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Abstract
To pursue a proper conservation of narrow endemic species, the knowledge of basic reproductive strategies
is crucial to plan adequate conservation activities. One of the most evolutionarily relevant and threatened
Italian endemic is the Webb’s hyacinth (Bellevalia webbiana Parl.). As the reproductive behaviour of this
species and its connection with human impact are currently unknown, the aim of this study was to characterise the reproductive traits of the Webb’s hyacinth in contrasting habitats. All the 5 known richest
populations across the species range were investigated. Their reproductive strategies were inferred by measuring inflorescence height, fruit set, seed set and P/O ratio. Reproductive features varied greatly amongst
stands and also in relation to the degree of human disturbance. However, in all cases, seed sets showed low
values. P/O values point towards full xenogamy and it is concluded that effective cross-pollination may be
the main mode of sexual reproduction in Bellevalia webbiana. The reasons for the low reproductive performances may reside in pollen limitation, Allee effect and/or intrinsic reduced fertility of the species. Given
this scenario, conservation efforts for Webb’s hyacinth should focus on maintaining large and relatively
dense populations, to guarantee some chance of in situ survival.
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Introduction
The Mediterranean basin is a well-known biodiversity hotspot (Myers et al. 2000)
where, unfortunately, native plant diversity is highly threatened by environmental
changes, notably human-induced changes in land use (Lee et al. 1995, McKinney
2002, Rossi et al. 2013). Within this context, Italy hosts about one third of the animal and half of the European plant taxa (Rossi et al. 2013). Amongst these taxa, the
endemics are of particular importance (Siljak-Yakovlev and Peruzzi 2012), representing in Italy about 19% of the total vascular flora (Peruzzi et al. 2014). To pursue a
proper conservation of these species, especially the narrow endemics, the knowledge
of basic reproductive strategies is crucial in planning adequate conservation activities (Rossi et al. 2016). Indeed, as witnessed by IUCN categories (IUCN 2017),
persistence of plant populations is intimately connected to generation time, so that
life history studies usually feature an integrated approach uniting demography, reproductive biology and genetics in order to assess the persistence of plant populations
in ecosystems (Ohara et al. 2006). Dealing with sexual species, reproductive success
can tell a lot about plants’ survival and responses to stress factors. However, in many
narrow endemics, the paucity of available material (e.g. low number of individuals
and flowers, inaccessible sites etc.) does not allow proper insight into reproductive
performances, which also require extensive field works in order to take into account
all the possible environmental and biological factors. Due to this impediment, the
knowledge of the breeding system of threatened species is at least the first step for understanding to which threats they can most be subjected (e.g. habitat fragmentation,
pollen limitation, Allee effect etc.).
Amongst the numerous Italian narrow endemic plants, arguably one of the most
evolutionarily relevant and threatened, is the Webb’s hyacinth (Bellevalia webbiana
Parl., Asparagaceae, monocots; Chiarugi 1949, Borzatti von Loewenstern et al. 2013,
Astuti et al. 2017). According to Gestri et al. (2010), the range of this bulbous perennial herb is restricted to an area of pre-Apennines (100–700 m a.s.l.) in Tuscany and
Emilia-Romagna (Central Italy), with two disjunct population groups. Typical habitats for Webb’s hyacinth are open fields and meadows, wood margins, olive groves and
vineyards; during the last century, Webb’s hyacinth disappeared from several historical
localities due to human settlements (Gestri et al. 2010). For these reasons, this species is currently listed in The IUCN Red List of Threatened Species as Endangered
(EN A2c) (Peruzzi and Carta 2011). Despite these contributions providing important
information on the species’ distribution, habitat and systematics, many ecological aspects, including the reproductive behaviour, are still unknown.
As a first attempt to fill this gap of knowledge, the aim of the present study is to
characterise for the first time the reproductive traits of Webb’s hyacinth. These traits
were evaluated in contrasting habitats marked by different degrees of direct human
impact and representative of the species’ range. Particularly, the following questions
were addressed: 1) which is the breeding system of the species? 2) Are reproductive
performances different amongst populations?
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Methods
Sampling sites
All the known richest populations of Bellevalia webbiana (five, each with N > 50 individuals) were included in the study (Table 1). These five populations also show different degrees and kinds of direct human impact: the habitat in Pratolino is an open
olive grove near a much-frequented parking area, whose herbaceous-layer community
is periodically cut. Uccellatoio represents a wood margin along a path, whose herbaceous layer is sporadically cut, but heavily dug by rooting of ungulates (especially wild
boars). Tavarnuzze is an open herbaceous community surrounded by trees and shrubs
and currently not managed by man. Faenza represents a wood margin along a path,
within a private property (Apicoltura Lombardi), actively conserved by the owners.
Finally, the population of Casola Valsenio occurs at the margins of a cultivated field.
Despite the latter locality falling within the borders of the protected area “Parco Regionale della Vena del Gesso Romagnola”, it certainly represents, together with Pratolino, one of the most humanly-impacted populations amongst those studied. The
five study sites were visited three times during 2016: in February for a preliminary
survey, in March for measuring and sampling inflorescences/flowers and in June for
sampling fruits and seeds.

