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Abstract: Investigations on seed biology and ecology are of major importance for the conservation of
threatened plants, both providing baseline information and suggesting practical approaches. In our
study, we focused on the germination behavior of Silene hicesiae Brullo & Signor., a narrow endemic
species to Panarea and Alicudi (Aeolian Archipelago, Italy), as well as one of the 50 most threatened
Mediterranean island plants. Specifically, the effects of temperature, light, seed age, seed source, and
collection year were evaluated; in addition, threshold temperatures and thermal–time parameters
were estimated. The thermal range for fresh seed germination resulted between 5 and 15 ◦C, reaching
up to 20 and 25 ◦C at increasing seed age, with 30 ◦C being clearly beyond the ceiling temperature.
This behavior indicates that fresh seeds exhibit the Type 1 non-deep physiological dormancy, and
that germination is regulated by conditional dormancy. This dormancy syndrome emerged as a
highly efficient adaptation strategy for this species and, together with thermo-inhibition, would allow
seeds to counteract or take advantage of Mediterranean environmental conditions. The comparison
between the wild Panarea population and the corresponding ex situ cultivated progeny has enabled
the identification of the latter as a suitable seed source for sustainable in situ reinforcement actions,
at least in the short-term; indeed, plant cultivation for a single generation did not produce significant
modifications in the germination behavior of the offspring.

Keywords: ex situ collection; Mediterranean germination syndrome; seed age; plant conservation;
thermo-inhibition; threatened plants; seed dormancy

1. Introduction

Germination, emergence, and seedling establishment are key processes to regulate
the spread and distribution of plants into changing environments [1–3], which is particu-
larly important for species of conservation concern, such as rare and/or endemic species.
Therefore, studying the interactions between the above processes, the genotype, and the
environment appears to be particularly relevant to identify potential causes that restrict
in situ germination processes [4,5] and to define efficient propagation methods. Likewise,
studying the mechanisms that minimize the risk in seedling establishment and increase the
probability of successful growth to maturity and reproduction [6] is fundamental, espe-
cially in arid and semiarid Mediterranean ecosystems characterized by high environmental
unpredictability.

It has been shown that germination parameters (i.e., onset, capability, and speed) are
strongly affected by a set of key environmental factors, such as temperature, light, and soil
moisture [7,8]. Seed responses to temperature conditions differ among plant species that
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may show different thermal thresholds for germination. In this respect, lowland Mediter-
ranean species typically germinate within the optimal range 5–15 ◦C, with germination
decreasing at higher temperature values [9–11].

Apart from the prevailing temperature regime, daily fluctuations may also be im-
portant for germination [12–14], particularly in arid zones [7]. Additionally, light can
have a relevant effect in inhibiting/stimulating seed germination [9,15,16]. The combined
effects of fluctuating temperatures and light are particularly important in Mediterranean
habitats because they may regulate the ability of seeds to emerge when buried in the soil.
On the one hand, the need for dark conditions and constant temperatures may prevent
the germination of seeds near to the soil surface, where moisture conditions might be
limiting [9]; on the other hand, the need for light and fluctuating temperatures may be
regarded as an adaptation process for small-seeded species, to ensure that germination
occurs near to the soil surface in vegetation gaps [7,17].

Environmental effects are mediated by seed dormancy, which is one of the main
mechanisms controlling the timing of germination [18]. Dormancy is generally considered
as an adaptation to harsh environments, allowing seeds to delay germination until envi-
ronmental conditions are optimal for seedling emergence, growth, and survival [19]. In
some species, fresh mature seeds are not dormant, and they are able to germinate within a
specific temperature range, which does not increase with time. Conversely, in other species,
fresh seeds are conditionally dormant and the temperature range for germination increases
with after-ripening, while non-deep physiological dormancy (non-deep PD) breaks pro-
gressively. The only way to check whether fresh seeds are non-dormant or conditionally
dormant is to test them over a wide range of temperatures, soon after their harvest, and
progressively, after different after-ripening periods [20]. According to seed dormancy
levels, conditionally dormant seeds may vary in their sensitivity to high temperatures.
Nevertheless, high thermal values may also result in so-called thermo-inhibition, by which
germination is suppressed, although seeds remain viable, and germination is recovered
when optimal temperature levels are re-established [5].

It is well documented that germination syndromes may greatly vary among the
different populations of a species, in relation to both genetic and environmental factors. In
addition, the specific conditions experienced by the mother plant during seed maturation
(i.e., parental environment) may also have a great impact on the germination performance
of the offspring and, in particular, on seed dormancy [14,21–23].

As mentioned above, investigating seed germination ecology of threatened plant
species is of crucial importance, particularly for small and isolated populations; indeed,
such baseline information can be used to implement efficient propagation techniques
and conservation programs to counteract the risk of species extinction [24–26]. In this
respect, maximizing the use of seeds and/or genetically variable plantlets during the
implementation of in situ population reinforcement programs is one of the appropriate
rules for long-term populations’ persistence [27,28]. The achievement of this goal requires
sufficient amounts of viable seed available without this affecting populations’ natural
regeneration. Therefore, the potential of ex situ living collections as seed sources for in
situ conservation actions has been increasingly taken into account [29], even though this
possibility is a hotly debated issue [30].

