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Abstract
Pollination ecology and breeding system of Lilium pomponium L. were studied, and their effect on the reproductive outcome 
was assessed. This species has high conservation interest in Europe, because it is included in Annex V of the EU Habitat 
Directive and it is one out of the five Lilium species listed in IUCN Global Red List. To achieve our aim, the pollen vec-
tors as well as the effect of bagging, emasculation and artificial pollination on reproductive output were studied. The most 
frequent visitor was the Lepidopteran Gonepteryx rhamnii. In general, reproductive outputs were close to zero for all the 
self-pollination treatments; however, geitonogamy and facilitated selfing seem slightly more efficient than autogamy, as also 
confirmed by self-compatibility and autofertility indices. Altogether, our results suggest a self-incompatible outcrossing 
breeding system, with a poor capacity for selfing. Nevertheless, climate change and anthropic threats might promote a shift 
toward self-fertilization, even maladaptive, favouring the few individuals able to produce selfed seeds.
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Introduction

Studies on the reproductive systems of rare or threatened 
species are useful for understanding the reasons of their 
status (Evans et al. 2003; Schemske et al. 1994) and can 
yield improved strategies for their conservation (Eckert 
et al. 2010). Indeed, a relationship may exist between some 
reproductive features and rarity or threats of species (Gabri-
elová et al. 2013). In addition, anthropogenic changes, and 
particularly climate change, may affect plant reproduction 

and species survival (Gilman et al. 2012; Liu et al. 2012; 
Woodward 1987). Climate change may decrease popula-
tion size of pollinators and pollination service, influencing 
the spatial and temporal distribution of genetic variation 
and ultimately the processes that lead to plant speciation 
and extinction (Barrett 2003; Eckert et al. 2010; Holsinger 
2000; Stebbins 1974). For these reasons, extensive studies 
on reproductive systems of plants are needed for supporting 
their effective conservation, and in the absence of these data 
any conservation effort is arbitrary and may remain inef-
fective (Shivanna and Tandon 2014). Lilium pomponium L. 
is endemic to the Maritime and Ligurian Alps. It is a spe-
cies of high conservation interest in Europe, being listed in 
Annex V of the EU Habitat Directive (Council of European 
Communities 1992), and it is one out of the five Lilium spe-
cies (together with L. ciliatum, L. jankae, L. polyphillum 
and L. rhodopeum) included in IUCN Global Red List (last 
accession 02.10.2017). Populations are declining in Italy, 
although they are considered stable in France (Gargano 
2015). For this reason, this species was recently assessed as 
Endangered in Italy (Rossi et al. 2013) and Least Concern at 
worldwide level (Gargano 2015). The major threats to this 
species are overgrazing, abandonment of pastoral systems, 
forest planting and the illegal collection of plants (Commis-
sion of the European Communities 2009). Furthermore, L. 
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pomponium appears to be prone to extinction risk because 
of strong range loss induced by climate change (Casazza 
et al. 2014).

Despite its rarity and conservation importance, nothing 
is known about the reproductive biology of L. pomponium, 
which is, for this reason, investigated here. To accomplish 
this objective, we checked the pollinators, the pollen/ovule 
ratio, the breeding system, and the germination performance 
of this species.

Materials and methods

Study species and site

Lilium pomponium (Liliaceae, tribe Lilieae) belongs to 
L. sect. Lilium (= L. sect. Liriotypus Asch. & Graebn.), a 
strongly supported phylogenetic clade of European lilies 
diverging from the rest of the genus 9 Mya ago (İkinci 
2011), and including all the European and Caucasian spe-
cies, with the exception of L. martagon (Rešetnik et al. 
2007). The species grows in xeric stony or rocky calcare-
ous habitats between 100 and 1,900 metres of altitude and 
shows 1–10 flowers per inflorescence (Pignatti 1982). It 
has scarlet Turk’s cap flowers with dark purple lines-spots 
and purplish papillae inside. Like several Lilium species, 
L. pomponium shows spatial separation of anthers and stig-
mas, the so-called ‘approach herkogamy’, with stigmas 
that stick out to be contacted first as the visitor enters the 
blossom while pollen is picked up subsequently (Fryxell 
1957; Webb and Lloyd 1986). In general, herkogamy has 

been shown to be an efficient morphological mechanism to 
reduce self-fertilization and promote outcrossing in self-
compatible species (Webb and Lloyd 1986). Alternatively, 
it can also act to reduce sexual interference between self-
pollen and stigmas in self-incompatible species (Barrett 
2002).