Plant traits
On 10–15 randomly selected individuals per population (those sampled in March differing from those sampled in June), data were collected on a number of reproductive
traits. The following activities were carried out directly in the field in March 2016:
(a) measurement of inflorescence height (cm) and (b) counting of flower number per
inflorescence. Both these parameters are known to positively affect pollinator visits
and pollen load (Pyke 1981, Andersson and Iwasa 1996, Donnelly et al. 1998), as well
as herbivory impact (Sletvold and Grindeland 2008) and pre-dispersal seed predation
Table 1. Studied populations of Bellevalia webbiana.
Population

Municipality, Province, Region

Pratolino

Vaglia, Florence, Tuscany

Uccellatoio

Vaglia, Florence, Tuscany

Tavarnuzze

Impruneta, Florence, Tuscany

Faenza
Casola Valsenio

Faenza, Ravenna, Emilia-Romagna
Casola Valsenio, Ravenna, Emilia-Romagna

Coordinates
43.859745°N,
11.296976°E
43.859192°N,
11.293367°E
43.720970°N,
11.226723°E
44.276015°N,
11.811606°E
44.242883°N,
11.671955°E

Elevation (a.s.l.)
464 m
505 m
93 m
147 m
316 m
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(Brody et al. 1997). In addition, two flowers showing not-yet dehiscing anthers were
collected per raceme and their anthers were conserved under ethanol:glycerol 3:1 (v/v)
solution in 1 ml Eppendorf vials. In June 2016, the fruit number per inflorescence (c)
was counted in the field. Then, for each raceme, two fruits were randomly collected
and conserved in separate small paper bags.
Later, in the laboratory, the two sampled flowers per individual were used to determine: (d) the ovule number (O) per ovary and (e) the estimated pollen-grain number
per flower (P). The two sampled fruits per individual were used to count the seed number (f ). In order to estimate the pollen-grain number per flower, the protocol reported
by Galloni et al. (2007) was followed, with slight modifications (Astuti et al. 2017): all
the six anthers of each sampled flower, still under ethanol:glycerol solution in 1 ml Eppendorf vials, were sonicated for 1 min at 14 kHz by means of a Sonoplus Ultrasonic
Homogeniser GM 2070. Just before the sonication, a few small grains of solid leucobasic fuchsin were added to the solution, in order to allow the staining of the pollen-grain
walls, for easier counting. During the sonication, the vials were maintained in ice to
avoid excessive warming and also retained there for 20–30 seconds after the sonication.
Then, 1µl of homogenised solution was collected with a micropipette and placed on a
microscope slide for pollen-grain counting. Each microscope slide was fully counted
three times and, based on these three replicates, a mean total number of pollen-grains
per sample was obtained. The estimation of the total pollen-grains number per flower
was obtained by multiplying this number by 1000.
Starting from the above cited parameters, the fruit set [(c)/mean (b) for each population) and the seed set [(f )/(d)] were calculated for each individual. These two parameters are useful measures of reproductive performances, especially if related to pollination activity (Aguilar et al. 2006). In those cases where the fruit number of a certain
individual was higher than the mean flower number for its population, the fruit set was
adjusted to 1 by default. Finally, for each individual, the P/O ratio (Cruden 1977) was
calculated. The variation of this ratio is correlated to the breeding strategy of a given
angiosperm species: the lower the value, the more the plant is autogamous and viceversa (Cruden 1977). In this case, this indirect method was adopted for assessing the
breeding system due to relevant problems in flowers handling and manipulation (e.g.
bagging experiments) in the field, due to their small size and unsuitable architecture.

