (10, 80 %)b 66.7 ± 9.8 (24)bc 1.00 ± 0.18 (24)bc 3.13 ± 0.22 (23)ab

Outcrossing within population 8.3 ± 1.7 (8, 100 %)b 89.7 ± 5.8 (29)c 1.62 ± 0.17 (29)c 3.59 ± 0.19 (45)b

Outcrossing between

populations

7.1 ± 1.1 (10, 100 %)b 66.7 ± 8.8 (30)bc 1.47 ± 0.25 (30)bc 3.27 ± 0.18 (44)ab

Pollen supplementation 7.3 ± 0.6 (19, 100 %)b 90.9 ± 5.1 (33)c 1.61 ± 0.17 (33)c 3.73 ± 0.18 (53)b

Control 6.6 ± 1.1 (20, 75 %)b 61.4 ± 5.4 (83)bc 1.16 ± 0.12 (83)bc 3.58 ± 0.17 (67)b

Statistical test F6,97 = 3.68,

P = 0.003
v2

6;333 = 82.47,

P \ 0.001

v2
6;333 = 95.69,

P \ 0.001

F6,271 = 2.53,

P = 0.021

Pollen tubes are given as mean and standard error of the mean, followed by the sample size (n) and percentage of flowers with pollen tubes in the

style in parenthesis. Fruit set is given as the percentage of flowers that developed in fruit from the total number of treated flowers. Seed

production is given as mean number of seeds per fruit and standard error of the mean. Seed weight is given in milligrams as mean and standard

error of the mean. The latter three variables are followed by the sample size (n) in parenthesis. Different letters in superscript reveal statistically

significant differences between pollination treatments for each response variable at P \ 0.05 after multiple comparisons of means with Tukey

contrasts
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outcrossing). Under natural conditions (control treatment)

fruit set was lower than in the supplementary pollination

treatment (Table 1; see details below).

Assemblage and foraging behaviour of flower visitors

Despite some differences in the overall assemblage, the

localities studied shared the main pollinators (Table 2).

Dracocephalum austriacum was mainly visited by several

species from the genera Bombus and Osmia (Table 2).

Species of these two genera were the main pollinators in

populations C4 and C1; in population C8 the main poll-

inators were Osmia spp.; and in C2, Bombus and Antho-

phora were the main pollinators (Table 2). The flower

visitors were observed collecting nectar and/or pollen and

showed different behaviours (Table 2); they collected

pollen after landing on the lower lip and/or collected nectar

either by a legitimate visit (i.e., insertion of the proboscis

through the corolla throat) or by making incisions at the

base of the corolla tube (nectar robbing; Inouye 1980).

Only in the first two cases, the visitor contacted the sexual

organs and pollinated the flower. Nectar robbing was fre-

quently observed and undertaken mainly by Bombus pa-

scuorum in population C2 and by Osmia aurulenta in the

other populations (Table 2). No differences among popu-

lations were observed in the abundance of flower visitors

(v2
3;170 = 2.57, P = 0.463) and visitation rates (F3,170 =

1.25, P = 0.293).

Pollen limitation

Strong evidence for pollen limitation affecting fruit and

seed production was found in the populations studied

(Fig. 3), i.e., there was significantly higher production of

fruits and seeds in open pollinated flowers supplemented

with pollen as compared to the open pollinated flowers

used as controls (v2
1;1259 = 39.53, P \ 0.001 for fruit set;

Fig. 3a, and v2
1;1259 = 39.84, P \ 0.001 for seed produc-

tion; Fig. 3b). Still, fruit set after supplementary pollination

Table 2 Flower visitor assemblage of Dracocephalum austriacum for the four populations studied: floral reward collected by the visitor (N—

nectar; P—pollen), visitor type (P—pollinator; R—nectar robber) and frequency of interaction followed by the percentage of visits in parenthesis

Flower visitors Floral reward Visitor type Population

C1—Cı́sařská rokle

(%)

C2—Haknovec

(%)

C4—Kodská stěna

(%)

C8—Velká hora

(%)

Anthophora plumipes N P 0.103 (1.9) 0.338 (5.5) 0.022 (1.8)

Bombylius sp. N P 0.002 (0.3) 0.012 (1.0) 0.005 (0.5)

Bombus hortorum N P 2.523 (19.4) 18.082 (57.1) 0.409 (13.5) 0.033 (3.3)

Bombus lapidarius N P, R 0.024 (1.1) 0.002 (0.4)

Bombus pascuorum N R 0.054 (1.2) 2.837 (27.5)

Bombus terrestris N P, R 0.075 (3.3) 0.133 (3.2) 0.015 (2.4) 0.014 (0.9)

