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Seed dormancy and germination of five selected NATURA-2000 plant species
from Croatia showing different germination strategies

Alan Budisavljevi�ca, Dubravka Sandevb, Marko Randi�cc, Vanja Stamenkovi�cb and Sanja Kova�ci�cb

aIndependent Researcher, Zagreb, Croatia; bBotanical Garden, Department of Biology, Faculty of Science, University of Zagreb, Zagreb,
Croatia; cPRIRODA Public Institution for Managing Protected Nature Areas in the County of Primorje and Gorski kotar, Rijeka, Croatia

ABSTRACT
NATURA-2000, the ecological network of protected areas in the European Union that has been
included in the Croatian legislation, defines Community important plant species with imperative on
their conservation ex/in situ. In the Botanical Garden of the Faculty of Science, University of Zagreb,
five NATURA-species have been selected as research subjects for germination study to shed light on
the topic of their seed ecology and consequently advance their conservation efforts: Degenia velebitica,
Scilla litardierei, Klasea lycopifolia, Ligularia sibirica and Genista holopetala. The freshly matured seeds of
each species were exposed to cold or warm stratification in duration of four to sixteen weeks, and
their germination was investigated through different regimes of incubation parameters, i.e. illumin-
ation (light/dark) and temperature (5, 15/6, 23 �C). All species had higher germination values after cold
stratification, with the exception of G. holopetala. We concluded that D. velebitica, K. lycopifolia and
presumably L. sibirica seeds has non-deep physiological dormancy while S. litardierei has deep complex
morphophysiological dormancy and G. holopetala has physical dormancy. The observed patterns in
seeds’ behaviour are consistent with the conditions in their natural habitats in Croatia and the know-
ledge of these patterns is vital for successful conservation strategies in the future.
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Introduction

Among the vast Croatian flora of more than 5000 species
and subspecies, 390 taxa are considered to be endemic
(Nikoli�c et al. 2015; Nikoli�c 2019). The species of Community
interest found in the Croatian territory have been listed in
the Habitats Directive (European Commission 2018), the
European legal document whose Annexes are transferred to
the Croatian legislative within the Regulation of Ecological
Network NATURA 2000 Croatia (NATURA 2000 Croatia 2013,
2015) and Ordinance on Strictly Protected Species (2013,
2016). According to the List of wildlife species (except birds) of
interest to European Union within the Regulation (NATURA
2000 Croatia 2015), Croatian flora has 17 vascular plants, one
fern and three mosses enlisted as the ‘Natura-species’ of spe-
cial interest to the European Union. The majority of vascular
plants listed in the Ordinance (Ordinance on Strictly
Protected Species 2016) have been grown for a long time in
the collections of the Botanical Garden of the Faculty of
Science, University of Zagreb (Sandev et al. 2013; Kova�ci�c
et al. 2014). On the other hand, most of these plants have
not been thoroughly researched from the perspective of
their seed ecology, while questions of their seed viability and
germination requirements remain unanswered. Therefore, we
selected five ‘Natura-species’ to conduct the seed germin-
ation ecology research.

A single endemic plant species added to the List of wild-
life species (except birds) of interest to European Union within
the Regulation (NATURA 2000 Croatia 2015), after Croatian
accession to EU in 2013 is Degenia velebitica (Degen) Hayek
(Brassicaceae), one of two Croatian plant species listed under
Annex II to the Habitats Directive (European Commission
2018) as ‘priority taxa for biodiversity conservation’. This
monotypic heliophyte grows in the karstic scree and rock
crevices of three known wild localities, all in Croatia (Nikoli�c
2015): two in Mt. Velebit, among Peltarion alliaceae Horvati�c
in Domac 1957 Alliance (Class Drypidetea spinosae Qu�ezel
1964 with a single Order, Drypidetalia spinosae Qu�ezel 1964),
and a single at the lower slopes of Mt. Velika Kapela, among
Saturejion subspicatae Tomi�c-Stankovi�c 1970 Alliance
(Scorzoneretalia villosae Kova�cevi�c 1959 Order of the Festuco-
Brometea Br.-Bl. et Tx. ex So�o 1947 Class). Degenia velebitica
was included as vulnerable (VU) in the European (IUCN 1991)
and global Red Lists (Walter and Gillett 1998). More recently,
it was not globally re-assessed, while in the Croatian Red
Data Book (�Segulja et al. 2005) it is assessed as endangered
(EN). Degenia velebitica is one of the few Croatian endemics
that meets all three European criteria needed to proclaim its
natural habitat as an Important Plant Area (Alegro et al.
2010) and the first native species introduced to the
Programme of cultivation and ex situ protection of Croatian
threatened species in the Botanical Garden of the Faculty of
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Science, University of Zagreb (Naumovski and Stamenkovi�c
2004; Naumovski 2005).

The distribution of Illyrian-Balkan endemic Scilla litardierei
Breistr. (Hyacinthaceae) includes the wet meadows in the
intermittently flooded areas and damp habitats of Dinarid
Mts, from Slovenia to Albania (Seli�skar 2004; Jasprica 2015a).
This species is currently listed as critically endangered (CR)
for EU27 (Bilz et al. 2011), since it thrives only on a single
locality in Slovenia and it is probably extinct in Italy (�Cu�sin
2004; Jogan et al. 2011; Cakovi�c et al. 2018). However, S.
litardierei is rather frequent in Croatia (Kova�ci�c et al. 2014,
2015) and assessed as nearly threatened (NT) in the Red
Book (Nikoli�c and Topi�c 2005). It is abundant in the periodic-
ally flooded karst fields (‘kr�sko polje’) of the mainland and
northern-Adriatic islands, where it grows in various commun-
ities of the Molinio-Arrhenatheretea Tx. 1937 Class, within the
Orders Trifolio-Hordeetalia Horvati�c 1963, Molinietalia caeru-
leae Koch 1926, Arrhenatheretalia elatioris Tx. 1931 and
Potentillo-Polygonetalia avicularis Tx. 1947, even at salty
grounds (Alegro 2013).

