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Abstract

Viola calaminaria is an endangered metallophyte endemic to a small area close

to the border between Belgium, Germany and the Netherlands, where it grows

on rock outcrops rich in heavy metals (zinc, lead and cadmium). Because

V. calaminaria reproduces mainly by seeds, it is of crucial importance to

understand its germination requirements. Germination percentage and speed

at constant (11–25�C) and alternating (23/09�C) temperatures were investi-

gated in five large populations. Germination percentage was positively corre-

lated to seed weight. Germination was low (<25%) at 11 and 16�C,
intermediate (around 65%) between 20 and 25�C and the highest (93%) at the

alternating temperature regime (23/09�C). V. calaminaria is a slow germinator

requiring 41 days on average to germinate at 23/09�C and considerably more

at 20 to 25�C (105 days on average). Our results also highlighted that the spe-

cies is desiccation tolerant and can therefore be safely conserved under stan-

dard seed bank conditions.
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1 | INTRODUCTION

In Europe, metal-enriched soils are quite rare and form
residual sanctuaries for metallophyte communities. These
sites are most often extremely small and spatially isolated
(Baker, Ernst, Van Der Ent, Malaisse, & Ginocchio,
2010). Because of this geographical isolation and the
presence of high concentrations of heavy metals rep-
resenting harsh and phytotoxic habitats, species that are
able to grow in these sites exhibit remarkable physiologi-
cal adaptations to substrates enriched in heavy metals
(Whiting, Reeves, & Baker, 2002). As a result,
metallophytes represent valuable phytogenetic resources
for revegetation and restoration programmes, and for the

remediation of heavy metal pollutions (Shutcha et al.,
2010). The flora of metalliferous sites is therefore of high
conservation value, and actions for preserving these spe-
cies are imperative given the threat of mining activities.

The number of strict metallophytes (growing only on
metalliferous soil) present in Europe is extremely small.
Among the vascular plants, only seven taxa are character-
istics of the EU habitat 6130 “Calaminarian grasslands of
the Violetalia calaminariae” (European Commission,
2013). The conservation status of this habitat in Europe is
generally unfavorable, and its area for all Europe is eval-
uated to be around 22 km2 (http://bd.eionet.europa.eu/
article17/reports2012/). In Belgium, the recent partial or
total destruction of 19 sites due to urbanization (Bizoux,
Brevers, Meerts, Graitson, & Mahy, 2004) has signifi-
cantly reduced the total habitat area from 70 ha in 2005
(Graitson, 2005) to 51 ha in 2012 (http://bd.eionet.

Received: 4 March 2019 Revised: 24 July 2019 Accepted: 19 September 2019

DOI: 10.1111/1442-1984.12259

Plant Species Biol.. 2020;35:89–96. wileyonlinelibrary.com/journal/psbi © 2019 The Society for the Study of Species Biology 89

https://orcid.org/0000-0002-1893-9249
mailto:sandrine.godefroid@botanicgardenmeise.be
mailto:sandrine.godefroid@botanicgardenmeise.be
http://bd.eionet.europa.eu/article17/reports2012/
http://bd.eionet.europa.eu/article17/reports2012/
http://bd.eionet.europa.eu/article17/reports2012/
http://wileyonlinelibrary.com/journal/psbi


europa.eu/article17/reports2012/). Among the character-
istic species of this habitat, Viola calaminaria (Ging.) Lej.
(Violaceae) has the smallest distribution range. As species
with a narrow geographic range have a higher risk of
extinction than more widely distributed species
(e.g., IUCN, 2012; Le Breton et al., 2019), the case of
V. calaminaria deserves careful consideration. Almost
disappeared from the Netherlands, it is endemic to zinc,
cadmium and lead outcrops in eastern Belgium and west-
ern Germany, where only a few isolated populations
remain (Bizoux, Cristofoli, Piqueray, & Mahy, 2011;
Bizoux, Daïnou, Raspé, Lutts, & Mahy, 2008). The sur-
vival of this narrowly distributed species is therefore in
the hands of these two countries, which have a huge
responsibility in preventing this species from going
extinct.