The present study was performed in a wide population 
extending from Monte Grai to Monte Lega (Val Nervia, 
Imperia, Italy), at the border between France and Italy 
(Fig. 1). In this area, the species occurs mainly in rocky 
and bushy places from 1,400 to 1,900 metres of altitude. 
This population has the highest richness of individuals 
within the species range.

Pollen vectors

We documented insect visits and activity on L. pomponium 
inflorescences at the peak of the flowering season (from 
June to July). Two independent observers simultaneously 
monitored insect presence on five individuals located 
2–3 m apart from each other at three randomly selected 
sites (at least 50 metres apart from each other, in order to 
avoid interference between observers and overestimation 
of insect observations). Observations were monitored dur-
ing periods of 30 min from 9 a.m. to 11 p.m. over a total 
of nine sunny days (from June 23rd to July 26th 2014), 
for a total observation time of 4,800 min. Insects were 
identified directly in the field or collected for laboratory 
identification.

Fig. 1  Distributional ranges of Lilium pomponium (continuous black line). The location of the study area is reported (white square)
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Breeding system

To evaluate the pollen/ovule ratio in the study popula-
tion, 15 floral buds were randomly chosen. To estimate the 
number of pollen grains, anthers were put into Eppendorf 
tubes containing 30 µl of butanol to remove the pollenkit. 
After the evaporation of butanol, we added 350 µl of 70% 
ethanol and 50 µl of safranin, and vortexed for 10 min. 
Grains were counted using Fuchs-Rosenthal cell counter 
under an optical microscope (Leica DM2000). We made 
three replicates per each sample and the recorded data 
were multiplied by the dilution factor to obtain the total 
number of pollen grains per flower. In the previous flow-
ers, we also manually counted the ovules per ovary using 
a Leica M205 C stereomicroscope. The mean pollen/ovule 
ratio per flower was calculated to define the reproductive 
strategy adopted by the species.

To examine the breeding system of L. pomponium, dur-
ing the years 2014–2015 a total of 246 flowers, one per 
each individual, were exposed to open pollination (N = 37; 
N2014 = 20, N2015 = 17) as control (C, see Table 1) or allo-
cated to one of six experimental pollination treatments 
(T1-T6, see Table 1). The treatments were: T1, emascu-
lation and free exposure, to test for allogamy (N = 30; 
N2014 = 17, N2015 = 13); T2, bagged flowers with non-woven 
fabric, to test for spontaneous autogamy (N = 17; N2014 = 6, 
N2015 = 11); T3, bagged flowers with non-woven fabric 
and hand self-pollination, to test for facilitated autogamy 
(N = 25; N2014 = 12, N2015 = 13); T4, bagged flowers with 
non-woven fabric with emasculation and hand self-polli-
nation, applying pollen picked up from dehiscing anthers 
from a donor flower belonging to the same inflorescence, 
to test for geitonogamy (N = 56; N2014 = 24, N2015 = 30); 
T5, bagged flowers with non-woven fabric with emascula-
tion and hand cross-pollination (using pollen from a differ-
ent plant at least 2 m away), to test for facilitate allogamy 
(N = 56; N2014 = 27, N2015 = 29); T6, bagged flowers with 
non-woven fabric with emasculation and no-pollination, 
to test for agamospermy (N = 25; N2014 = 15, N2015 = 10). 

At the end of the anthesis, bags were removed to prevent 
any damage to developing fruits.

A total of 76 mature fruits from all treatments were col-
lected in September, preventing seed loss during dehis-
cence. To estimate fruit set, we calculated the proportion 
of flowers producing a fruit with mature seeds. To estimate 
the seed set per flower, seeds from mature capsules (n = 55) 
were counted under a Leica M205 C stereomicroscope. We 
calculated seed set as filled seeds/total number of ovules 
(filled seeds + aborted seeds + unfertilized ovules). We cal-
culated the combined reproductive output for each treatment 
as the product of fruit set for the average seed set. This value 
ranged from 1 when both fruit and seed set are 1 to 0 when 
fruit set, seed set or both are 0.