In our study, we focused on Silene hicesiae Brullo & Signor. (Caryophyllaceae), a
threatened and narrow endemic species, growing only on the steep stony slopes or cliffs
of Panarea and Alicudi islands [31], two small volcanic islets of the Aeolian Archipelago
(Southern Italy), about 60 km apart from each other (Figure 1).
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Figure 1. (a) Map of the geographic range of S. hicesiae (Aeolian Archipelago—Southern Italy); (b) growth site in Panarea; (c) basal 
rosette; (d) inflorescence. 
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velutina from Corsica [34,35]. However, a recent study has highlighted several peculiar 
seed traits, which the species does not share with the other congeneric taxa of the S. mollis-
sima group [36]. Hence, the systematic position of S. hicesiae is still uncertain. 

The only available information on the germination behavior of the study species is 
from the Seed Information Database (full germinability at 20 °C in light/dark condition, 
[37]). However, important information is missing, relating to the effects of environmental 
factors, seed source, and seed age on the main traits of seed germination syndrome, i.e., 
germination capability, germination speed, and dormancy. With reference to germination 
speed, one important trait is the germination rate (GR), which affects the ability of seeds 
to produce vigorous seedlings in field conditions and, thus, a better seedling establish-
ment [38]. 

Therefore, we decided to fill the above knowledge gaps and laid down a set of labor-
atory experiments, aimed at: (i) evaluating the effect of temperature, light, seed age, and 
collection year on the germination behavior of S. hicesiae; (ii) verifying the potential pres-
ence of seed dormancy and its role in regulating the timing of germination in the wild; 
(iii) modelling the effect of temperature, light and seed age on GR, as well as estimating 
temperature thresholds and thermal–time parameters. 

In order to check for the opportunity to use ex situ produced seeds for in situ conser-
vation actions, we compared germination traits of the wild population from the Panarea 
Island (PAN) and its corresponding ex situ cultivated progeny (FARO). Our hypothesis 
was that seeds from plants under cultivation might differ in germination behavior and 
dormancy syndrome compared to those from wild plants, as a consequence of adaptation 
to artificial conditions. 

2. Results 

Figure 1. (a) Map of the geographic range of S. hicesiae (Aeolian Archipelago—Southern Italy);
(b) growth site in Panarea; (c) basal rosette; (d) inflorescence.

S. hicesiae is included, as a priority species, in the Annexes II and IV of the European
Union 92/43/EEC Habitats Directive. Additionally, it has been included by IUCN among
the threatened species of the ‘Top 50 Mediterranean Island Plants’ [31].

The species is part of the ‘Silene mollissima group’, comprising 11 closely related
species (some of which are endemic) growing mainly in coastal stands within the Western
Mediterranean Basin [32,33]. According to some authors, S. hicesiae is closely related to
S. velutina from Corsica [34,35]. However, a recent study has highlighted several pecu-
liar seed traits, which the species does not share with the other congeneric taxa of the
S. mollissima group [36]. Hence, the systematic position of S. hicesiae is still uncertain.

The only available information on the germination behavior of the study species
is from the Seed Information Database (full germinability at 20 ◦C in light/dark condi-
tion, [37]). However, important information is missing, relating to the effects of environ-
mental factors, seed source, and seed age on the main traits of seed germination syndrome,
i.e., germination capability, germination speed, and dormancy. With reference to germi-
nation speed, one important trait is the germination rate (GR), which affects the ability
of seeds to produce vigorous seedlings in field conditions and, thus, a better seedling
establishment [38].

Therefore, we decided to fill the above knowledge gaps and laid down a set of
laboratory experiments, aimed at: (i) evaluating the effect of temperature, light, seed age,
and collection year on the germination behavior of S. hicesiae; (ii) verifying the potential
presence of seed dormancy and its role in regulating the timing of germination in the wild;
(iii) modelling the effect of temperature, light and seed age on GR, as well as estimating
temperature thresholds and thermal–time parameters.

In order to check for the opportunity to use ex situ produced seeds for in situ conser-
vation actions, we compared germination traits of the wild population from the Panarea
Island (PAN) and its corresponding ex situ cultivated progeny (FARO). Our hypothesis
was that seeds from plants under cultivation might differ in germination behavior and
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dormancy syndrome compared to those from wild plants, as a consequence of adaptation
to artificial conditions.

2. Results
2.1. Effect of Temperature and Light on Germination Process

For the two seed sources (PAN and FARO), the final germination percentage (FGP)
was significantly affected by the interaction of temperature (from 5 to 30 ◦C), light condition
(continuous Darkness = D and alternating Light/Dark = L/D), and seed age (as days after
harvest = DAH) (p < 0.0001).