Statistics
All the obtained data were analysed using PAST 3.14 software (Hammer et al. 2001,
Hammer 2016). As all the considered variables were not normally distributed (after
Shapiro-Wilk test) and lacked homogeneity of variance (after the Levene test), then
the non-parametric Kruskal-Wallis test, complemented by Mann-Whitney pairwise
comparison with Bonferroni correction, was used for comparing inflorescence height,
number of flowers and number of fruits amongst populations. For the fruit set and
seed set, χ2 test was carried out. Only p values ≤ 0.01 have been considered significant.
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Table 2. Reproductive parameters measured in the five studied populations of Bellevalia webbiana. The
measurements are reported as mean value ± standard deviation.
Pratolino
Inflorescence height (cm) 17.24 ± 4.11
Number of flowers
44.13 ± 10.06
Number of fruits
0
Number of ovules
6
Number of estimated
28,261.90 ±
pollen grains
12,720.79
Number of seeds
0
Fruit Set
0
Seed Set
0
4,710.42 ±
P/O
2,120.05

Uccellatoio
24.85 ± 8.02
32.57 ± 9.09
16.00 ± 9.79
6
33,928.57 ±
11,090.57
2.17 ± 1.32
0.50 ± 0.27
0.36 ± 0.16
5,654.76 ±
1,848.35

Tavarnuzze
Faenza
Casola
29.65 ± 5.05 51.84 ± 21.73 27.96 ± 7.79
40.60 ± 12.47 62.15 ± 17.77 33.60 ± 6.58
13.93 ± 7.59
49 ± 19.27
16.53 ±11.07
6
5.93 ± 0.26
6
21,130.95
28,965.52
23,000.71
± 7,445.44
± 7,533.87
± 11,279.55
2.20 ± 1.45
2.57 ± 1.41
2.33 ± 1.12
0.34 ± 0.19
0.74 ± 0.25
0.47 ± 0.26
0.37 ± 0.17
0.43 ± 0.19
0.39 ± 0.13
3,521.82 ±
4,827.58 ±
3,833.32 ±
1,240.96
1,255.59
1,880

Results
All the measured values are summarised in Table 2. Generally, the Faenza population
shows values of inflorescence height (Figure 1), flower number and fruit number (Figure 2)
significantly higher (Mann-Whitney test with Bonferroni correction).
Some more complex relationships concerning statistical differences amongst
populations were found for the estimated number of pollen-grains per flower (see also
Figure 3) and, given that the ovule number remained almost constant, consequently
also for P/O values (Table 2).
Due to heavy cutting of all the individuals of the Pratolino population before
fructification time, the number of fruits and seeds produced there dropped to zero
(Figures 3, 4). χ2 revealed significant differences amongst the remaining four populations
concerning the fruit set, whereas no significant differences concerning seed number and
seed set were found (Figure 4). χ2 test revealed significant differences in the fruit set
for all the pairwise comparisons, except between Uccellatoio and Casola. The Faenza
population showed the highest fruit set, whereas Tavarnuzze the lowest. In all the
populations, the mean seed set value was below 0.5 (Table 2, Figure 4).

Discussion
It was possible to highlight that, in B. webbiana, the ovule number is almost constant, with
2 ovules in a row for each of the three ovary locules. This confirms previous reports for the
genus (Speta 1998). The P/O values of the studied populations, despite some differences
(Table 2), all fall in a range of values reported by Cruden (1977) as typical of fully xenogamous species. In Bellevalia, the vegetative propagation was never reported (Feinbrun
1940, Speta 1998). However, in a plant coming from Casola Valsenio and cultivated in
laboratory, the production of a small bulbil detaching from the main bulb was observed.
Accordingly, B. webbiana can occasionally reproduce by means of vegetative propagation.
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Figure 1. Boxplot of the inflorescence height (cm) in the studied Bellevalia webbiana populations. Different letters indicate statistically significant differences at 0.01 level.