Bombus sp. N R 0.009 (0.1) 0.047 (1.1) 0.016 (2.6)

Halictinae P P 0.024 (0.6) 0.453 (7.5) 0.293 (5.4)

Lepidoptera N P 0.017 (0.7)

Megachilidae N P 0.023 (1.0) 0.286 (5.9)

Melecta sp. P, N P 0.210 (3.9) 0.001 (0.1)

Osmia aurulenta P, N P, R 29.745 (64.9) 4.998 (37.4) 5.755 (32.2)

Osmia bicolor P, N P 0.031 (0.7) 0.019 (0.9) 1.142 (11.1) 1.488 (14.3)

Osmia rufa P, N P 0.031 (1.4) 0.348 (3.4) 0.271 (6.4) 10.133 (37.1)

Osmia sp. P P 0.333 (4.6) 0.173 (5.8)

Psithyrus sp. N P 0.007 (1.1)

Rhodanthidium sp. N P 0.803 (4.2) 0.006 (0.5)

Tropinota hirta P P 0.003 (0.2) \0.001 (0.1) 0.002 (0.2)

Unknown (*3 mm) P, N P 0.001 (0.1) 0.001 (0.1) 0.001 (0.1)

Total number of visits 1617 1393 831 875

Total number of observation periods 46 45 37 42

Empty cell reveal zero interactions for a given insect in a given population. Total number of visits and total number of observation periods is also

provided for each population
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was only 64.9 % in population C1 (while it was[90.0 % in

the others) and for all populations seed production was low,

ranging from 1.3 to 2.4 seeds per flower, indicating that

more factors than pollen limitation are affecting female

reproductive success.

No significant differences between supplemented and

open pollinated treatments were found for seed weight

(v2
1;574 = 0.47, P = 0.495; Fig. 3c). Similar results were

obtained for seed germination (v2
1;554 = 2.14, P = 0.144)

when analysing the data altogether; however, there were

significant differences in seed germination within single

populations, with open pollinated treatment having signifi-

cantly lower seed germination in populations C1 and C2 (and

despite not significant also in population C4), but the opposite

trend in population C8 (Fig. 3d). We also recorded signifi-

cantly lower seedling mortality after pollen supplementation

(v2
1;266 = 4.69, P = 0.030), however it was not significant

when analysed within single populations (Fig. 3e).

Effect of pollen supplementation on population

dynamics

The mean increase in seed production per flowering stem

after pollen supplementation (DS) relative to controls was

1.96, 1.53 and 2.75 in populations C1, C2 and C4,

respectively. All stochastic population growth rates tended

to be higher for the pollen supplementation treatment.

However, 95 % confidence intervals of kS overlapped

between matrices from pollen supplemented and control

treatments in each population, which indicates that popu-

lation growth rate did not increase much as a consequence

of pollen supplementation (Fig. 4). None of the stochastic

population growth rates significantly decreased below 1.

Discussion

Reproductive strategy

The pollination experiments revealed that D. austriacum is

a self-compatible species with low ability to autonomously

self-fertilize, thus, depends on pollen vectors to mediate

most of the pollen transfer. This strategy is similar to the

congeneric D. ruyschiana (Milberg and Bertilsson 1997),

but contrasts with other species from Lamiaceae, in which

delayed selfing is a common mechanism for reproductive

assurance (Navarro 1997; Sales et al. 2010). The low

ability to self-fertilise autonomously is most probably due

to the combination of different levels of herkogamy (i.e.,

a b

d e

c

Fig. 3 Pollen limitation in the populations of Dracocephalum

austriacum studied. Effect of pollen supplementation on: a fruit set

(percentage of flowers that matured at least one nutlet); b seed

production (mean number of seeds per fruit); c seed germination; and

d seedling mortality. Pollination treatments: control—open pollinated

flowers (white bars), pollen supplementation—open pollinated flow-

ers supplemented with outcrossing pollen (grey bars); populations:

C1—Cı́sařská rokle; C2—Haknovec; C4—Kodská stěna; C8—Velká

hora. Values are given as mean and standard error of the mean;

sample sizes for both variables are provided inside the bars of fruit

set; asterisks indicate significant differences between treatments

within populations after GLM analyses: *P \ 0.05; **P \ 0.01;

***P \ 0.001; n.s. non-significant
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spatial separation of male and female organs) and temporal

separation of male and female functions (protandry). The

ability to autonomously self-fertilise, albeit reduced, might

be advantageous under certain scenarios such as unpre-

dictable pollination services in fragmented landscapes

(Navarro 1997; Lennartsson 2002), but will also bear its

costs on future survivorship and reproduction due to

inbreeding depression (Morgan et al. 1997; Lennartsson

2002). The relative contribution of selfing and outcrossing

will depend on the relative positions of anthers and stigma

(Classen-Bockhoff 2007), the maturation schedules of male

and female phases (Navarro 1997; Zhang et al. 2011), the

number of flowers simultaneously open in an individual

and on the behaviour of pollinators (mixed mating systems;

Goodwillie et al. 2005).