On average, temperature resulted in the highest effect and the maximum FGPs were
always observed in the range from 10 to 20 ◦C (DAH≥ 90). Within this range, no significant
differences were found across seed sources, collection years, seed ages, and light conditions,
at least within the interval 260–1000 DAH (Figure 2, Table S1). Differently, the effect of
light and seed age was particularly remarkable outside this thermal range. A remarkable
light-dependent effect on germination was observed at 5 ◦C. Indeed, seeds from both
seed sources showed higher FGPs in L/D than in D (Figure 2). Moreover, a conspicuous
decrease in germination performance but only at 5 ◦C, for both seed sources and light
conditions, was detected with increasing seed age (DAH > 600; Figure 2). At the highest
DAH value (i.e., PAN13–2080), germinability was null at 5 ◦C, whereas at 10 ◦C, the
observed germinability was lower than at lower DAH values, indicating the possible
beginning of vigor loss due to seed aging (Figure 2).

The behavior at 25 ◦C is particularly important, because this temperature marks the
borderline between the optimal temperatures and the ceiling temperature of 30 ◦C, where
no germination occurred. At 25 ◦C, for both seed sources, FGP values were low with short
storage and increased remarkably as storage times increased. No significant differences
within each seed source were detected between L/D and D regimes at 25 ◦C, apart from
PAN, which showed a significantly higher performance in D than in L/D at 260 DAH (47%
vs. 11%, Table S1). Moreover, the differences between collection years at 25 ◦C were not
significant in PAN (PAN13 vs. PAN17 at 600 DAH), whereas a significant difference was
observed in FARO (FARO16 vs. FARO17 at 1000 DAH in L/D regime; 70% vs. 98%). On
the other hand, significant differences between seed sources under L/D conditions were
observed at 25 ◦C, where FARO almost always performed better than PAN (Figure 2).

Fresh mature seeds (PAN17, 9 DAH), both in L/D and D conditions, were fully
germinated in a narrow range of temperature values (10–15 ◦C). At the same time, only
a small proportion of fresh seeds germinated at 20 ◦C (FGP = 29% in L/D; FGP = 0% in
D), and no germination occurred at 25 ◦C. However, the thermal range for germination
enlarged with increasing seed age, and germination performance improved significantly in
the range 20–25 ◦C, regardless of the seed source (Figure 2). Specifically, seeds aged for at
least 90 days provided germination percentages above 95% at 20 ◦C, in both seed sources
and light regimes. Moreover, at least 600 days were needed to obtain FGP values over
60% at 25 ◦C, regardless of the seed source and light condition. Finally, we have already
mentioned that no germination occurred at 30 ◦C in any trial. When null or low FGP
values were recorded, most of the ungerminated seeds were able to recover germination
if re-incubated at 15 ◦C (close-to-optimal temperature), under the same light conditions
(recovery percentage from 76% to 100%, Table S2).

Similar trends to those already observed at constant temperature regimes with in-
creasing seed age were also detected under alternating temperatures in PAN (Figure 3).
FGP values at 15/10, 20/10 and 20/15 ◦C were close to 100%, both in fresh and stored
seeds (770 DAH), regardless of the photoperiod regime. In relation to fresh seeds, an
inhibition effect on germination was only observed at 25/20 ◦C, although not at 20/15 ◦C,
as compared to the constant regime of 20 ◦C, at similar seed ages. Hence, a 12 h period at
20 ◦C was not sufficient to inhibit germination, differently from the same length period at
25 ◦C.
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Figure 2. Effect of constant temperature regimes (from 5 °C to 30 °C) on the final germination percentage (FGP) of S. hicesiae, at seven 
different seed ages (9, 90, 260, 600, 1000, 1370, and 2080 days after harvest = DAH), under Light/Dark (L/D 12/12 h) and continuous 
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Figure 2. Effect of constant temperature regimes (from 5 ◦C to 30 ◦C) on the final germination percentage (FGP) of S. hicesiae,
at seven different seed ages (9, 90, 260, 600, 1000, 1370, and 2080 days after harvest = DAH), under Light/Dark (L/D
12/12 h) and continuous Darkness (D 24 h) conditions. Seeds were collected across five years (2013, 2015, 2016, 2017, 2019)
from two seed sources (PAN and FARO).

Concerning stored seeds, no alternating regime proved to be different from the two
corresponding constant regime under the same photoperiod conditions. Nevertheless, the
significant difference, which was observed in FGP values between L/D and D (47% and
93%, respectively) at 25/20 ◦C, is notable because, as mentioned above, it was not detected
in PAN for any of the constant temperature trials either at 20 ◦C or at 25 ◦C.
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Figure 3. Effect of alternating temperatures (15/10 ◦C, 20/10 ◦C, 20/15 ◦C, and 25/20 ◦C), on the
final germination percentage (FGP) of S. hicesiae, at two different seed ages (9 and 770 days after
harvest = DAH), under Light/Dark (L/D 12/12 h) and continuous Dark (D 24 h) conditions. Seeds
were collected across two years (2013 and 2017) from the PAN seed source.

The germination behavior under the different thermal regimes tested indicates the
presence of a dormancy status in fresh seeds, which gradually released with increasing
seed age.

2.2. Germination Time-Course

The non-parametric germination functions are step curves, and they provide informa-
tion on the time-course of the germination process based on the cumulative percentage of
germinated seeds. Such time-courses at constant incubation temperatures highlighted a
clear dependence of germination timing from both temperature and seed age (Figure 4).