Data analysis

Indices of self-compatibility (SCI) and autofertility (AFI) 
were calculated according to Lloyd and Schoen (1992). The 
SCI represents the capacity of a plant to reproduce by means 
of self-pollination relative to cross-pollination. According to 
Stout (2007), self-compatibility index was calculated both 
within flower  (SCIwithin = T3/T5) and between flowers of 
the same inflorescence  (SCIbetween = T4/T5). The SCI ranges 
from a little below 0 to greater than 1, and values lower 
than 0.75 are interpreted as representing self-incompatibility 
(Lloyd and Schoen 1992). The AFI (AFI = T2/T5) ranges 
from 0 to above 1, and represents the capacity of the flower 
to reproduce by autonomous self-pollination (Lloyd and 
Schoen 1992). All indices were calculated using fruit set, 
seed set and the combined reproductive output.

Fruit and seed production data are of binomial type, 
which lack the property of linearity and additivity. Hence, to 
determine the effect of breeding treatments on fruit produc-
tion, we conducted a binomial logistic regression with fruit 
production as a binary dependent variable, and pollinator 
treatments as predictor variables. Pollination treatments that 
did not set fruits were excluded by the analysis. Moreover, 
the effects of pollination treatments on plant fitness were 

Table 1  Description of treatments used to examine reproductive biology of Lilium pomponium 

Treatment 
code

Treatment Effect measured Specific type of selfing Specific 
type of 
crossing

C Free exposure (no treatment, control) Natural production Natural Natural
T1 Emasculated, free exposure Spontaneous allogamy Natural geitonogamy Natural
T2 Bagged Spontaneous autogamy Natural autogamy No
T3 Bagged, hand self-pollination Facilitated autogamy Artificial autogamy No
T4 Bagged, emasculation, hand self-pollination Geitonogamy Artificial geitonogamy No
T5 Bagged, emasculation, hand cross-pollination Facilitated alloogamy (Artifi-

cial allogamy)
No Artificial

T6 Bagged, emasculation Agamospermy (apomixis) No No
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analysed by fitting factorial generalized linear mixed models 
(GLMMs, logit link function, binomial distribution) to the 
seed set data with pollination treatments as fixed predictors, 
and flower as random factor (Bolker et al. 2009). Results 
from hand self-pollination (T3) were not included in the 
model, because a single flower set seeds. Statistical analyses 
were performed using the lme4 package (Bates et al. 2015) 
implemented in R (R Development Core Team 2011). Post-
hoc tests were conducted to evaluate pair-wise differences in 
measured traits between treatments using the glht function in 
the R ‘multicomp’ package (Hothorn et al. 2008).

Progeny performance, measured as seed germination, was 
evaluated in temperature- and light-controlled incubators. 
After collection, the seeds were subjected to visual inspec-
tion and only filled seeds were used in the experiments. For 
each pollination treatment yielding enough seeds (C, T1, T4 
and T5), we sowed up to 50 seeds (randomly selected when 
available) in two 90 mm Petri dishes (25 seeds per dish) 
containing 1% distilled water agar. Seeds were incubated for 
100 days at 10 ± 1 °C under a 12 h photoperiod (white light) 

(Mascarello et al. 2011). We used Chi square test to deter-
mine whether germination rates differed among treatments.

Results

Pollination ecology

A total of five taxa of insects were observed on L. pompo-
nium flowers (Table 2). The most frequent visitor was the 
Lepidopteran Gonepteryx rhamnii (52.94%—only female 
individuals were recorded), followed by Hymenoptera 
(29.41%) and Coleoptera (11.76%), while Diptera (5.89%) 
showed a sporadic presence. A maximum of two visits per 
flower per hour were recorded. Insect visits were most fre-
quent during the warmest hours of the day (from 10 a.m. to 3 
p.m.), and despite our observations protracted until 11 p.m., 
we did not observe any nocturnal visitors. Nevertheless, the 
total number of visits recorded (N = 17) was low considering 
the time of observation (4,800 min).

Breeding system

In L. pomponium each flower produced an average of 47,648 
(SD 10,806) pollen grains and an average of 147.93 (SD 
28.61) ovules. Mean pollen/ovule ratio per flower resulted 
332.76 (SD 94.18).