The germination ecology of metallophytes has been
poorly studied so far (but see Boisson et al., 2016;
Godefroid et al., 2013). The lack of data is, however, one
of the main constraints to the conservation of threatened
species (Secretariat of the Convention on Biological
Diversity, 2009). In the case of V. calaminaria, no infor-
mation is available in the Seed Information Database
(Royal Botanic Gardens Kew, 2019). V. calaminaria is
sometimes considered as a subspecies of V. lutea
(Hildebrandt et al., 2006). However, the taxa occur in dif-
ferent habitats. Their distinctive ecology could therefore
mean that they might have contrasting germination
requirements. In the present study, we use the name
V. calaminaria, as in the Belgian and German floras
(Lambinon & Verloove, 2015; Rothmaler & Jäger, 2011),
but Viola lutea subsp. calaminaria is also used as a syno-
nym by these authors and many others.

Because V. calaminaria reproduces primarily by seeds
(Bizoux et al., 2008), it is of utmost importance to under-
stand its germination requirements. According to Tom
Clothier's database, it is not uncommon for violets to
have irregular germination that extends over several
months (https://tomclothier.hort.net/). Many Viola spe-
cies are also known to have physiological dormancy

(Baskin & Baskin, 2014). Previous tests on V. calaminaria
indicate that this species germinates much better after a
period of cold stratification (Bizoux, 2006). However, only
one temperature has been tested by this author (22�C)
and his results showed that the germination percentage
of stratified seeds remained quite weak (29.1% on aver-
age). To the best of our knowledge, no further investiga-
tion has been carried out to specify the germination
requirements of this highly threatened species.

Because climate change can induce major variations
in germination patterns (Mondoni, Rossi, Orsenigo, &
Probert, 2012), a thorough understanding of the thermal
range required for germination and dormancy release is
also essential to assess whether the species is able to
cope with climate change (Clemente et al., 2017). Rela-
tively few studies have examined the effect of increased
temperatures on the germination niche (Cochrane,
Daws, & Hay, 2011). Rising temperatures may, however,
affect germination percentage and timing, or decrease
the rate of dormancy loss, which in turn may reduce the
recruitment rate of a species and, ultimately, induce a
decline in populations (Mondoni et al., 2012). Viola cal-
aminaria has tiny seeds and small-seeded species have
been reported to show narrower temperature optima for
germination than large-seeded species (Bell, Rokich,
McChesney, & Plummer, 1995). Given the restricted
ecological niche of V. calaminaria, we can also expect
this species to be impacted by climate change. Its capa-
bility to germinate in the range of the tested tempera-
tures will make it possible to determine to what extent
the temperature is a limiting factor for the germination
of V. calaminaria. This will give an indication of the
species' potential vulnerability to climatic changes in its
early stages of development. Furthermore, identifying
the ideal conditions for the germination of this threat-
ened species will further help to define the best protocol
for its propagation, should consideration be given to
reintroducing it into the wild.

The aims of this study are: (a) to characterize seed ger-
mination of V. calaminaria under variable temperature

TABLE 1 Site details and Viola calaminaria population data for the studied areas in north-east Belgium

Site name Code Latitude Longitude
Alt.
(m)

Area
(ha)

Prevalent
aspect

Slope
(�)

Sampled
individuals

Ile aux Corsaires IC 50�360N 005�360E 70 1.98 NE 45 50–100

Fonds de Forêt FF 50�350N 005�400E 120 109.25 SE 45 100–150

Vieille Montagne VM 50�420N 006�000E 180 3.28 - 0 50–100

Halde calaminaire de
Schmalgraf

HS 50�410N 005�590E 200 1.60 - 0 50–100

Haldes calaminaires de
Plombières

HP 50�440N 005�580E 150 21.04 - 0 100–150
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conditions; (b) to determine to what extent its germination
requirements are the same as those of the non-metallophyte
V. lutea, of which it is sometimes considered a subspecies;
and (c) to analyse inter-population variability in seed
weight and germination.