Cross pollination within and between populations also

shed some light on the inbreeding and outbreeding

depression. First generation crosses between inbred popu-

lations may lead to higher reproductive output as a result of

heterosis (Leimu et al. 2006). They can also lead to lower

seed set if there are genetic incompatibilities between the

populations, e.g., resulting from differences in paternal and

maternal environment (Dudash and Fenster 2000; Fenster

and Galloway 2001; Galloway 2001). Reproductive suc-

cess of crosses between populations was not significantly

different from crosses within populations, suggesting that

there is neither early-acting outbreeding depression nor

heterosis. Considering the genetic differentiation found

among the populations of this species (Bonin et al. 2007;

Dostálek et al. 2010, including also the populations of the

present study), future studies need to follow the progeny of

these crosses in subsequent generations in the parental

populations to fully understand the degree of outbreeding

and, thus gain further insights on local adaptation of the

populations.

Floral visitors and reproductive success

Regardless of the mating system, D. austriacum largely

relies on pollen vectors to achieve pollination. The main

legitimate pollinators of D. austriacum were Bombus

hortorum and Osmia species but up to 16 different taxa

were observed visiting this plant, a broader spectrum than

D. ruyschiana (Milberg and Bertilsson 1997). Some dif-

ferences were observed in the pollinator assemblage but,

overall, populations shared the main flower visitors, each

species varying in their relative abundance within the

population. These differences in insect composition and

abundance are common in nature and can be due to micro-

habitat preferences by pollinators, including food resource

composition, microclimatic variables, nesting places

among others (Herrera et al. 2002; Moeller 2005). Still, the

overall insect abundance and visitation rates did not differ

significantly between populations, despite the significant

differences in reproductive success among populations.

The latter may result from differences in the efficiency or

behaviour of the main pollinators (abundances of which

varies among populations) (Herrera 1989; Fishbein and

Venable 1996). Indeed, among the floral visitors observed,

nectar robbers were a steady feature in all the populations

studied. The variable behaviour of nectar robbers will

result in different contributions to pollination and, possibly,

in different impacts in the behaviour of efficient pollinators

and in the reproductive success of the plant (Castro et al.

2008; Irwin et al. 2010).

Pollen availability and quality is one of the main

determinants of female reproductive success (Haig and

Westoby 1988; Griffin and Barrett 2002). Indeed, pollen

limitation has been shown to be a widespread phenomenon

among animal-pollinated species (Burd 1994; Ashman

et al. 2004; Knight et al. 2005). Our pollen supplementa-

tion experiments revealed that in all populations, pollen

limitation reduced the amount of fruits and seeds and that

the degree of pollen limitation varied among populations.

These results reflect limited pollination services by floral

visitors and differences in pollinator assemblages, relative

abundances and/or behaviour (and consequently, pollina-

tion efficiency) among populations described above. Dif-

ferences in insect composition and abundance are common

in nature and can be due to differences in micro-habitat

preferences by pollinators, as described above (Herrera

et al. 2002; Moeller 2005). However, the final reproductive

success might also be determined by other factors, such as

resource availability and resource allocation (Griffin and

Barrett 2002; Wesselingh 2007). This was most probable

Fig. 4 Expected effect of pollen supplementation on population

growth rate in populations of Dracocephalum austriacum. Pollination

treatments: control—open pollinated flowers (white bars), pollen

supplementation—open pollinated flowers supplemented with out-

crossing pollen (grey bars); populations: C1—Cı́sařská rokle; C2—

Haknovec; C4—Kodská stěna. Values are given as stochastic

population growth rate (kS) and its 95 % confidence interval
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affecting the production of fruits in population C1, but also

the production of seeds in all populations, which remained

below 2.4 seeds per fruit (out of 4 ovules) even after

supplementary pollination.

Alternatively, the low reproductive success after pollen

supplementation (e.g., in population C1) could also be

associated with a high inbreeding coefficient (Dostálek

et al. 2010; but see Nicolè et al. 2011). However, low

inbreeding depression was observed in the present study.

The low inbreeding depression observed could be due to

the fact that (i) seedlings were grown in a growth chamber,

and (ii) only performance in the first stages of the life-cycle

was measured, stages that could be free of inbreeding

depression. Inbreeding depression is generally expressed

most in the more stressful natural environment and/or in

later developmental stages (e.g., Dudash 1990; Fenster and

Galloway 2001; Willi et al. 2007; Raabová et al. 2009). In

addition, the populations of D. austriacum studied were

relatively big, whereas inbreeding depression might have

started to play a major role in smaller populations (Dos-

tálek et al. 2010). Furthermore, when analysing the data at

the individual level, plants revealed variable degrees of

inbreeding, most probably resulting from the mixed mating

strategy observed in this species.