The curves, for incubation temperatures in the range 15 ◦C to 20 ◦C and at seed age
from 90 to 1000 DAH, showed full germination at the final inspection time, together with
a very steep increase in the percentage of germinated seeds, indicating high uniformity.
Otherwise, the ‘slope’ of the curves increased from 9 to 260 DAH at 20 ◦C, and from 260 to
600 DAH at 25 ◦C, which confirms that dormancy was progressively released during the
storage period. In addition, a rather long lag-phase was observed at 5 ◦C, which became
longer with increasing seed age. Likewise, the ‘slope’ at 5 ◦C was less steep, due to lower
germination uniformity.

From the germination time-course, we can derive that 50% germination was reached
in 4–5 days at 15 ◦C (9 ≤ DAH ≤ 1000), 3–4 days at 20 ◦C (90 ≤ DAH ≤ 1000) and 2–3 days
at 25 ◦C (600 ≤ DAH ≤ 1000).

Cumulative germination percentage curves of S. hicesiae under four alternating tem-
perature regimes (15/10 ◦C, 20/10 ◦C, 20/15 ◦C, and 25/20 ◦C) are presented in Figure 5.
Full germination, under the three lower alternating temperatures, was quickly reached
within the ninth day in fresh seeds (PAN17, 9 DAH), whereas the germination process
was slower and less uniform for seeds at 770 DAH. Conversely, at 25/20 ◦C, germination
progress was almost negligible for fresh seeds, whereas it was quick although incomplete
at 770 DAH.
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Figure 5. Kaplan–Meier estimates of germination curves for seeds of the S. hicesiae PAN seed source
at two seed ages (9 and 770 days after harvest = DAH), incubated for 30 days under light/dark
conditions (L/D), at four alternating temperatures (15/10 ◦C, 20/10 ◦C, 20/15 ◦C, and 25/20 ◦C),
and expressed as the percentage of viable seeds.

2.3. Germination Rate, Threshold Temperatures and Thermal Requirements

The germination time-courses for constant temperature regimes were used to derive
the times required to reach 10%, 30% and 50% germination, whose reciprocal values are the
germination rates for the 10th, 30th and 50th percentiles (GR10, GR30 and GR50). For each
percentile, the GR values were regressed against temperature, by using an exponential
model (see Equation (1) in Data Analysis). The model shows that the GRs are 0 at the
base temperature level (Tb), which is common to all percentiles within each seed lot. At
sub-optimal temperature levels, GR values increased steadily, reaching a maximum value
at the optimal temperature for germination (To) (Figure 6), which was different, depending
on the percentile. At super-optimal temperatures, GR values decreased, reaching 0 at the
ceiling temperature (Tc), which was common to all percentiles.

Table 1. Threshold temperatures and thermal requirements for S. hicesiae PAN and FARO seed sources, with standard errors
in parentheses, at different seed ages (days after harvest = DAH). No differences across percentiles were found for base
temperature and ceiling temperature. Tb, base temperature; Tc, ceiling temperature; To, optimal temperature; θT, thermal
time to germination for the corresponding percentile.

Seed Lot
ID

Seed Age
DAH

Parameters

Tb (◦C) Tc (◦C) To (◦C) θT (◦Cd)

10th 30th 50th 10th 30th 50th

PAN17 9 2.35 (0.79) 20.52 (0.17) 17.3 (0.91) 15.2 (1.44) 15.2 (1.56) 50.92 (5.24) 50.32 (9.67) 54.02 (12.2)
PAN17 600 5.27 (0.67) 25.98 (0.38) 23.4 (1.53) 23.0 (1.82) 20.3 (1.33) 34.74 (2.33) 41.46 (3.12) 41.23 (5.62)
PAN17 1000 3.36 (0.70) 26.99 (3.11) 24.1 (9.30) 23.0 (7.97) 22.1 (7.77) 54.10 (4.73) 60.76 (5.03) 67.03 (10.5)
PAN13 260 2.50 (0.58) 25.08 (0.04) 23.2 (2.57) 21.2 (1.97) 21.3 (4.93) 45.77 (2.61) 52.04 (3.99) 56.66 (5.31)
PAN13 600 6.77 (0.36) 29.67 (0.18) 28.2 (9.97) 27.9 (8.58) 24.6 (2.53) 25.99 (0.86) 34.02 (1.23) 40.87 (3.84)
PAN13 2080 4.97 (0.85) 30.06 (0.09) 25.9 (7.66) 24.7 (2.23) 23.2 (1.61) 86.66 (12.3) 94.92 (12.7) 96.52 (16.0)