2 | MATERIAL AND METHODS

2.1 | Study area

This study focused on five sites, located in north-east Bel-
gium, spread over a region spanning 28 km from east to
west and 16 km from north to south (latitude 50�350–
50�4400N, longitude 05�360–06�000E). Each of these sites
covered an area ranging from 1.6 to 109.2 ha (median,
3.3 ha; Table 1). Heavy metal concentrations of most soil
samples range from 1,000 to 40,000 mg kg−1 for zinc,
100 to 10,000 mg kg−1 for lead, and 1 to 100 mg kg−1 for
cadmium (Bizoux et al., 2004). These peculiar soil condi-
tions are the result of on-site mining and atmospheric
deposition following excavation that triggered the disper-
sion of metal particles in the air near factories. The vege-
tation consists of dry grasslands dominated by strict
metallophytes such as Armeria maritima subsp. halleri
(Wallr.) Rothm. (Plumbaginaceae), Viola calaminaria
(Ging.) Lej. (Violaceae), Festuca ovina subsp. guestfalica
(Rchb.) K.Richt. (Poaceae) and Thlaspi caerulescens
subsp. calaminare (Lej.) Dvořáková (Brassicaceae).
Pseudo-metallophytes (species that grow both on metal-
liferous soils and on normal soils) are also present, for
example Agrostis capillaris L. (Poaceae), Festuca rubra
L. (Poaceae), Rumex acetosella L. (Polygonaceae), Cam-
panula rotundifolia L. (Campanulaceae) and Lotus
corniculatus L. (Fabaceae). The regional climate is tem-
perate continental, with a mean annual temperature of
9.5�C and mean annual precipitation of 1,024 mm per
year (data provided for the period 1981–2010 by the Bel-
gian Royal Meteorological Institute).

2.2 | Seed collection

At each of the five locations, seeds of V. calaminaria were
bulk collected between July 1st and 3rd, 2015, when fully
mature, from a minimum of 50 individuals scattered over
the entire surface of the populations. This rule of 50 indi-
viduals was followed in order to capture most of the
genetic diversity present in the populations (ENSCONET,
2009), but we collected seeds from more individuals
when possible. A passport data sheet was filled in for
each population, including accession ID, GPS coordi-
nates, sampling area, population size, proportion of

mature individuals, number of sampled individuals and
habitat description (slope and aspect, soil texture, associ-
ated species). Site details and population data are given
in Table 1.

After collection, seeds and fruits were cleaned and
immediately dried in a climate chamber at 15% relative
humidity (RH) and 15�C. In these conditions, orthodox
(desiccation-tolerant) seeds are expected to maintain
their germination characteristics for 10 years (FAO,
2013). Three months later, when the seeds had reduced
their moisture content (MC) to 5%, seed weight was
measured in the climate chamber on five samples of
100 randomly selected seeds per population using a pre-
cision balance (Sartorius Entris 623i-1S, Sartorius Lab
Instruments GmbH & Co; accuracy 1 mg). Samples were
then stored in sealed tri-laminated foil bags in freezers
at −20�C for long-term conservation. In these circum-
stances, seed viability is maintained for several decades
(FAO, 2013). Seeds were stored in these conditions for
2 years before starting the germination tests.

2.3 | Germination tests

Before starting the experiment, we carried out some pre-
liminary tests to check the species' requirement for cold
stratification by putting seeds in the darkness at 4�C on
1% agar (10 g/L) in Petri dishes. The initial idea was not
only to test the need for cold-moist stratification, but also
to test the effect of the length of this stratification period
on germination (2 or 4 months). Actually, 18% of the
seeds on average germinated during the first 2 months of
the stratification process, which led us to conclude that
such pretreatment was not required, and we therefore
did not include cold-moist stratification in our subse-
quent germination experiments.