The European endemic Klasea lycopifolia (Vill.) �A.L€ove &
D.L€ove (Asteraceae) is another species of the Croatian flora
considered to be a ‘priority for biodiversity conservation’
under Annex II to the Habitats Directive (European
Commission 2018). Scattered across the mountain ranges from
western to eastern Europe and southern Russia, its distribution
centre is in SE Europe (Meusel and J€ager 1992). Klasea lycopi-
folia is statutorily protected and Red-listed in several European
countries (cp. Cie�slak 2013 and references within), while there
are also some data on its extinction (�Skodov�a 1999) and re-
discovery (Conti and Manzi 1997). Although it does not fall
under any of the threatened thresholds (Bilz 2011), the popu-
lations of K. lycopifolia are in most of its range small and
declining, with several reported threats (Abdulhak 2010;
Perzanowska 2015). Klasea lycopifolia is considered to be rare
in Croatia, with only several recently confirmed localities in
the dry steppic sub-Mediterranean grasslands of
Scorzoneretalia villosae Kova�cevi�c 1959 Order (Vitasovi�c Kosi�c
et al. 2014). Nevertheless, it is still assessed as data deficient
(DD) in Croatian Red Data Book (Nikoli�c and Topi�c 2005).

Ligularia sibirica (L.) Cass. (Asteraceae) is a boreal Euro-
Asian species which colonizes a wide range of habitats from
East Asia, along southern Siberia, to European parts of
Russia, Belarus and Ukraine (Bernhardt et al. 2011; Mânzu
et al. 2013). In the southwestern-most parts of its areal it is
very rare, found mostly in small, scattered and isolated
mountainous populations with decreasing population trends
(Hendrych 2003; Kukk 2003; Ilves et al. 2013; Mânzu et al.

2013). In Croatia, L. sibirica has its single and isolated locality
(�Segulja 2005; Stan�ci�c et al. 2010) in the wet meadows of
sub-Mediterranean Molinio-Hordeion secalini H-i�c (1934) 1958
Alliance (Class Molinio-Arrhenatheretea Tx. 1937 and Order
Trifolio-Hordeetalia Horvati�c 1963). Part of the locality was
semi-shaded by spreading of species belonging to Salicion
albae So�o 1951 and Phragmition communis Koch 1926
Alliances, but today it is well-maintained as an important
part of this NATURA-site (Kova�ci�c et al. 2015). Ligularia sibir-
ica is assessed as critically endangered (CR) in Croatian Red
Book (�Segulja and �Stefan 2005).

The Illyrian endemic and tertiary relic Genista holopetala
(Koch) Bald. (Fabaceae), rare in Slovenia and Italy (Surina
2004; Gargano et al. 2011), is considered vulnerable (VU) for
EU27 (Bilz et al. 2011) and it was assessed as data deficient
(DD) in Croatia (Nikoli�c and Topi�c 2005). This species is still
fairly abundant in NW Croatia, where its southern-most local-
ities are found on the southern slopes of Velebit Mt (Jasprica
2015b). In Croatia, G. holopeala inhabits the wind-exposed
calcareous dry grasslands (Surina 2004) of Elyno-Seslerietea
Br.-Bl. 1948 Class, within the Seslerietalia tenuifoliae Horvat
1930 Order, as well as Festuco-Brometea Br.-Bl. et Tx. ex So�o
1947 Class, within the Orders Brachypodietalia pinnati
Korneck 1974 nom. conserv. propos. and Scorzoneretalia vil-
losae Kova�cevi�c 1959 (where it forms an endemic Genisto hol-
opetalae-Caricetum mucronatae Horvat 1956 association).

Considering the importance of conserving these selected
‘Natura-species’, the aim of this study was to assess (i) the
existence and type of seed dormancy and (ii) the effect of
temperature and light regimes on germination. The data
were then related to the natural habitat in Croatia and eco-
logical factors these five species utilize to ensure their repro-
duction by seeds.

The nomenclature of taxa follows EuroþMed Plantbase
(EuroþMed 2006), while syntaxonomical nomenclature fol-
lows the EuroVegChecklist (Mucina et al. 2016), ammended
for Croatia by �Skvorc et al. (2017).

Materials and methods

We conducted the laboratory experiments with freshly
matured seeds collected in the wild at the time of their nat-
ural dispersal (Table 1) in accordance with special permits
from the national authorities, as the species are also statutor-
ily strictly protected in the Croatian territory according to the
Anonymous (2013). The seeds were stored at room tempera-
ture for two weeks until they were used in the experiment.

Table 1. Sampling localities of seed material used in the experiment.

Species Natura-site NO Coordinates (WGS84) Altitude (m) Date of sampling Locality of sampling

Degenia velebitica HR2000856
inside HR5000019

45˚03’78’’N 14˚53’2’’E 433 June 11th 2016 Tomi�sina draga,
Velika Kapela Mt

Genista holopetala HR2000707
inside HR5000019

45˚24’4.1’’N
14˚32’54.6’’E

851 September 7th 2016 Jazvina Hill slopes,
Mali Platak Mt

Klasea lycopifolia HR2001255 44˚25’3.3’’N 15˚54’50’’E 752 September 30th 2016 Bruvno-Bulji plateau,
Lika Karst field

Ligularia sibirica HR5000020 44˚46’40’’N 15˚40’55’’E 681 August 12th 2015 Rudanovac,
Plitvi�cka jezera National park

Scilla litardierei HR2001012 44˚30’60’’N 15˚17’49’’E 560 August 1st 2015 Trnovac, Lika Karst field
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Experiment design and stratification test

The total number of seeds in the experiment was 2850 for
each species, except for G. holopetala and S. litardierei. A
total of 1710 seeds was used for G. holopetala due to the
low number of seeds available, and a total of 2925 seeds
was used for S. litardierei to conduct one additional test
which was specific for that species. The seeds of each species
were divided by a random choice into groups of 25 (15 for
G. holopetala) and then placed into a 9-cm-diameter plastic
Petri dishes, on top of sterilized white quartz sand damped
with distilled water. The experiment was divided into two
phases. The first phase was designed to expose seeds to
cold or warm stratification. The second phase, the actual ger-
mination test, was designed to provide data on the con-
ducted stratification test, while also testing the effect of the
incubation temperature and illumination on germination. In
the first phase, all of the prepared experimental units (Petri
dishes) were grouped as triplicates and then divided into
three groups (warm, cold and control groups) with consider-
ation to the number of treatments in the following phase.
Both stratification treatments lasted for 4, 8, 12 and 16weeks
at constant 5 �C (refrigerator) in the case of cold stratification
and constant 23 �C (growth chamber) in the case of warm
stratification. The experimental units in the control groups
were not exposed to any stratification period; they were
immediately introduced to the germination test. The strati-
fied seeds followed the same procedure after their stratifica-
tion period ended. All dampened dishes were wrapped with
Parafilm M (Bemis, Neenah WI 54956) to prevent the loss of
water and distilled water was added as needed, to keep the
quartz sand damp.