FARO19 90 2.66 (0.45) 25.09 (0.03) 21.8 (0.91) 20.3 (0.77) 19.9 (0.70) 44.89 (2.08) 51.03 (3.49) 55.07 (4.32)
FARO19 260 2.48 (0.49) 25.90 (0.21) 24.3 (0.45) 23.4 (0.64) 17.2 (0.88) 51.64 (2.36) 60.10 (3.11) 45.40 (5.84)
FARO17 600 3.13 (0.37) 27.20 (0.80) 23.7 (1.50) 23.4 (1.59) 23.1 (1.76) 40.71 (1.63) 46.56 (2.04) 51.94 (2.50)
FARO17 1000 7.08 (0.30) 30.02 (0.21) 28.6 (0.34) 27.5 (1.98) 24.2 (0.67) 26.61 (0.75) 37.03 (1.18) 40.49 (2.68)
FARO16 1000 3.36 (0.40) 27.19 (0.74) 23.3 (1.26) 22.9 (1.68) 22.2 (1.42) 42.09 (1.82) 51.38 (2.69) 57.43 (3.55)
FARO15 1370 4.02 (0.46) 28.74 (7.85) 26.7 (11.1) 25.8 (11.5) 24.4 (10.8) 54.05 (2.16) 68.76 (3.68) 74.80 (5.72)
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The maximum GR value at the optimal temperature increased with seed age. Con-
sidering the 10th percentile, the value was lower than 0.3 d−1 at 9 DAH (PAN17) and
increased up to 0.5 d−1 in PAN17 and to 0.8 d−1 in PAN13 at 600 DAH. At higher seed
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ages (1000 and 2080 DAH), a noticeable decrease in GR was detected, down to less than
0.4 d−1 in PAN17 and to approximately 0.2 d−1 in PAN13.

The trend for FARO was less clear; indeed, the GR values were around 0.4 regardless
of DAHs, except for FARO17 at 1000 DAH (Figure 6).

Thermal times to reach 10%, 30% and 50% germination (θT, ◦Cd) and the estimated
threshold temperatures are presented in Table 1. In particular, it was noted that θT changed
with seed age, increasing from 54.0 ◦Cd to 67.0 ◦Cd in PAN17, when DAH increased from
9 to 1000, and from 56.7 ◦Cd to 96.5 ◦Cd in PAN13, when DAH rose from 260 to 2080. A
similar change was also observed in FARO (Table 1).

As DAH increased, the Tc as well as the To was raised for both seed sources. The Tc
was about 20.5 ◦C in seeds at 9 DAH and reached 25.1 ◦C at 260 DAH. Accordingly, the
To for the 50th percentile varied from 21.3 ◦C at 260 DAH, to 24.6 ◦C at 600 DAH, and to
23.2 ◦C at 2080 DAH (in PAN13), and from 15.2 ◦C at 9 DAH, to 20.3 ◦C at 600 DAH, and
to 22.1 ◦C at 1000 DAH (in PAN17) (Table 1). Moreover, To varied among germination
percentiles: the lowest percentile (10th) had higher To values, compared with the highest
percentile (50th), which showed lower To values (Table 1). Conversely, the Tb did not
change within 260 DAH, although increased for higher DAH values (6.8 ◦C and 5.3 ◦C at
600 DAH, in PAN13 and PAN17, respectively).

The thermal time model was also used to estimate the daily accumulation of thermal
time in the wild Equation (2), based on the daily average air temperatures recorded from
2012 to 2018 at the climatic station of Lipari, which is the nearest to the Panarea island.
Figure 7 shows that the daily accumulation of thermal time for seeds dispersed in July
can give them a good chance to start the germination process between the third decade of
October and the first decade of November, whereas earlier emergences are prevented from
high temperature levels (>Tc, from September to the second decade of October). Once the
germination has started, it can progress quickly, reaching a value of 50% in about 4.5 days
(12.5 ◦Cd for an estimated thermal time of 55 ◦Cd, at 90 DAH; see Table 1). The inhibition
of germination during late summer/early autumn for seeds at 600 and 2080 DAH is much
less marked (Figure 7).
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3. Discussion

In the present study, the germination behavior of S. hicesiae was investigated, eval-
uating the effects of temperature, light, seed age, seed source, collection year, and their
interactions. The relationship between germination rate and temperature was considered,
to estimate cardinal temperatures as well as thermal requirements for germination. The
possible ‘cultivation effect’ (i.e., adaptation to artificial conditions) on germination patterns
was also explored by comparing both a wild population (PAN) and its cultivated progeny
(FARO), checking this last one as a suitable seed source for conservation purposes.

Fresh mature seeds of S. hicesiae (9 DAH) only germinated over a narrow range of
temperatures (5–15 ◦C), both in L/D and D conditions, whereas they did not germinate at
temperatures equal to or higher than 25 ◦C. In addition, the thermal range for germination
enlarged with seed age, reaching up to 20 ◦C and 25 ◦C which is the possible maximum for
this genotype, whereas 30 ◦C was clearly beyond the ceiling temperature. This behavior
indicates that fresh seeds of S. hicesiae exhibit the Type 1 non-deep PD [20,39] and that
germination is regulated by conditional dormancy (CD). Furthermore, fresh seeds proved
full germination capacity (100%) at 10 ◦C and 15 ◦C, regardless of light conditions, and at
5 ◦C under a L/D regime; consequently, it can be concluded that the seeds of S. hicesiae
are already conditionally dormant when they are dispersed by mother plants, and they
do not pass through a full dormancy state. Such a CD model pattern has been reported,
for instance, in Capsella bursa-pastoris [20,40]. Accordingly, only the range of cardinal tem-
peratures changed, with Tc and To both increasing and Tb remaining constant (around
2.5 ◦C), while CD was releasing. This behavior arises from the progression of a dormancy
continuum [20], i.e., the gradual physiological sequence of transitional states, which condi-
tionally dormant seeds of S. hicesiae undergo during non-deep PD release. At increasing
DAHs, seeds become physiologically able to germinate under higher temperatures, thus
exhibiting higher Tc values.