For performing the germination experiment, the
seeds were hand-selected after visual inspection to ensure
high seed quality. They were placed on agar in plastic
Petri dishes. Petri dishes were inserted into zip-lock plas-
tic bags and randomized in the incubators. Five tempera-
ture regimes were applied to each of the five accessions:
11, 16, 20, 25 and 23/09�C. Testing was applied on
250 seeds per accession, corresponding to 50 seeds per
treatment, divided into two Petri dishes of 25 seeds. Ger-
mination was monitored once a week and recorded when
the radicle was at least 2 mm long. Germination percent-
age of each accession was obtained by pooling the results
of the two Petri dishes. Germination was monitored until
1 month after the last seedling emerged, for a total of
336 days. Seeds that did not germinate were subjected to
a cut test in order to identify the number of fresh, moldy,
empty and infested seeds.
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2.4 | Data analysis

Germination percentage was calculated as follows:

Germination%=number of germinated seeds=

total number of tested seeds:

No empty seeds were found during the cut tests.
As a seed vigor trait, we used the mean time to germi-

nation (MTG), allowing us to calculate the speed of ger-
mination. For each species, the MTG was calculated
using the following equation (Daws, Garwood, &
Pritchard, 2005; Tompsett & Pritchard, 1998): MTG =

P

(ni � di / N), where ni = number of germinated seeds at di
days, di = incubation period in days at ni, and N = total
number of seeds germinated in the treatment.

Germination percentage and speed were analysed
using Kruskal-Wallis H tests, followed by Mann–Whitney
U-tests. Results for inter-population variability in temper-
ature response are presented for all treatments combined
despite the fact that populations may have differential
sensitivity to temperature. The reason is that we did not
have replicates to perform statistical analysis of the effect
of the population on germination within each treatment.

All statistical analyses were carried out using SYSTAT
8.0 (Systat Software, San Jose, CA, USA). The .05 level of
probability was accepted as threshold of significance for
all analyses.

3 | RESULTS

3.1 | Effect of seed weight on
germination

Univariate linear regression analysis indicated that ger-
mination percentage was positively correlated with seed
weight, whereas no significant relationship has been
observed with MTG (Figure 1). The vast majority of seeds
weighing less than 0.06 g/100 seeds had a germination
percentage below 35%. On the other hand, in most cases
where the weight was higher than 0.06 g/100 seeds, the
germination percentage was above 65%.

3.2 | Seed germination response to
temperature

Seed response to temperature exhibited clear trends
(Figure 2a,b), both in terms of germination percentage
(Kruskal-Wallis H = 20.73, p = .0004, n = 25) and speed

(Kruskal-Wallis H = 14.57, p = .0057, n = 25). Low ger-
mination (<25%) was detected at 11 and 16�C, whereas
germination was intermediate (around 65%) between
20 and 25�C. The highest germination percentage (93%
on average) was obtained when seeds were incubated at
the alternating temperature regime (23/09�C). It is also in
these conditions that germination is among the fastest,
with 41 days on average. With an MTG between 3 and
4 months, germination speed was the slowest around
20 to 25�C. Cumulative germination curves (Figure 3)
also illustrate the difference in seed behavior between a
constant temperature of 20 to 25�C and alternating tem-
peratures of 23/09�C. In the latter, the vast majority of
seeds germinate rapidly, whereas in the former the curve
is more progressive, showing that seeds germinate gradu-
ally throughout the test period.

FIGURE 1 Relationship between seed weight and

(a) germination percentage (rs = 0.44, p = .028, n = 25) and

(b) mean time to germination (MTG; rs = 0.09, p = .683, n = 25) for

Viola calaminaria. For each of the five populations, five samples of

100 seeds were weighed. Data labels refer to populations (codes and

full names are displayed in Table 1)
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3.3 | Inter-population variability in seed
weight and temperature response

Average 100-seed weight per population ranged from
0.046 to 0.068 g. The five measurements for each acces-
sion showed very little variation (0.001 g ≤ SE ≤ 0.002 g),
indicating that seed weight within each population was
very homogeneous. However, differences in seed weight
among the five populations were highly significant
(Kruskal-Wallis H = 20.02, p = .0005, n = 25) (Table 2).