Germination test

In the second phase of the experiment, the seeds were
incubated under three different temperature regimes (from
here onwards referred to as thermoperiods), each in two
different illumination regimes: light (constant photoperiod
of light 16 h/dark 8 h; cool white fluorescent light, 35 lmol
m�2 s�1) and dark (complete absence of photoperiod; dark
24 h). The Petri dishes in the dark illumination regime were
wrapped with two layers of aluminium foil. The three ther-
moperiods were controlled: constant 23 �C (growth cham-
ber), alternating 15/6 �C (Kambi�c RK 105 CH, climatic
chamber) and constant 5 �C (refrigerator). The seeds for
each species in the second phase of the experiment were
incubated and monitored in all treatments for one month
in the case of the species D. velebitica, L. sibirica and S. litar-
dierei or two months in the case of the remaining two spe-
cies. The seeds exposed to light were counted and
removed twice a week, while those incubated in the dark-
ness were not exposed to the light for at least 15 days.
Every two weeks, the seeds in the darkness were exposed
to about 3–30 seconds of very dimmed room light to check
and replant the new seedlings, minimizing the change of
photoperiod. The single exception was made for S. litar-
dierei, whose seeds were counted three times per day. We

expected that S. litardierei would have a very rapid rate of
germination based on the previous experience with this
species. Furthermore, for S. litardierei we placed three extra
replicates (25 seeds each) in the same condition (23 �C, in
light) as a control group, with the difference being that the
quartz sand in these additional replicates was dampened
with a solution of 1000mg L�1 of gibberellic acid (GA3) and
distilled water. The extra treatment for this species was spe-
cifically introduced since we predicted that it would con-
tribute to the conclusion about this species type of
dormancy. The seeds were considered to have germinated
when the radicle had reached the length of 1–2mm (acc. to
Association of Official Seed Analysts 1986).

Statistical analysis and data visualization

The germination percentage (%) was calculated as n/N� 100
where n is the number of germinated seeds after 30 or
60 days depending on the species (30 days for D. velebitica, L.
sibirica and S. litardierei; 60 days for G. holopetala and K. lyco-
pifolia) and N is the total number of seeds of one experimen-
tal unit. The results are shown as calculated means of
germination percentages from each unit in triplicates with
their respective standard errors. The Levane’s tests were car-
ried out to check homogeneity of variances and since the
tests were not significant (p> 0.05), no data transformation
was needed. The variances were analyzed with one-way ana-
lysis of variance (ANOVA) and post hoc test was performed
with Duncan’s Multiple Range test. All analyses were con-
ducted in R version 3.0.0 (R Core Team 2013) and Microsoft
Excel 2016 was used for processing data. The differences
between means were considered statistically significant at
p� 0.05. The results are presented as bar charts. To visualize
and present the data in the most concise way, we used data
input composed of all the germination data acquired from
cold or warm stratified group of seeds in the analysis of vari-
ance for each species. In other words, the letters indicating
the different means on the figure with the germination data
can be referred as the differences inside and between the
thermoperiod treatment, the illumination regime treatment
and the duration of stratification. The only species that
needed representation with two graphs (cold and warm
stratification) is G. holopetala, while for the rest of the
studied species the second graph was omitted since the ger-
mination on one of the stratification temperature excluded
the germination on the other.

Results

Degenia velebitica

The Degenia velebitica seeds germinated after cold stratifica-
tion when incubated at 15/6 �C and 23 �C (Figure 1(A)). The
seeds exposed to warm stratification did not germinate
throughout all of the treatments. The only seeds that ger-
minated in the control group were those incubated at
23 �C (18.2% ± 1.6 in light and 3.1% ± 0.4 in darkness). The
maximum germination was noted after 12weeks of cold
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stratification at 23 �C in light regime (54.6% ± 0.8) and
16weeks of cold stratification at 15/6 �C in both light
(50.6% ± 1.6) and dark (48.0% ± 2.7) illumination regime.
Furthermore, from the data acquired after cold stratification
in duration of 0–12weeks the statistically highest means
were noted for seeds incubated on 23 �C in light regime.
All treatments had improved germination rates from longer
period of cold stratification, with the exception of three
cases where the means were not statistically different
(between 23 �C dark at 0 and 4weeks; 15/6 �C dark at 4
and 8weeks; 23 �C light at 12 and 16weeks). The change of
germination percentage per change of stratification period
at 15/6 �C was higher than the ratio for treatments at 23 �C.
Germination noted after 4–12weeks of cold stratification
was lower in the darkness than in the light for the seeds
incubated at 23 �C. In contrast, the germination in light
regime was not statistically different from the germination
in the dark for seeds incubated at 15/6 �C, even though the
trend in which the light regime yields higher germination is
noticeable from the means. The only exception with statis-
tically distinct means between seeds incubated in the light
and dark at 15/6 �C were observed for germination after
8weeks of cold stratification (21.7 ± 2.7 in light and 9.3 ± 3.1
in darkness).