S. hicesiae seeds are dispersed during summer and they overcome the typical hot
Mediterranean conditions through a double strategy. More explicitly, with fresh seeds,
thermo-inhibition prevents germination at hot temperatures (Tc is below 30 ◦C; see Table 1),
whereas at lower temperature values (20–25 ◦C), the lack of germination results from
CD. Together, these mechanisms provide efficient protection from ill-timed germination,
following both sporadic summer rain events (thermo-inhibition) and early autumn rain
events (conditional dormancy). Therefore, germination is delayed until a reliable soil
moisture availability is ensured in late autumn. This is in accordance with the fact that
thermo-dormancy was not induced, as demonstrated by seeds remaining viable when
exposed to unfavorable high temperatures and being able to recover full germination
ability, when exposed to optimal thermal values (Table S2), which has previously been
found in other Mediterranean species [5].

Germination at low temperatures (10–15 ◦C or 10–20 ◦C) is a common trait in lowland
Mediterranean plant species, according to a convergent evolutionary process defined as
‘Mediterranean germination syndrome’ [5,10,41–43]. For instance, Zani and Müller [44],
found a similar thermal preference in other species of the Silene genus from Mediterranean
climates, as did Murru et al. [32,33] in other Mediterranean species of the S. mollissima
group, three of which are clearly lowland plants. Our trials also suggest that S. hicesiae
seeds can germinate both on the soil surface and when slightly buried, under optimal
temperatures. This result does not confirm the data obtained at 15 ◦C with three costal
species of the S. mollissima group (i.e., S. velutina, S. badaroi, and S. hichnusae) that showed a
preference for light [32].

Under optimal temperature conditions, S. hicesiae seeds are also able to fully germinate
within a few days, and quite synchronously (Figure 4). Such a relatively rapid germination
(approximately 4 days at 15 ◦C and 20 ◦C) might be an advantageous trait for successful
seedling establishment, over more slowly germinating species. Germination speed consid-
erably decreased only at low temperature values (5 ◦C), under which seeds also showed
improved germination in the presence of light. This should imply better establishment
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opportunities when the seeds are close to the soil surface, where early growing stages may
benefit from solar radiation, with a very low risk of frost during Mediterranean winters.

A low germination speed is considered as a typical trait of Mediterranean species, pre-
venting seed cohort loss due to autumn uneven rainfalls [42,45]. However, other perennial
coastal species from the Mediterranean area have even faster germinating seeds compared
to S. hicesiae [46,47]. Interestingly, both slow and rapid germinators have been detected
across Mediterranean species of the Silene genus [44]. Therefore, germination speed should
possibly be reconsidered within the wider context of different germination/dormancy
syndromes observed across Mediterranean species. For instance, based on our results, a
relatively rapid germination might also be a sustainable trait for lowland Mediterranean
species, if they may widely count on Type 1 non-deep PD associated with CD.

As far as we know, there is no availability of systematic literature data about the
presence of CD in Mediterranean species, although see [32,48–50]. Nevertheless, several
authors have generically reported that PD in seeds of herbaceous Mediterranean species is
broken during dry storage at 20 ◦C or higher [18]. Therefore, future specific surveys should
elucidate whether the Type 1 non-deep PD should also be considered as a widespread trait
in Mediterranean species.

Our thermal time model estimated germination onset in S. hicesiae in the wild by the
third decade of October. Based on the species’ seed behavior (CD, thermo-inhibition effect,
optimal thermal germination range, lack of light preference and fast germination in the
same range, as well as relatively fast dormancy loss), it could be supposed that almost the
entire annual seed production could possibly germinate in the autumn–winter following
seed dispersal. Although some germinations might also occur in the following spring,
our results suggest that S. hicesiae could, at most, develop a transient soil seedbank sensu
Walck et al. [51], because all seeds are expected to ‘disappear’ from the soil before the
second germination season. The lack of a persistent soil seedbank may hinder the ability of
S. hicesiae to overcome unpredictable and extreme environmental events [52–54]. However,
the perennial life cycle might help maintain wild populations of S. hicesiae, because each
individual can act as a multiple-year seed source.

Regarding the potential ‘cultivation effect’ on seed germination behavior, our find-
ings showed that seeds from both sources (PAN and FARO) did not differ either in their
germination behavior or in their dormancy syndrome pattern. Specifically, seeds from
cultivated plants retained CD and exhibited thermo-inhibition as well, with both events
being of major importance within the perspective of using FARO seeds for population
reinforcement projects in the wild. Some differences between the two seed sources con-
cerned only FGP values at 25 ◦C in L/D conditions, with FARO showing higher values
(i.e., lower dormancy levels). Lower seed dormancy and higher germination rates are well
documented traits, not only in cultivated agricultural species and garden varieties [55–59],
but also in wild plants cultivated in botanic gardens, or in commercial nurseries within
habitat restoration projects [60,61]. Therefore, it is interesting that only minor differences
emerged in this study case. Their small extents are probably related to both the perennial
life cycle of S. hicesiae and the single plant generation from which all of the FARO seed
lots were collected. Indeed, annual and biennial species have been found more prone
to cultivation effects as compared to perennials [62], and the increase in the number of
generations of ex situ living collections is considered as a possible cause of undesired shifts
in biological traits under artificial selection [30].