Average germination percentage per population (all
treatments combined) varied between 33.2 and 59.2%.
Differences in germination rate among the five
populations were not significant (Kruskal-Wallis
H = 1.56, p = .8156, n = 25) (Table 2). Average MTG per
population (all treatments combined) ranged from 54.2 to

81.2 days. Differences in MTG among the five
populations were not significant (Kruskal-Wallis
H = 0.49, p = .9747, n = 25) (Table 2).

4 | DISCUSSION

The germination percentage of V. calaminaria was posi-
tively related to seed weight. This relationship has been
observed for several dozen species (Baskin & Baskin,
1998). We did not observe any influence of seed weight
on the MTG. In the literature, both positive and negative
correlations between seed mass and germination speed
have been reported for some species (e.g., Li Z., Lu, Yang,
Kong, & Deng, 2015; Lopes Souza & Fagundes, 2014).

FIGURE 2 (a) Germination percentage and (b) mean time to

germination (MTG) of Viola calaminaria under different

temperature regimes. Data are the mean of five replicates

(populations) + SE. Different letters indicate significant differences

in mean germination values at each temperature (p < .05)

FIGURE 3 Mean cumulative germination percentage of

50 seeds of Viola calaminaria incubated for 48 weeks in the climate

chambers at five different temperature regimes

TABLE 2 Inter-population variability (mean ± SE) of seed

weight per 100 seeds, germination percentage and mean time to

germination (MTG) of five different Viola calaminaria populations

in north-east Belgium (all treatments combined). H is the

Kruskal-Wallis statistic

Population
100-seed
weight (g)

Germination
(%)

MTG
(days)

IC 0.068 ± 0.001 59.2 ± 13.3 68.5 ± 25.5

FF 0.062 ± 0.001 52.0 ± 16.8 57.2 ± 12.8

VM 0.056 ± 0.002 56.0 ± 15.8 69.5 ± 26.5

HS 0.046 ± 0.001 33.2 ± 16.4 81.2 ± 27.1

HP 0.065 ± 0.002 56.4 ± 18.7 54.2 ± 15.4

H 20.02 1.56 0.49

P 0.0005 0.8156 0.9747
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Germination tests carried out in controlled conditions
for five populations of V. calaminaria highlighted differ-
ences in seed response to temperature. In general, the
higher the temperature, the better the germination. How-
ever, it has become apparent that germination is maxi-
mized at an alternating temperature regime. These
results differ from those mentioned in the only trial avail-
able to date (Bizoux, 2006; Bizoux et al., 2008), where
seeds collected from 11 populations of V. calaminaria
were incubated at a single temperature (22�C), producing
almost no germination (2.7%) without pretreatment of
seeds and 29.1% after cold stratification. At this same
temperature, we observed a widely divergent result of
68% germination without cold stratification. Several
hypotheses can help elucidate these discrepancies. First,
Bizoux's work does not specify the duration of the germi-
nation tests. Yet, we have seen that V. calaminaria
behaves like a slow germinator around 20 to 25�C,
requiring 6 to 8 weeks to reach 30% germination. If
Bizoux's tests did not continue beyond this time, this can
explain why he did not notice that the species could give
more than 65% of germination after 39 weeks at this tem-
perature regime. Secondly, concerning possible seed dor-
mancy, it is worth recalling that our study is based on
seeds that have been dried down to 5% MC and subse-
quently stored at −20�C for 2 years. The question there-
fore arises whether the results obtained are transposable
to fresh seeds because seed dormancy can be broken by
dry storage (Iglesias-Fernández, Carmen Rodríguez-
Gacio, & Matilla, 2011). We therefore collected new seeds
from one of the studied populations and incubated fresh
seeds in the same conditions as dry seeds. The germina-
tion percentages obtained at 11, 16, 20, 25 and 23/09�C
were 2, 12, 38, 42 and 92%, respectively, with an MTG
between 79 and 124 days on average. These figures were
not different from those obtained from seeds stored for
2 years, confirming that dry-cold storage did not influ-
ence seed dormancy.