Scilla litardierei

The Scilla litardierei seeds without stratification did not ger-
minate at all. However, cold stratification had a positive influ-
ence on germination as we recorded high percentages in
these treatments (Figure 1(B)). In contrast, warm stratification
did not show any influence on germination (0.0% ± 0.0 ger-
mination across all treatments). As the duration of the cold
stratification increased till 8weeks, so did the percentage of
germination for seeds incubated at 23 �C in both light and
darkness (incr. �27–38%). The maximum germination
(100.0% ± 0.0) was noted for the cold stratified seeds (8, 12
and 16weeks) incubated at 23 �C in both illumination
regimes and for the seeds incubated at 15/6 �C in darkness.
After 4weeks of stratification, the germination percentage of
seeds was 0.0% ± 0.0 at 15/6 �C in light and darkness.
However, as stratification increased from 8 to 16weeks, the
final germination percentage at 15/6 �C also increased
(32.4 ± 1.2 light; 97.3% ± 0.8 dark). In all treatments, the cold
stratified seeds germinated in higher percentage at 23 �C
then at 15/6 �C, with the exception being in the treatments
where seeds were stratified for 16weeks—Duncan post hoc
test grouped seeds germinated at 15/6 �C in the dark as stat-
istically not different from those germinated at 23 �C in both

Figure 1. The germination of seeds from five Croatian Natura-species incubated under different regimes of illumination (L: light, non-patterned bars; D: dark, dot-
ted bars) and temperature (5, 15/6, 23 �C) after different duration of cold (5 �C; uppercase) or warm (23 �C; lowercase) stratification. A) Degenia velebitica; B) Scilla
litardierei; C) Klasea lycopifolia; D) Ligularia sibirica; E,e) Genista holopetala. The bar plots intervals representþ SE, n¼ 3, while statistically different means are
marked with different letter (one-way ANOVA, Duncan test, p � 0.05). The periods where germination was not noted are marked with ND; not detected.
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illumination regimes. The light illumination regime at 23 �C
of cold stratified seeds yielded higher germination percen-
tages then in the dark regime, or there was no statistical dif-
ference in the means between light and dark incubated
seeds. However, this relationship was opposite in the group
of seeds that germinated at 15/6 �C—seeds germinating in
the darkness had significantly higher germination percen-
tages than those germinating in the light (62–76% diff.). The
seeds exposed to the gibberellic acid did not germinate at
all (data not shown).

Klasea lycopifolia

The non-stratified seeds of K. lycopifolia reached germination
percentage of 27.5% ± 1.2 in the light and 5.3% ± 1.8 in the
dark at 23 �C, but cold stratification improved the germin-
ation in all treatments for averagely two times in light illu-
mination and �8.8 times in dark regime (Figure 1(C)). On the
other hand, warm stratification did not break seed dormancy
in K. lycopifolia. The largest yield of germination (�35%) in
comparison to the control group in the light regime was
noted for the seeds that were cold stratified for 12weeks
and incubated in light conditions at 23 �C. This value (62.6%
± 0.8) also represents germination maximum for our dataset
of K. lycopifolia. The seeds stratified at cold temperatures for
4, 12 and 16weeks and then incubated in light had higher
germination percentages in comparison to the same treat-
ments in dark illumination. Not even one seed of K. lycopifo-
lia germinated at 5 �C and 15/6 �C, except seeds that were
treated 8weeks with cold stratification and incubated in the
darkness at 15/6 �C. This value represents the minimal ger-
mination percentage (8.8% ± 2.9) acquired for cold stratified
seeds of this species.

Ligularia sibirica

The germination in the control group was the same between
seeds germinating at 15/6 �C and 23 �C (Figure 1(D)); the
treatments incubated in the light (36.4% ± 0.4; 36.8% ± 0.9,
respectively) and those incubated in the darkness (8.4% ±
2.4; 8.0% ± 0.8) were not statistically different. The seeds
stratified with warm stratification did not show any germin-
ation at all. The germination ceiling for this species was reg-
istered after 4 and 8weeks of cold stratification at 15/6 �C in
the light. There was no continuous trend of increasing ger-
mination with the duration of cold stratification period.
Moreover, the germination decreased or remained in a simi-
lar range as values in the control group exposed to light if
the stratification period was longer than 8weeks. On the
other hand, the seeds incubated in the darkness exhibited
more or less constant values across different stratification
periods that are higher than the values in the control group,
with the exception of seeds that were stratified for 8weeks
and incubated at 23 �C and where seeds were stratified for
12weeks incubated at 15/6 �C.

Genista holopetala

The seeds in the control group germinated with low percen-
tages (< 7.3%). Germination data was acquired for both cold
(Figure 1(E)) and warm stratification (Figure 1(E)), with more
treatments germinating after cold stratification. A gradual
trend in rise of germination due to the prolonged cold strati-
fication was not noticed, rather the seeds germinated sud-
denly with relatively higher germination percentages after 12
and 16weeks of stratification. The maximum value of ger-
mination was noted in three cases; the first two were seeds
that were exposed to 12weeks of cold stratification and then
incubated in the darkness at 15/6 �C (28.0% ± 2.0) and 23 �C
(29.3% ± 0.7) and in the third one, the seeds were exposed
to 16weeks of cold stratification and then incubated in dark-
ness at 15/6 �C (26.6% ± 2.9). Regarding the warm stratified
seeds, higher germination percentages were noted for the
seeds that were exposed to longer periods of stratification
with the same suddenness that was noticed for the cold
stratified seeds, only at temperatures of 5 �C and 15/6 �C.
The maximal recorded value for the warm stratified seeds
was registered after 16weeks of stratification at 15/6 �C in
the dark (28.6% ± 1.3).

Discussion

Degenia velebitica

The seeds of D. velebitica that were not treated with any
type of stratification (control group), after being adequately
exposed to moisture, germinated exclusively at 23 �C. This is
in coherence with the known ecology of the species—the
dispersal of D. velebitica seeds in the wild begins in June and
at that time of the year some of the seeds are non-dormant.
These non-dormant seeds have the possibility to sprout if
the conditions during the early summer in the natural habi-
tat are favorable. However, immediate sprouting during the
summer for this species is a rare sight; it is most likely that
these non-dormant seeds will be prevented from germinat-
ing since the soil is not thoroughly dampened and such eco-
logical parameters in the natural habitat of D. velebitica are
usually held up until the late summer (Naumovski 2005).
Overall, it seems that the results from the control group cor-
roborate the more general premise of successful germination
in seed ecology—warmer temperatures and adequate levels
of moisture in the soil are one of the main environmental
factors controlling the germination of non-dormant seeds of
D. velebitica.