Significant differences were detected between open pol-
lination test (C) and self-pollination treatments (T3 and T4 
in Table S2). In general, fruit set outputs (Fig. 2a, Table S1) 
were significantly higher in free pollination treatments (C 
and T1) compared to bagged treatments (T2-T4 and T6). 
Within free exposure treatments (C and T1), the fruit set 
was higher in emasculated treatment (T1), even if the differ-
ence is not significant. Fruit set outputs in cross-pollination 

Table 2  List and frequencies of insect visitors observed on Lilium 
pomponium flowers

N number of individuals, N% percentage of total observed individuals

Order Family Genus N N%

Lepidoptera Satyridae Gonepteryx rhamnii 9 52.94
Hymenoptera Formicidae Lasius 3 17.65
Hymenoptera Megachilidae 2 11.76
Coleoptera Cerambycidae Tetrops 2 11.76
Diptera Muscidae 1 5.89

Total number of insect 
visitors

17

Total number of taxa 5

Fig. 2  Results for fruit set (a), seed set (b) and combined reproduc-
tive output (c) for each treatment (treatment codes are the same than 
in Table 1). Means and ± 95% confidence intervals are given for each 
pollination test. C Free exposure (no treatment, control); T1 Emas-
culated, free exposure; T2 Bagged; T3 Bagged, hand self-pollination; 

T4 Bagged, emasculation, hand self-pollination; T5 Bagged, emas-
culation, hand cross-pollination; T6 Bagged, emasculation. Results 
of post-hoc tests for statistical differences are reported for treat-
ments yielding fruits: different letters indicate significant differences 
(p < 0.05)
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treatments (C, T1 and T5) were always significantly higher 
compared to the self-pollination ones (T2, T3 and T4) that 
frequently resulted close to zero. Among these, geitonogamy 
treatment (T4) was slightly more efficient than spontane-
ous and facilitated autogamy (T3 and T2, see in Fig. 2a, 
Table S1). No fruits were produced in T6, suggesting that 
apomixis may not occur. Seed-set outputs (Fig. 2b, Table S1) 
in natural and hand cross-pollination treatments (C, T1 e T5) 
were significantly higher compared to hand self-pollination 
treatments (T3-T4). Contrary to expectation, seed set in the 
hand cross-pollination treatments (T5) was slightly lower 
compared to the natural insect cross-pollination ones (C, 
T1), even if the difference is not significant. The same trend 
recorded in fruit set and seed set was detected in the com-
bined reproductive output (Fig. 2c, Table S1).

All AFI values resulted in zero. The SCI values calcu-
lated on fruit set, seed set and combined reproductive output 
were 0.07, 0.33 and 0.03  (SCIwithin) and 0.16, 0.30 and 0.06 
 (SCIbetween), respectively.

All treatments yielding fruits produced viable seeds. The 
proportion of germinated seeds was high (> 80%) in all treat-
ments (Table 3), and there were no significant differences 
among them (p > 0.05).

Discussion

Reproductive biology

A detailed knowledge of the reproductive biology of rare 
and threatened species is necessary for conservation, and in 
the absence of these data any conservation effort is arbitrary 
and may remain ineffective. Despite their use in traditional 
medicine and their importance as ornamental plants, several 
Lilium species are threatened because of their rarity, and yet 
very few data are available on their reproductive biology.

In L. pomponium, the observed insects are common plant 
diurnal pollinators (i.e. Lepidoptera, Hymenoptera and 
Coleoptera) and the most frequent visitor is Gonepteryx 
rhamnii (ca. 50% - particularly female individuals) suggest-
ing a certain degree of specificity in pollination system. The 
low number of observations of G. rhamnii recorded in our 
study (even if each individual visits several plants, pers. obs.) 
is probably due to the fact that this butterfly mostly reacts to 

visual stimuli (Andersson 2003) and it shows a strong pref-
erence for blue and purple flowers, though it also visits red 
ones (Ilse 1928) like those of L. pomponium. The prevalence 
of female individuals of Gonepteryx rhamnii in late spring 
(when Lilium mating occurs) may be explained by differ-
ences in foraging tasks of females and males (Andersson 
2003). Males are more active in seeking mates than females 
(Wickman 1996), while the latter are often busy searching 
for acceptable host plants and for food (Andersson 2003).