4. Materials and Methods
4.1. Seed Lot Details

Mature capsules of S. hicesiae were collected at the time of natural seed dispersal from
the Panarea wild population (PAN) (338 m a.s.l., N 38◦38′26.14′ ′, E 15◦03′49.08′ ′, Panarea
Island, Lipari, Messina), by sampling 50 randomly selected mother plants. Seed collection
was carried out with the permission of the Sicilian Regional Authority for Territory &
Environment. Other mature fruits were collected from 30 individuals of an ex situ living
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plant collection (FARO), established in 2014 at the ‘Piante Faro’ private nursery (103 m
a.s.l., N 37◦41′47.55′ ′, E 15◦11′25.23′ ′, Giarre, Catania). To set up this ex situ living plant
collection, seeds were originally collected in 2013 from the Panarea population. The plants
were cultivated in pots (18 cm diameter) under open-field conditions. Water irrigation was
supplied from May to August for 10 min every two days, using a water sprinkler system.

After collection, fruits were cleaned, and seeds were stored in paper bags at room
temperature (22 ◦C ± 2 ◦C) until germination experiments started.

4.2. Seed Germination Behavior Assessment

Germination behavior of fresh and dry stored seeds was evaluated under laboratory
conditions at the Germplasm Bank (BGS-CT) of the University of Catania (Italy). Seed lots
from PAN and FARO were compared from different collection years and at different seed
ages (Table 2).

Table 2. Experimental design of the germination tests conducted in the laboratory: DAH = days after harvest.

Seed Source Seed Lot
ID

Collection
Date Seed Age DAH Incubation Temperature

(◦C)
Light

Conditions

Panarea
(PAN)

PAN13 July 2013

260
5, 10, 15, 20, 25, 30

Light/Dark (12/12 h)
Darkness

(24 h)

600

770 15/10, 20/10, 20/15, 25/20

2080 5, 10, 15, 20, 25, 30

PAN17 July 2017

9 5, 10, 15, 20, 25, 30
15/10, 20/10, 20/15, 25/20

600
5, 10, 15, 20, 25, 30

1000

Faro nursery
(FARO)

FARO15 July 2015 1370

5, 10, 15, 20, 25, 30
Light/Dark (12/12 h)

Darkness
(24 h)

FARO16 July 2016 1000

FARO17 July 2017
600

1000

FARO19 July 2019
90

260

To assess the sensitivity to temperature, light, and seed age of S. hicesiae seeds, germi-
nation assays were performed at six constant (5 ◦C, 10 ◦C, 15 ◦C, 20 ◦C, 25 ◦C, and 30 ◦C)
and four alternating (15/10 ◦C, 20/10 ◦C, 20/15 ◦C, and 25/20 ◦C; thermoperiod 12/12 h)
temperature regimes (Table 2). Constant temperatures values were chosen to include both
optimal germination temperatures for Mediterranean plants (10–20 ◦C) while including
cold and hot temperatures: 5 ◦C and 30 ◦C, respectively. Fluctuating temperature regimes
were selected considering the values that are normally experienced in natural conditions
during the supposed germination season (autumn–early spring) near the soil surface.
Each thermal condition was tested both in continuous Darkness (D) and in alternating
Light/Dark conditions (L/D) with a 12/12 h photoperiod, simulating seeds being below
and above the soil surface. In the alternating temperature experiments, the exposure to
light coincided with the highest temperature to replicate day/night temperatures.

Germination assays were performed in 9 cm Petri dishes containing three layers of
filter paper moistened with 5 ml of distilled water. For each treatment, four Petri dishes,
each with 25 seeds, were used. The Petri dishes were placed in germination chambers
(Sanyo—model MLR-351H, Tokyo, Japan), equipped with cool white fluorescent tubes
(Osram FL 40 SS W/37, München, Germany). For treatments in darkness, Petri dishes
were immediately wrapped in two layers of aluminum foil. All Petri dishes were sealed
with Parafilm M®to prevent moisture loss and water was added to the dishes as needed to
maintain an adequate moisture level. To ensure no systematic effect due to the positioning
within the growth chamber, Petri dishes were re-randomized every 2 days. Seeds incubated
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in the light were counted daily and germinated seeds were discarded, whereas dark-
incubated seeds were counted only once at the end of the test to avoid any exposure
to light.

A seed was considered germinated when the radicle was at least 1 mm long. Germina-
tion tests lasted 30 days, after which ungerminated seeds were checked for viability using a
cut test. Seeds with a firm and white embryo were considered viable. The final germination
percentage (FGP± SE) was calculated on the basis of the total number of filled seeds.