The Faenza population, the only one actively conserved, shows several significant
differences from other populations, concerning a higher reproductive effort (longer
inflorescences with more flowers, more fruits and a higher fruit set; Figure 1, Table 2).
This population is in close proximity to beehives and bees have been observed by the
authors on Webb hyacinth’s flowers during this research. However, despite the higher
number of fruits produced and fruit set (Table 2, Figure 2), the seed set showed no
significant differences compared to other populations (Tavarnuzze, Uccellatoio, Casola
Valsenio; Figure 4). Although the effective contribution of bees in alleviating the possible pollen limitation was not quantified, the not-significantly higher reproductive
success in this population may point towards other general problems, such as inbreeding depression or other intrinsic biological problems of the species.
On the other hand, there are the critical situations of Pratolino and Casola Valsenio. The reiterated periodical cutting in Pratolino population may easily explain the
reduced size of inflorescences (Figure 1), due to lower nutrients stored in the bulb for
the following year (Muller 1976, Werger and Huber 2006). Moreover, the cutting is,
of course, the cause of the null reproductive outcome for this population. Bellevalia
webbiana is perennial and long-living (a generation is estimated to be around 40 years
by Gestri et al. 2010) and it is well known in literature that, in long-lived perennials,
annual variation of reproductive success might be of minor importance (see, for instance, the study by Hoernemann et al. 2012 on Muscari tenuiflorum Tausch, a species
from a genus phylogenetically close to Bellevalia). However, despite this, the reiterated
reduction or absence of sexual reproduction might represent a relevant problem for the
long-term survival of a species (Rathcke and Jules 1993). A general weakening of the
individuals in the Casola Valsenio population may explain the slightly lower number of
pollen-grains produced per flower (Figure 3). Indeed, still in 2010, this population was
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Figure 2. Box-chart of fruit set amongst the studied Bellevalia webbiana populations (confidence interval, 95%). Different letters indicate statistically significant differences at 0.01 level.

Figure 3. Boxplot of the estimated pollen grain number per flower in the studied Bellevalia webbiana
populations. Different letters indicate statistically significant differences at 0.01 level.

made up of around 300 individuals (Gestri et al. 2010), but a very recent, improper,
change in soil use decimated the population to a few tens of individuals at the margins
and in-between the clumps of what is currently a ploughed field.
On the other hand, all the studied populations showed low seed set values in the
2016 flowering season (Figure 4). This result may point towards pollen limitation
phenomena (Burd 1994). This appears likely, also considering the relatively early flowering period for this species, which often causes an unpredictable pollinator service
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Figure 4. Box-chart of seed set in the studied Bellevalia webbiana populations (confidence interval,
95%). Different letters indicate statistically significant differences at 0.01 level.

(McCall and Primack 1992, Baker et al. 2000). Given that Webb’s hyacinth seems
xenogamous, it may also suffer some density-dependent fitness reduction, i.e. Allee
effect (Courchamp 1999, Ashman et al. 2004), as observed in many other herbaceous
entomophilous species (e.g. Kunin 1997, Schleuning et al. 2009, Hornemann et al.
2012). Another possible explanation for the low general reproductive performance
is the occurrence of inbreeding depression due to isolation and fragmentation of the
populations. Deleterious alleles, fixed by inbreeding depression, may easily cause abortion of fruits and/or seeds, especially during the earlier developmental stages (Wiens
1984, Rathcke and Jules 1993, Baker et al. 2000, Schleuning et al. 2007), or cause the
production of low-quality pollen (Ashman et al. 2004). These phenomena could even
more markedly affect the reproductive performance of smaller populations other than
the five studied here, which are the richest currently known in terms of number of
individuals. It is also noteworthy to state that the polyploid origin of this species is well
documented (Chiarugi 1949, Borzatti von Loewenstern et al. 2013 and literature cited
therein), so that intrinsic fertility problems for the Webb’s hyacinth, due to its peculiar
genomic constitution cannot be excluded. It is indeed well known that polyploidy can
significantly reduce fertility in sexual reproduction (Levin 2002). Despite this, Capineri et al. (1979) documented for this species a regular meiosis with bivalents formation
and this may lend support to different explanations for the low seed set (e.g. pollen
limitation and/or Allee effect).
This study was conducted within a single year, providing thus a partial view of
the reproductive behaviour of the species and its connection with human impact.
However, these preliminary results already pointed towards urgent conservation
issues, as habitat deterioration in several populations is progressing very rapidly.
Given this scenario, conservation efforts for Webb’s hyacinth should be devoted to
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maintain large and relatively dense populations, in order to guarantee some chance
of in situ survival. The direct human impact on the sites (e.g. cutting etc.) should
be allowed only after the seed dispersal, as this seems the prevalent reproductive
method available to this species.
Further studies are necessary in order to check the reproductive performances in
the medium-long period and to experimentally verify the hypotheses of possible (co-)
occurrence of pollen limitation, Allee effect and/or intrinsic fertility problems of the
species. In addition, it will also be useful to investigate the vegetative traits of Webb’s
hyacinth in relation to (especially human-induced) environmental changes. In the
meantime, active ex situ conservation protocols have been established, by means of
seeds stored in the Pisa Germplasm Bank (Italy) and in the Millennium Seed Bank,
Kew Gardens (London, UK), complemented by propagation and cultivation in the
Botanic Garden of the University of Pisa.
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