The considerable percentage (roughly 80%) of non-
germinated seeds in the control group indicates the pres-
ence of dormancy in the mature seeds. Since in our study D.
velebitica prefers germinating at spring (15/6 �C) and pre-
dominantly early summer temperatures (23 �C) after cold
stratification, it seems that D. velebitica regulates germination
under favorable habitat conditions through annual non-
dormancy–dormancy cycle (ND-D cycle), with dormancy loss
occurring in late winter. As D. velebitica grows in highly
unpredictable habitat conditions with extreme seasonal
changes, a great deal of potential fitness can be gained by
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preventing germination in unfavorable times of the year—
avoiding summer droughts and low temperatures during the
winter. That is to say, low temperatures are the absolute
requirement for breakage of dormancy in D. velebitica since
the highest germination percentages were noted for cold
stratified seeds while warm stratification was completely inef-
fective in breaking dormancy. From the ratio of germination
increase per duration of stratification we can deduce that
longer stratification period enhances the germination per-
centage at both tested temperatures (15/6 �C and 23 �C). This
indicates at the observance of negative correlation between
strength of dormancy and range of temperatures on which
seeds of D. velebitica can germinate previously described in
the study by Courtney (1968). Likewise, Hyatt et al. (1999)
described this relation in the perennial plant Lesquerella fend-
leri (A. Gray) S. Watson. The genus Lesquerella is morpho-
logically very similar to the D. velebitica, so much so that
these two were initially grouped into the same genus
(Lesquerella) after D. velebitica was discovered in 1907
(Matijevi�c et al. 1999). According to Baskin and Baskin (2014)
this observed pattern of change in physiological response to
temperature is one of the features that determine the affili-
ation of species to one of the five classes of seed dormancy,
i.e. non-deep physiological dormancy (PD). This affiliation is
further supported by the study conducted by Naumovski
(2005)—seeds of D. velebitica are water permeable with fully
developed bent embryos. Moreover, non-deep PD is the
dominant type of dormancy in Brassicaceae family (Finch-
Savage and Leubner-Metzger 2006; Baskin and Baskin 2014).
In the light of more recent categorization of non-deep PD by
Soltani et al. (2017), D. velebitica could belong to the Type 2,
since in our experiment it firstly germinated at higher tem-
perature and as dormancy level was lowered, it germinated
at 15/6 �C as well. Based on all of the data provided here, we
conclude that D. velebitica has non-deep physiological dor-
mancy. To conclude with a higher degree of certainty on the
affiliation of D. velebitica within the Type 2 categorization of
non-deep PD, more research should be conducted in
the future.

Temperature and moisture levels are the most prominent
factors in seed germination and they moderate the depth of
dormancy, but also the sensitivity to other signals, such as
illumination (Bouwmeester and Karssen 1993; Derkx and
Karssen 1993; Botto et al. 1998). The role of light on germin-
ation of D. velebitica seeds is not clear. Naumovski (2005)
studied the effects of darkness on germination and con-
cluded that light was not strictly required for germination,
but seeds germinated much better in the light than in the
darkness. Our data lead to the same conclusion, but also
reveal that longer periods of cold stratification lead to the
gradual increase of germination in the darkness. The reason
behind this observation could be due to the potential cessa-
tion of light as a restricting factor for the germination, as
concluded in some previous studies (Corbineau et al. 1992;
Baskin and Baskin 2014). Degenia velebitica is growing in
screes, rocky habitats where soil is deep below the layer of
gravel and the seeds in this habitat are likely to survive in
cracks and crevices between rocks and boulders, where there

are often just small traces of light. The capability of the
seeds to germinate without light in such instances could
prove beneficial for higher fitness of the species. Similar
results, with high germination percentages in the darkness,
were recently found in the study of alpine scree species
Cerastium dinaricum G. Beck et Szysz. (Fi�ser Pe�cnikar et al.
2018). On the other hand, observation of gradual increase of
germination in the darkness of D. velebitica could also be
explained through the intensification of seeds’ sensitivity to
illumination, meaning that even the smallest amounts of
light were sufficient to initiate germination. This explanation
is supported by the more general idea of D. velebitica seeds
adjusting their dormancy levels in the natural habitat—enter-
ing deep dormancy during wintertime when days are shorter
and gradual break of dormancy as the temperature gets
warmer and the amount of daylight increases.

Our studies were limited by the small amount of D. velebi-
tica seeds which we were able to collect in compliance with
the permission from the national authorities. Further studies
are necessary to broaden the knowledge of germination
ecology and ex situ conservation of this narrow endemic
Croatian species.

Scilla litardierei

To stimulate the germination of freshly collected seeds of
Scilla litardierei, cold stratification pre-treatment was required
and it was the only stratification type influencing the initi-
ation of germination. Moreover, the cold stratification was
also the restrictive factor for germination to occur at both
temperatures (23 �C; 15/6 �C) and illumination regimes.
Freshly matured seeds that exhibit such specificity for stratifi-
cation have morphophysiological dormancy (MPD) (Baskin
and Baskin 2014). The seeds with MPD have an underdevel-
oped embryo which must grow to a specific critical size
under the appropriate stratification conditions for germin-
ation to occur (Baskin and Baskin 2004). Scilla litardierei
belongs to the monocotyledons and Martin (1946) states
that various monocotyledon seeds are characterized by an
underdeveloped linear embryo. There are eight known levels
of MPD that could be roughly grouped into two categories:
simple and complex (Nikolaeva 1969; Baskin and Baskin
2004). According to Nikolaeva (1969, 1977), the seeds with
intermediate and deep complex MPD require only cold strati-
fication to break dormancy, and affiliation of one of these
two MPD levels to the plant species can be concluded based
on the seeds’ response to the gibberellic acid (GA3). Since
germination of the seeds from S. litardierei was not pro-
moted by gibberellic acid, the seeds of S. litardierei have a
deep complex type of MPD where embryos grow during the
dormancy breaking treatment in cold conditions (0–10 �C).
The combination of temperature at 23 �C and at least
8weeks of cold stratification was effective in interrupting the
seeds’ dormancy, promoting embryos growth and germin-
ation in this species. Other examples of monocotyledon gen-
era with complex MPD are Erythronium (Baskin and Baskin
1985; Baskin et al. 1995), Lilium (Patterson and Givnish 2002)
and Fritillaria (Carasso et al. 2011).
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Similar to the seeds’ germination at 23 �C, the incubation
temperature at 15/6 �C, i.e. spring temperature also had
encouraging effect for seeds to germinate with high percen-
tages after cold stratification, especially in the darkness. To
illustrate the reason behind this, we have to look into the
ecology of S. literdierei in its natural habitat. In its wild popu-
lations in Croatia, S. litardierei flowers in dependence of the
altitude (ca. 30–1000m a.s.l.) and climatological conditions.
Flowering happens from April to June, which is followed by
seed dispersal from mid-June to August. After the dispersal
in a dry period of mid-summer, the seeds of S. litardierei sur-
vive through the winter in a gradually weakening dormant
state. Simultaneously, this is the period when embryos mat-
uration occurs. Afterwards, the transition from wet grasslands
(even periodically flooded in the karst fields) in the early
spring to semidry and dry grasslands toward the mid- and
late summer takes place. According to H€olzel and Otte
(2004) the majority of flood-meadow species are able to ger-
minate, under outdoor conditions, in early spring. However,
successful germination and seedling establishment will often
depend on the extent of flood periods. These ‘temporal
lakes’ that can happen during springtime will consequently
bury the seeds of S. litardierei in a lot of organic material and
soil, limiting the influence of light on seeds. Thus, the
observed high germination at alternating temperature (15/
6 �C) in the dark after prolonged period of cold stratification
is an adaptation to ensure sprouting in conditions of unpre-
dictable duration of winter and flood period. Several studies
further support this observation—Thompson and Grime
(1983) report that alternating temperature can override a
light requirement for germination in wetland species, and
Milberg et al. (2000) report that light requirement for ger-
mination is confined to small-seeded wetland species (acc. to
Martin 1946, S. litardierei is considered large-seeded). In add-
ition to that, the same behaviour in germination as S. litar-
dierei was described for the wetland species Parnassia
grandifolia DC. (Albrecht and Long 2014).