To investigate whether low FGP values, which were recorded in some cases at 5 ◦C,
20 ◦C, 25 ◦C, and 30 ◦C incubation temperature, were due to seed thermo-inhibition,
thermo-dormancy or viability loss, recovery experiments were performed after 10 days
without additional germination. For this purpose, ungerminated seeds were transferred to
15 ◦C, for two additional weeks (recovery period). After this period, further germination
(%) was calculated. All remaining ungerminated seeds were tested for their viability by
cut tests.

4.3. Data Analysis

The observed final germination percentage (FGP) was modelled by fitting generalized
linear models (GLMs) and including the experimental variables (temperature, light, seed
age, seed source, and collection year) as the explanatory factors.

In order to assess germination speed, the counts of germinated seeds were used to
estimate non-parametric germination curves, by utilizing the Kaplan–Meier (KM) method,
as implemented in the ‘Survfit’ function in R [63]. The KM method belongs to the body
of survival analyses, and it has been successfully used to model seed germination [64,65]
because it enables the expression of the proportion of seeds germinated/seedlings emerged
as a function of time without reference to any predetermined equation. KM curves were
used to derive the time for 10%, 30% and 50% germination, whose reciprocals were taken as
the germination rates (GRs, in 1/d) for the corresponding percentile (GR10, GR30 and GR50).
Following Bradford [66], percentiles were defined considering the whole seed population
and not only the germinated fraction; for the cases where a certain germination percentage
was not attained, the corresponding GR was considered to be 0.

Considering the two populations and the different DAHs separately, GRs were used
to parameterize the following thermal–time model:

GRg =
T− Tb
θ(g,T)

 1− exp
[
k(g)(T− Tc)

]
1− exp

[
k(g)(Tb−Tc)

]
 (1)

where GRg is the germination rate for the gth percentile (i.e., GR10, GR30 and GR50),
expressed as a function of the environmental temperature T, Tb is the base temperature,
Tc is the ceiling temperature, θ(g,T) is the thermal time to germination, depending on the
temperature and germination percentile, and k(g) is a regression parameter, describing the
shape of the relationship between germination rate and temperature, depending on the
percentile g. The above equation works under the constraint that GRg is 0 for T < Tb and
T > Tc. Preliminary analyses based on the Akaike information criterion [67] showed that
the threshold temperatures Tb and Tc were constant and independent from the percentiles.
Optimal temperatures (To) were derived from the above equation, by equating the first
derivative to 0 and finding the root within the interval from Tb and Tc.

In the below equation, the daily accumulation of thermal time (TT), depending on
temperature (at sub-optimal and super-optimal values) and percentile, is obtained as:

TT =(T− Tb)

 1− exp
[
k(g)(T− Tc)

]
1− exp

[
k(g)(Tb−Tc)

]
 (2)
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We used Equation (2) to provide at least a general estimate of the time to 50% germi-
nation in the wild, based on the daily average air temperatures recorded from 2012 to 2018
at the climatic station of Lipari [68], which is the nearest to the experimental site (19.31 km
apart from Panarea). Daily TTs were calculated from the beginning of September, because
germinations are usually impaired before that time, due to water shortages.

All analyses were performed in the R statistical environment [69].

5. Conclusions

Our findings enabled the definition of the general frame for germination behavior in S.
hicesiae. The Type 1 non-deep PD, detected in this study, seems to fit the climatic conditions
of the lowland Mediterranean areas, supporting the hypothesis that this dormancy syn-
drome may be much more widespread than actually noticed among the species growing in
those areas. Future research should be planned to elucidate this.

Some interesting elements also emerged from a conservation perspective, on both the
ex situ and the in situ conservation side. For instance, seeds stored at room conditions
might be used for several years (at least for five years), thanks to their long-lasting viability
and germination capacity, both to obtain new individuals to be transplanted in the wild
and to establish ex situ living collections, lasting at least one generation, from which seeds
could be obtained for in situ population reinforcements. Such interventions should be
planned, especially on the Alicudi Island, where a few tens of spontaneous individuals
grow, but also on Panarea where, according to our recent surveys, the existing population
amounts to <500 individuals. Both the direct sowing of dry stored seeds and transplanting
in autumn or early winter would be suitable intervention techniques. Ex situ germplasm
management, in seed banks and nurseries, would result in a reduced collection pressure
on wild populations during conservation plans.

Finally, other research issues are still open. Re-sowing trials for seeds collected from
cultivated plants are needed to assess the germination behavior of seeds from subsequent
generations, to enhance the life span of ex situ living collections. Apart from germination
traits, other traits should also be evaluated for later generations, such as decreases in stress
tolerance, which might be modified under artificial selection pressure [70]. Other relevant
traits deserving further research attention in the wild might be the average generation time,
soil seed bank ecology, and inter-specific relationships (e.g., seed predation and plant-to-
plant competition in early developing stages). For instance, relevant information could
be provided by in situ burial experiments combined with soil temperature and humidity
data recording.
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incubation temperature (T1 = 5 ◦C, 20 ◦C, 25 ◦C and 30 ◦C) were re-incubated, under the same light
conditions, at the optimal temperature (T2 = 15 ◦C). DAH, days after harvest; FGP, final germination
percentage at T1, T2 and their sum (T1 and T2); SE, standard error.
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