Pollen limitation and population performance

The question that remains is whether the lower fruit set

observed in all population studied has consequences for

population persistence. Seed production is definitely one of

the life-cycle transitions with substantial contribution to the

variation in population growth in D. austriacum (Dostálek

and Münzbergová 2013). Consequently, lower fruit-to-

flower ratios due to pollen limitation are expected to have

effects on plant demography and population persistence.

Still, only a small set of studies used a demographic

approach in pollination studies to understand the long-term

consequences of pollen limitation in endangered species

(Bierzychudek 1981; Calvo and Horvitz 1990; Calvo 1993;

Ehrlén and Eriksson 1995; Parker 1997; Garcı́a and Ehrlén

2002; Knight 2004; Price et al. 2008; Horvitz et al. 2010;

Law et al. 2010). In the current study, we observed that

pollen supplementation tended to have positive effects on

population growth rates. However, because of the sampling

variance in lambda, the growth rates after natural pollina-

tion and pollen supplementation were similar for the three

studied populations. Furthermore, all studied populations

were demographically stable (Dostálek and Münzbergová

2013), which means that natural seed production was

already high enough for population persistence. Non-sig-

nificant differences in population growth rates after pollen

supplementation were also reported, for example in

Lathryrus vernus (Ehrlén and Eriksson 1995; but see also

Horvitz et al. 2010), Primula veris (Garcı́a and Ehrlén,

2002) and Trillium grandiflorum (Knight 2004). Pollen

supplementation may have no impact on population growth

rates either because of trade-offs between amount and

quality of the offspring or because it constitutes a signifi-

cant cost of reproduction for the plants. For example,

several studies revealed positive effects of pollen supple-

mentation on seed production and subsequently on popu-

lation growth but, at the same time, pollen supplementation

significantly reduced flower, fruit and seed production in

subsequent years, and thus had no long-term effects on

population growth (Bierzychudek 1982; Calvo 1993; Ehr-

lén and Eriksson 1995). Indeed, despite the initial

assumptions, reduced seed production due to pollen limi-

tation does not necessarily have to result in demographic

consequences for the population. This is the case of long-

lived species with multiple reproductive episodes, where

the sensitivity of the population to increased seed set might

be low in comparison with other vital rates of the life-

cycle, such as, adult survival (Ashman et al. 2004; Feldman

and Morris 2011). On the contrary, in monocarpic species

the elasticity values for fecundity are high and lower seed

production due to limited pollination services, even if low,

is expected to have significant consequences on population

growth and persistence (Franco and Silvertown 2004; Ra-

mula 2008; Law et al. 2010). All the above emphasises the

importance of using demographic approaches to assess the

real impact of some events that are assumed to affect

population growth and persistence, such as pollen limita-

tion or herbivory, but also reveal the importance to go

further beyond the results obtained in this manuscript and

include the impacts of such events in future performances

of the plant.

Conclusion

The present study provides insight into the reproductive

biology and pollination ecology of the critically endan-

gered D. austriacum, and showed that a relatively low level

of seed production might be fully natural and does not need

to be detrimental to population viability (see also, for

example, Ashman et al. 2004; Tomimatsu and Ohara

2006). Because of this, studies on reproduction and pollen

limitation should preferably include demographic moni-

toring and modelling to evaluate the effects of observed

changes on population growth rates. In addition, experi-

ments with in- and outbred seeds should preferably be

included to study the demographic consequences of the

synergistic interaction between the Allee-effect and

inbreeding depression (Oostermeijer 2000).
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Herrera CM, Cerdá X, Garcı́a MB, Guitián J, Medrano M, Rey PJ,

Sánchez-Lafuente AM (2002) Floral integration, phenotypic

covariance structure and pollinator variation in bumblebee-

pollinated Helleborus foetidus. J Evol Biol 15:108–121

Holub J, Procházka F (2000) Red list of vascular plants of the Czech

Republic. Preslia 72:187–230

Horvitz CC, Ehrlén J, Matlaga D (2010) Context-dependent pollinator

limitation in stochastic environments: can increased seed set

overpower the cost of reproduction in an understorey herb?

J Ecol 98:268–278

Hrouda L (2002) Dracocephalum austriacum L. In: Kubát K, Hrouda

L, Chrtek JJ, Kaplan Z, Kirschner J, Štěpánek J (eds) Klı́č ke
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