The capacity of V. calaminaria to germinate better at
high temperatures and the lack of a cold stratification
requirement make it in principle less at risk from global
warming. However, the temperatures tested are not nec-
essarily representative of those experienced by the plant
at the time of its germination in the field. It is not known
when the species is normally germinating in situ, but
because V. lutea germinates in spring (Fitter & Peat,
1994), it is assumed that it will be the same pattern for
V. calaminaria. In its native range, the normal tempera-
ture in May is 18�C during the day and 9�C at night (data
from the Royal Meteorological Institute of Belgium,
www.meteo.be), which is somewhat lower than the
23/09�C tested in the laboratory, to which the plant
responded best (86% germination in 7 weeks). Our results

suggest that the species may be able to germinate at
higher daytime temperatures than current spring temper-
atures, but future studies with an expanded set of alter-
nating temperature regimes are necessary to fully
understand its germination behavior.

Although V. calaminaria is sometimes considered as
a subspecies of V. lutea (Hildebrandt et al., 2006), the
results of this study highlighted a different behavior of
this metallophyte compared to V. lutea. According to the
Seed Information Database (Royal Botanic Gardens Kew,
2019), the latter shows a germination close to 100% in
28 to 70 days between 21 and 25�C of constant tempera-
ture. The significantly lower outcome (around 65% in
273 days) that we observed at these same temperatures
could be explained by a different strategy of the
metallophyte that grows in harsh environments. On the
one hand, high concentrations of cadmium and lead are
known to inhibit or delay the germination of several spe-
cies (W. Li, Khan, Yamaguchi, & Kamiya, 2005; Sethy &
Ghosh, 2013). On the other hand, growing conditions can
be quite variable with heterogeneous heavy metal con-
centrations (up to three orders of magnitude, Bizoux,
2006) and highly percolating soils that can become
extremely dry for part of the year. This might induce a
bet-hedging strategy of V. calaminaria in order to prevent
all seeds from germinating at the same time. Slow germi-
nation can indeed be advantageous in very dry environ-
ments because a rapid response to short precipitation
events can be detrimental if the wet period is not long
enough to allow plants to grow sufficiently to survive the
subsequent dry period (Fenner & Thompson, 2005). This
hypothesis nevertheless needs to be confirmed by testing
further alternating temperature regimes, because con-
stant temperature regimes have limited field relevance.

We highlighted significant differences in seed weight
among populations of V. calaminaria. Intraspecific varia-
tion in seed weight is widespread in most plant species
(e.g., Cochrane, Yates, Hoyle, & Nicotra, 2015; Klotz,
Kühn, & Durka, 2002; Royal Botanic Gardens Kew,
2019). It can result from differences in plant fitness in the
investigated populations driven by environmental and/or
genetic factors. Reproductive success can indeed be
influenced by abiotic conditions, such as slope orienta-
tion or different concentrations of heavy metals in the
soil, or by genetic differentiation that was found to be sig-
nificant between populations more than 200 m apart
(Bizoux & Mahy, 2007). Because the minimum distance
between our sampled populations was 2 km, genetic dif-
ferentiation could definitely play a role in seed weight
variability.

According to BGCI's database (https://www.bgci.org/
plant_search.php), V. calaminaria is found in only three
ex situ collections worldwide, confirming that off-site
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conservation of this species is a little adopted approach so
far. The high viability of dry seeds stored for 2 years has
nevertheless confirmed that this species is orthodox (des-
iccation tolerant), showing that seed banking is a rele-
vant strategy for V. calaminaria to complement its in situ
conservation. This species is endemic to a small territory
in east Belgium and west Germany, where it is listed as
endangered or highly endangered, respectively, which
makes an integrated approach to its conservation even
more appropriate. The information gathered in this study
provided some insight into its germination behavior, a
prerequisite for an efficient conservation program. We
have shown that V. calaminaria is able to germinate well
under controlled conditions, without pretreatment, using
a simple protocol that can be replicated in any conserva-
tion institute. In case of reintroduction into the wild, a
propagation protocol can be easily developed, knowing
that germination is not a limiting factor, provided that
the correct temperature regime is chosen. The identifica-
tion of the species as a slow germinator is also likely to
facilitate the planning of future propagation programs, in
case the need arises.
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