Finally, the preference of S. litardierei for germination at
23 �C is logical, in view of its natural habitat—if the floods
are absent and temperatures are high after the overwintering
period, there is a good chance for successful establishment
of seedlings and abundant growth. This temperature is prob-
ably closer to the optimal germination and growth tempera-
ture for this species and as such it triggers the signal in the
seed for rapid germination.

Klasea lycopifolia

The seeds of Klasea lycopifolia in their natural habitat in the
Croatian territory ripe between July and August and many
seeds can remain on senescent capitula for several months,
especially if there is no precipitation. The dry steppic
sub-Mediterranean grasslands, which represent this species
natural habitat in Croatia, is characterized by a scarce, non-
continuous precipitation throughout the year and constant
high temperatures, especially during the summer (Tryfon
2016). This habitat has two major rainfall peaks—during
November and May (Tryfon 2016), and those periods are the

most suitable for seedlings’ establishment. In such a small
margin of opportunity for a good fitness of species, K. lycopi-
folia needs to ensure some degree of plasticity to have a
quick adaptive response to the eventual rainfall during the
summer. This was registered in a form of seed behaviour of
K. lycopifolia in our experiment in several ways. First, the
results from the control group illustrates that some of the
matured seeds were not dormant, which means that some
seeds are capable of germinating when released from capit-
ula if precipitation is present. Second, we found out that
seeds of K. lycopifolia need just two days after exposure to
moisture to start germinating. This would certainly be a
beneficial trait in the case of mid-summer rainfall.
Additionally, the seeds in the control group germinated only
at 23 �C and this underlines the observed traits as adapta-
tions for the described habitat conditions during
the summer.

From the perspective of the entire experiment, seeds ger-
minated entirely at 23 �C (with a single exception). This is
consistent with the warm conditions in the Croatian habitat
of this species. Furthermore, this specificity for temperature
even after the cold stratification pre-treatment is consistent
with the definition of conditional dormancy (CD)—a period
where seeds have the ability to germinate only over a nar-
row range of conditions (Baskin and Baskin 2014). When con-
sidering the results from the control group, we concluded
that the seeds of K. lycopifolia are conditionally dormant at
maturity. The CD at maturity was also reported for another
species of the Asteraceae family, Boltonia decurrens (Baskin
and Baskin 2002). Furthermore, the seeds of K. lycopifolia
most possibly cycle back and forth between CD and non-
dormancy (ND) and this represents the main adaptation
mechanism to ensure plasticity in the context of environ-
mental conditions in the natural habitat during the summer.
Another observation that backs up the ND as a following
state after the CD is the observation noticed after the time
frame of the experiment (data not shown)—seeds were grad-
ually germinating on other temperatures besides 23 �C (e.g.
15/6 �C).

The requirement for cold stratification for enhanced ger-
mination, CD/ND cycle, freshly matured seeds with pro-
nounced CD and water permeable seed coat are all reasons
to conclude with a sufficient certainty that the seeds of K.
lycopifolia have non-deep physiological dormancy. Through
perspective of the classification discussed by Soltani et al.
(2017) we group K. lycopifolia into sublevel of the non-deep
physiological dormancy characterized by seeds that exhibit a
dormancy continuum, i.e. Type 2. In this subgroup, matured
seeds germinate first at high temperatures and once the ND
state takes place, they have the ability to germinate at lower
temperatures. The Type 2 categorization for K. lycopifolia is
especially supported by the only case of germination at
lower temperature than 23 �C, being recorded after 8weeks
of cold stratification.

The effect of light in our study had positive influence on
germination, especially since the highest germination per-
centage was observed in seeds exposed to the light. This is
reasonable since the conditions in the natural habitat have
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abundant amounts of light—grasslands are not shaded by
dense or tall shrubs/trees. Atwater (1980) supports our data
with conclusion that light can affect the germination of K.
lycopifolia, and this effect is also present in many other spe-
cies of Asteraceae family (Baskin and Baskin 2014; Valletta
et al. 2016). However, Lermyte (2004) concluded that K. lyco-
pifolia seeds do not need light for germination. That is some-
what true for our data as well, since all of our treatments
germinated in the dark, but in our study Lermyte’s observa-
tion is more relevant for the cold stratified seeds. Here we
noticed that germination was more prominent in the dark
when compared to the control group and we assume that
this is due to the restriction of light being a decisive factor
for germination in this species. The main combination of fac-
tors to stimulate germination in the summer during CD state
is warm temperature, humidity and light as noted in the con-
trol group, but the most important trigger is the presence of
humidity. After overwintering period, there is sufficient pre-
cipitation for seed establishment, but there might not be the
same levels of illumination as those in the summer, so it is
only logical for K. lycopifolia to moderate its dormancy state,
i.e. the influence of illumination factor after cold stratification
to maximally benefit from the presence of water; the factor
whose deficit will later be a restriction for its survival
and fitness.