Our results are in line with previous studies on pollinators 
in Lilium. Indeed, according to literature, lilies are mainly 
pollinated by Lepidoptera (Skinner 1988; Yokota and Yahara 
2012). Specifically, Turk’s-cap lilies, like L. pomponium, are 
usually pollinated by butterflies or hummingbirds (Skinner 
2002; Skinner and Sorrie 2002). Despite their body size, 
Hymenoptera, Coleoptera and Diptera have been found to 
be effective pollinators in L. japonicum (Yokota and Yahara 
2012). Due to the similarity in flower shape and arrangement 
between L. japonicum and L. pomponium, we can expect 
the same classes of insects to be occasional pollinators in 
both species. The total amount of insects we recorded is 
low in relation to the total time of observation, and this is 
in accordance with what is reported for other stenochorous 
species (Guerrina et al. 2016; Lehnebach and Riveros 2003; 
Philipp et al. 2004). Nevertheless, fruit set in L. pomponium 
does not seem limited by pollinator visits, since we found 
no significant differences between open pollinated (C and 
T1) and hand cross-pollinated (T5) flowers. This result sug-
gests that pollinators are effective at pollen transfer despite 
being scarce. Similarly, low visitation rate without strong 
reduction in reproductive output was recorded in other Lili-
aceae like Fritillaria meleagris L. (Zych and Stpiczyńska 
2012) and Erythronium grandiflorum Pursh (Thomson et al. 
2000). The low values of fruit and seed set recorded in our 
hand-pollinated treatment (T5) may also depend on the sin-
gle pollen donors we used in the treatment. In fact, there 
is a positive relationship between number of pollen donors 
and reproductive success (Paschke et al. 2002). Because low 
fruit may result from both pollen limitation and limitation 
in available resources (Ashman et al. 2004; Bateman 1948; 
Burd 1994), the low fruit set detected in L. pomponium may 
also be explained by a limitation in resource availability. In 
multi-flowered species, like L. pomponium, both fruit and 
seed set are limited by competition for resources among 
flowers of the same inflorescence (Kliber and Eckert 2004), 
resulting in a strongly reduced combined output. The influ-
ence of resource limitation on reproductive output was also 
detected in other endemic species growing in soils poor in 
mineral nutrients and in dry habitat like montane dry forest, 
sandy soil, cliff and rocky habitats (Guitián et al. 1994; Rod-
ríguez-Riaño et al. 1999; Shi et al. 2010). Similar low repro-
ductive output was previously recorded in other SW Alps 
endemics growing on cliffs or screes like Primula allionii 

Table 3  Percentages of germinating seeds (mean ± 95% binomial 
confidence intervals) resulting from pollination treatments (as indi-
cated in Table 1)

Seeds were incubated at constant 10 °C and exposed to a 12 h daily 
photoperiod

C T3 T4 T5

98 (97–99) 92 (80–97) 92 (80–97) 98 (97–99)
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(fruit set = 0.6, seed set = 0.5; Minuto et al. 2014) and Berar-
dia subacaulis (fruit set = 0.5; Guerrina et al. 2016).