Even though our studied sample displayed rather high
germination (�60%), it is important to consider that com-
plete absence of germination in a random group of seeds is
common in the Asteraceae family and several factors may
affect this loss: the maternal tissues surrounding the embryos
i.e. differences in the seed coats (Roach and Wulff 1987);
seed size (Vaughton and Ramsey 1998; Parciak 2002); the
condition of the seeds, the level of maturity and the absence
of embryos (Bombo et al. 2015). According to Cury et al.
(2010), high percentages of seeds without embryo were dis-
covered in the species with a strong tendency for vegetative
propagation, e.g. through root buds. Several studies have
shown that K. lycopifolia could be quite successfully propa-
gated through rhizomes (Lermyte 2004; Abdulhak 2010). We
confirm these findings as we noticed that our K. lycopifolia
samples in the collection of the Botanical Garden quite often
strive to propagate vegetatively. Moreover, we notice the
same prevalence of vegetative distribution of K. lycopifolia
on the sampling site. This indicates that many of the seeds
of K. lycopifolia in our research could have lacked embryos
and this might have influenced the success of germination.
With this in mind, we recommend performing the ‘cut-test’
on ungerminated seeds for any future experimental research
on K. lycopifolia.

Ligularia sibirica

In our research, many seeds of Ligularia sibirica in the control
group germinated immediately in a wide range of tested
conditions and did not exhibit dormancy at all. This indicates
that most seeds are germinable as soon as they are released
from capitula (Figure 1(D)). The soil in the humid meadow
by the stream which is the habitat of this species in Croatia

is most of the year well saturated with enough water. As
such it can provide a well-resourced niche for seedling estab-
lishment after the dispersal in the late summer. Additionally,
these mostly open grasslands have an abundant amount of
light that can potentially have a positive effect on germin-
ation and this is reflected in our data for non-stratified seeds.
When mature, some of the seeds of L. sibirica are non-
dormant and they have the ability to germinate even in the
early autumn if the conditions in the habitat are favorable
and winter is postponed. This is supported by the fact that
seeds germinated in the control group with relatively high
percentage at 15/6 �C—alternating temperature that is most
similar to spring and autumn conditions. Ligularia sibirica is a
perennial hemicryptophyte with ground rosettes of leaves
and a short rhizome (Ĉışlariu et al. 2018), and as such it is
debatable if the newborn plants of L. sibirica in Croatia could
develop perennating rhizomes and sufficient protection with
ground leaves before winter.

The cold stratification mildly boosts the germination rates
of L. sibirica, but after prolonged periods of cold stratifica-
tion, the overall germination levels diminish in comparison
to the non-stratified seeds. Ligularia sibirica has a semi-
dormant behaviour (Puchalski et al. 2014), meaning that it
has a potential to grow during the winter if the conditions
are favorable. It is possible that the seeds of this species also
follow the same pattern as the mother plant—some of them
have weak dormancy which is broken by cold winter temper-
atures or they do not develop dormancy at all. These non-
dormant seeds could be more prone to rotting if favorable
conditions are not met in a certain time frame. This could
explain the diminishing germination trend of seeds exposed
to the prolonged cold stratification. Ĉışlariu et al. (2018) in
their study of L. sibirica acquired similar results after cold
stratification pre-treatment. Since the seeds of L. sibirica
could have randomly distributed ratios of non-dormant and
dormant seeds, we cannot conclude the type of dormancy
present in this species with certainty. Baskin and Baskin
(2014) reported that species in a variety of families originat-
ing from boreal zones are characterized by physiological dor-
mancy. This statement, water permeability of testa and cold
stratification as the exclusive factor for the rise of germin-
ation levels are well consistent with the conclusion that, if
the dormancy is present, the seeds of L. sibirica could have
non-deep PD. However, more research and data is required
in order to reach a definitive conclusion on this matter.

Ligularia sibirica in Croatia is a mesophilic plant (�Segulja
and Krga 1990) and this is in coherence with our data since
this species germinated at both 15/6 and 23 �C throughout
the whole experiment. Furthermore, it is noticeable that
seeds are internally well calibrated to the conditions in their
natural habitat—after 4–8weeks of cold stratification they
germinate better at spring temperature (15/6 �C).

The seeds exposed to light in the control group did ger-
minate substantially better than those in the dark, but this
sharp line of differentiation is somewhat blurred in other
treatments where cold stratification was applied. The only
noticeable effect of the prolonged cold stratification would
be in a certain increase of germination in darkness in
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comparison to the non-stratified seeds, which could be due
the fact that L. sibirica is a wetland species and it is
expected that in conditions of unpredictable water levels in
the habitat, the seeds could precipitate in the soil to a cer-
tain level where light is absent. In other words, light
requirement for germination of L. sibirica after longer peri-
ods of cold stratification seems to be inhibited or
even irrelevant.