The index of autofertility (AFI) was null in our experi-
ment, indicating the inability of flowers to self spontane-
ously. The index of self-compatibility (SCI) calculated 
between flowers on the same plant  (SCIbetween) was higher 
than that calculated within flower  (SCIwithin), suggesting 
that geitonogamy is more efficient than autogamy. These 
results are in line with the mean value of pollen/ovule ratio 
(332.76), that falls in the range established by Cruden (1977) 
for facultative allogamy (244.7–2,588) and they are congru-
ent with the evidence that Lilium species are usually cross-
pollinated and self-incompatible (Austin-McRae 1998; 
Pelkonen et al. 2007). The differences detected in self-pol-
lination treatments may be explained both by spatial separa-
tion of stigmas and anthers (approach herkogamy) and by 
proterandry within flowers, as observed in other lily species 
(Sun and Yao 2013). In fact, the lower efficiency of spon-
taneous autogamy (T2) compared to facilitated autogamy 
(T3) in L. pomponium may be because the spatial separa-
tion of stigmas and anthers restricts pollen deposition on 
stigma of the same flower. Furthermore, a lower efficiency 
of spontaneous autogamy (T2) than geitonogamy (T4) may 
derive from the supposed proterandry of L. pomponium 
together with the sequential blooming in the inflorescence. 
On the one hand, proterandry may decrease probability of 
autogamy. On the other hand, proterandry combined with 
sequential blooming may allow the mature pollen of the 
upper flower to fertilize the receptive stigma of any below 
one. This behaviour has been observed also in several other 
species of the genus Lilium where both proterandry and/
or approach herkogamy may limit self-fertilization (Fryxell 
1957; Sun and Yao 2013; Webb and Lloyd 1986), though 
the asynchrony of blooming may favour the self-fertilization 
via geitonogamy, as observed in other species (Montaner 
et al. 2001). Nevertheless, some species of Lilium are self-
compatible (Rodger et al. 2013) and others show substantial 
quantitative variation in self-incompatibility degree among 
individuals (Sakazono et al. 2012). The higher fruit set in 
emasculated compare to non-emasculated flowers when 
natural pollination occurs (T1 vs C) may be explained by 
proterandry together with self-incompatibility system (Lun-
dqvist 1991; Tezuka et al. 2007) in individuals where the 
low degree of herkogamy does not prevent deposition of 
self-pollen on stigma. On the one hand, the non-viable pol-
len may occupy the surface area of the stigma of the same 
flower that would otherwise be available for pollen of other 
flowers, the so-called sexual interference. This is in line with 
the idea that proterandry combined to self-incompatibility 
may induce within-flower sexual interference (Harder et al. 
2000; Routley and Husband 2003; Routley et al. 2004). On 
the other hand, self-pollen may interfere with the outcross 
one by reducing germination rates or pollen tube growth 

(Ramsey and Vaughton 2000; Vogler and Stephenson 2001) 
or by promoting fruit abortion (Webb and Lloyd 1986). The 
differences between emasculated treatments (T1 and T5) 
may result from the number of pollen donors used in the 
treatments that in turn may affect reproductive output. In 
fact, in T5 only one pollen donor was used because of the 
scarcity of flowers, while in free exposed T1 pollination may 
occurs from multiparental donors.

The lack of differences in seed germination between 
self-pollination and cross-pollination treatments is not 
uncommon (Carta et al. 2015; Husband and Schemske 
1996). The high final germination proportions in all treat-
ments together with the low reproductive output in self-
pollinated individuals is consistent with the theory of 
inbreeding depression, according to which in outcrossing 
species inbreeding depression acts mainly at the stage of 
seed production (Husband and Schemske 1996).

Implication for conservation

Taken together, our results suggest that L. pomponium is 
essentially an insect pollinated and self-incompatible spe-
cies, despite few individuals showing leakiness in their 
self-incompatibility system. Nevertheless, mating system 
may vary among populations of a species. Species may 
exhibit both variation in mating system (self-incompati-
bility vs self-compatibility) and variation in selfing rate. 
An example of the first case is Leavenworthia alabamica 
that exhibits variation among peripheral and central popu-
lations in the presence or absence of self-incompatibility 
(Busch 2005). An example of the latter case is Clarkia 
xantiana that has a higher rate of selfing and reduced 
herkogamy in geographically peripheral populations 
compared to central populations (Moeller 2006). In Picea 
sitchensis mating system is influenced by both population 
size and isolation at range peripheries (Mimura and Aitken 
2007). Similarly, in Lilium longiflorum self-compatible 
individuals are more frequent at the periphery of distribu-
tion range (Sakazono et al. 2012). In summary, climate 
change may increase the self-fertilization rate in periph-
eral populations as a result of a chronic reduction in mate 
availability induced by a decline in population size (Eckert 
et al. 2010; Levin 2012). In low altitude populations of L. 
pomponium, future climate change and anthropic threat 
will probably induce a decline in population size (Noble 
and Diadema 2011). This change may promote an evolu-
tionary shift towards reduced herkogamy and increased 
autogamy, in order to assure reproduction. However, self-
fertilization on the one hand may assure reproduction in 
front of low pollinator service and, on the other hand, may 
be maladaptive because of strong inbreeding depression 
and pollen discounting (Barrett 2003).
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