It has been reported that different populations of L. sibir-
ica have a pronounced variation in maximal germination
rates, even in laboratory conditions. Ligularia sibirica from
Estonian populations had value of 50% (Kukk 2003) and val-
ues from 41–73% (Ilves et al. 2013); Kļaviņa et al. (2004)
reported 67% for Latvian population and Ĉışlariu et al.
(2018) registered 18.96% for Romanian populations. These
results are mostly considered low and results from our
study are consistent with them as we recorded germination
maximum at �45%. In contrast, according to Fomina
(2016), populations of L. sibirica from Siberia reached 100%
after cold stratification. Ligularia sibirica is considered a
postglacial relict, occurring in isolated localities in many
European countries (Hegi 1987; Ĉışlariu et al. 2018). Ilves
et al. (2013) concluded that low genetic diversity and
inbreeding depression in small populations of L. sibirica can
influence seed production and germination ability of this
species. Very similar situation is with the Croatian popula-
tion of L. sibirica, where overall individual number is less
than 500. In addition to that, this single population is geo-
graphically divided into several localities relatively close to
each other (Stan�ci�c et al. 2010). Such genetically impover-
ished populations of L. sibirica consequently have low fit-
ness, with inbreeding as one of the main contributing
factor, and therefore special attention is needed. As stated
by Edmands (2006) and Ilves et al. (2013), the introduction
of new genotypes may be unavoidable to conserve this
species in its current habitats. This situation could be due
to the substantial isolation in or between populations that
is more or less enhanced because of the inefficient seed
dispersal mechanisms or environmental changes in the
past. The seeds of L. sibirica are dispersed from mid-August
and they have a pappus adapted for potential dispersal by
wind. However, most of the seeds of this species do not
travel long distances and they are mostly distributed by
flowing water and they land close to the parent plant
(Kobiv 2005; �Sm�ıdov�a et al. 2011). Thus, it is possible that
natural barriers in Croatian habitat of L. sibirica (e.g. sur-
rounding tree and shrub-like species belonging to Salicion
albae and Phragmition communis Alliances) have been effi-
ciently preventing seed migration even between geograph-
ically closer localities on the same river system. Moreover,
analyses of extinction probabilities in small populations of
L. sibirica in Czech Republic showed that there is a very
low expectancy for long or complete life span of this spe-
cies (�Sm�ıdov�a and M€unzbergov�a 2012), therefore careful
management, including appropriate ex situ and in situ con-
servation programs, are necessary for this small population
of L. sibirica in Croatia to survive.

Genista holopetala

Most of the seeds in Fabaceae family have physical dor-
mancy, as a consequence to impermeability of water and
gas into their seed coat (Stewart 1926; Riggio Bevilacqua
et al. 1989). In our study, non-stratified seeds of Genista holo-
petala germinated immediately at all three temperatures in
both illumination regimes but at the relatively low rate
(Figure 1(E; e)). This could only be registered if some of the
seeds’ coat impermeability did not develop. This is possible
if there weren’t any abiding dryness in the natural habitat, as
noted by Long et al. (2012) and Baskin and Baskin (2014).
This was presumably the case with some of the seeds of G.
holopetala we collected. On the other hand, the low germin-
ation percentage indicates that the majority of seeds are in
fact impermeable to water, and subsequently with well-
defined physical dormancy (PY). This is consistent with the
evidence supplied by L�opez et al. (1999) where it is stated
that species from the tribe Genisteae have the hard
seed coat.

The majority of species from Fabaceae family with phys-
ical dormancy have non-dormant embryo, which means that
when the water enters the seed, they will germinate immedi-
ately (Baskin and Baskin 2014). However, some of the species
with PY could also have another type of dormancy—most
usually physiological dormancy, and both PY and PD needs
to be broken in order for a species to germinate (Baskin and
Baskin 2014). On the first glance, our results indicate that
there is an underlying PD in the seeds of G. holopetala since
we recorded higher germination values after 12 and
16weeks of cold stratification (Figure 1(E)) and 16weeks of
warm stratification (Figure 1(e)). However, it is more probable
that they are PY with ND embryos because the raise of ger-
mination is not gradual with the prolongment of both cold
and warm stratification. This is supported by L�opez et al.
(1999)—nine species from the genus Genista did not require
stratification as they germinated in high percentages (some
of them to �90%) immediately after scarification. This rise of
germination acquired in our study after long stratification
periods could be due to the breakage of the physical barrier,
rather than the stratification itself. In the case of cold stratifi-
cation, Baskin and Baskin (2014) said that it is possible for
seeds chilled at 5 �C for over 30 days to exhibit breakdown
of cells in the palisade layer of seed coat, even though the
mechanism of this observation is unknown. Secondly, the
prolonged warm stratification in our experiment could pro-
mote softening of the testa by microbial activity and conse-
quently the breakage of PY. In the natural habitat of G.
holopetala in Croatia, the seeds with physical dormancy that
endured winter conditions could start sprouting because of a
disrupted hardness of the seed’s coat caused by mechanical
abrasion from soil particles or after decomposition of the
seed’s coat by microbial activity. L�opez et al. (1999) stated
that the most suitable scarifying treatment for the species in
the Genista genera is acid treatment—this points out the
possible degrading action of the soil’s microbial flora having
the most important effect on softening of the G. holopetala
seeds’ coat.
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In both warm and cold stratification pre-treatments
between the seeds that managed to break PY, maximal ger-
mination values were noted for seeds that were incubated in
the darkness. Moreover, seeds germinated better (or at least
equally) in the darkness than in the light throughout all of
the treatments conducted. The reason behind this could be
in the fact that G. holopetala grows in sloped rocky grass-
lands where seeds presumably overwinter in crevices with
limited light. The study conducted by Serrano-Bernardo et al.
(2007) on the species Genista versicolor Boiss. is consistent
with our observations—they also noted that darkness had a
positive impact on germination. On the other hand, L�opez
et al. (1999) examinated nine Genista species and only two
of them required darkness for better germination, three spe-
cies did not germinate in darkness at all, and the rest of
them germinated better in the light. This indicates that the
influence of darkness on seeds’ germination in Genista is spe-
cies specific, not genus and this factor is possibly more or
less relevant according to the respective conditions in the
natural habitat.

From the obtained data we can notice almost the same
percentage of germination at both 15/6 �C and 23 �C. In its
natural habitat in Croatia, G. holopetala grows on cold grass-
lands that are quite dry because of the bora; katabatic wind
that blows from the higher elevations in the direction of
Adriatic Sea. The sampled habitat where G. holopetala grows
have the intermediate climate between two types as classi-
fied by K€oppen: Cfb; temperate humid climate with warm
summers and Df; humid boreal climate (Filip�ci�c 1998). The
winter periods in the habitat might be prolonged because of
the influence of boreal climate. This mixture of climates and
ecological conditions in the habitat implies that our popula-
tion of G. holopetala could be adapted to the mildly cooler
temperatures in the summer, and to both alternating and
constant temperatures since night and day temperatures are
distanced throughout the year. The germination of sampled
G. holopetala could occur mid-spring or even early summer
on temperatures that range from 15–20 �C and this was
backed up by our results.

All things considered, for further research endeavors we
suggest the continuation of the germination study with
stratified seeds, on the same Croatian population of G. holo-
petala, if possible. The relatively small number of seeds that
were available for this research presented a limitation that
prevented us from further investigating this specific sample
and impaired our efforts to provide additional information
for conservation of this rare species.
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