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� Background and Aims Climate warming has major impacts on seed germination of several alpine species, hence
on their regeneration capacity. Most studies have investigated the effects of warming after seed dispersal, and little
is known about the effects a warmer parental environment may have on germination and dormancy of the seed pro-
geny. Nevertheless, temperatures during seed development and maturation could alter the state of dormancy, affect-
ing the timing of emergence and seedling survival. Here, the interplay between pre- and post-dispersal temperatures
driving seed dormancy release and germination requirements of alpine plants were investigated.
� Methods Three plant species inhabiting alpine snowbeds were exposed to an artificial warming treatment
(i.e. þ1�5 K) and to natural conditions in the field. Seeds produced were exposed to six different periods of cold
stratification (0, 2, 4, 8, 12 and 20 weeks at 0 �C), followed by four incubation temperatures (5, 10, 15 and 20 �C)
for germination testing.
� Key Results A warmer parental environment produced either no or a significant increase in germination, depend-
ing on the duration of cold stratification, incubation temperatures and their interaction. In contrast, the speed of
germination was less sensitive to changes in the parental environment. Moreover, the effects of warming appeared
to be linked to the level of (physiological) seed dormancy, with deeper dormant species showing major changes in
response to incubation temperatures and less dormant species in response to cold stratification periods.
� Conclusions Plants developed under warmer climates will produce seeds with changed germination responses to
temperature and/or cold stratification, but the extent of these changes across species could be driven by seed dor-
mancy traits. Transgenerational plastic adjustments of seed germination and dormancy shown here may result from
increased seed viability, reduced primary and secondary dormancy state, or both, and may play a crucial role in fu-
ture plant adaptation to climate change.

Key words: Adaptation, Cerastium cerastoides, climate warming, Leucanthemopsis alpina, parental effects, plastic
responses, seed dormancy, seed germination, seed phenology, Veronica alpina.

INTRODUCTION

Climate has a dominant influence on several life-history traits
of species. Among plant reproductive phases, seed germination
and seedling establishment are probably the most sensitive to
variation in climate conditions (Walck et al., 2011) and repre-
sent the major bottleneck to species recruitment (Lloret et al.,
2004; Fay and Schultz, 2009; Dalgleish et al., 2010). The strong
correlation between climate and plant regeneration from seeds
has resulted in the evolution of specific germination require-
ments across many species (Baskin et al., 2000; Fenner and
Thompson, 2005), which play a key role in plant distribution
and vegetation dynamics (Silvertown and Charlesworth, 2001;
Higgins et al., 2003; Fenner and Thompson, 2005; Neilson
et al., 2005; McGill et al., 2006; Pearson, 2006; Thuiller et al.,
2008).

In seasonal climates, which are characterized by cyclic vari-
ations in temperature and/or rainfall, seed germination is usu-
ally synchronized with the changes in environmental
conditions, being delayed until the favourable period occurs

(Fenner and Thompson, 2005; Baskin and Baskin, 2014). A
key mechanism that has enabled the development of such be-
haviour is seed dormancy, an innate automatism that involves
environmental stimuli to avoid seed germination at the time of
the year when seedling emergence would not be successful
(Mattana et al., 2012; Carta et al., 2014). Indeed, the favourable
conditions inducing germination might not persist long enough
for seedlings to survive and grow (Vleeshouwers et al., 1995;
Geneve, 2003; Finch-Savage and Leubner-Metzger, 2006).

Seed dormancy occurs in all the major angiosperm clades,
and the different dormancy types and classes reflect plant adap-
tation to different climatic and habitat conditions (Finch-
Savage and Leubner-Metzger, 2006; Baskin and Baskin, 2014;
Willis et al., 2014). A commonly accepted hierarchical system
of classification distinguishes five classes of seed dormancy:
physiological, morphological, morphophysiological, physical
and a combinational dormancy (physical þ physiological)
(Baskin and Baskin, 2004). Within each class, it is possible to
distinguish different levels, which provide additional
information about dormancy. For example, three levels are
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distinguished within physiological dormancy: deep, intermedi-
ate or non-deep; the latter is the most common kind of seed
dormancy. At maturity, seeds with physiological dormancy
may be conditionally dormant, and germinate over only a
very narrow range of temperatures (Baskin and Baskin, 2014).
Indeed, although there are many environmental factors
(dormancy-breaking factors), such as moisture, light or chem-
icals, that contribute to change the dormancy state, temperature
is the major driving force for the release or the induction of
physiological dormancy (Fenner and Thompson, 2005).
Consequently, after perceiving an adequate/accurate thermal
stimulus, seeds can forthwith overcome the conditional dor-
mancy and germinate or broaden the range of germination con-
ditions until eventually they become non-dormant (Fenner and
Thompson, 2005; Baskin and Baskin, 2014).

The degree of primary dormancy may vary considerably
across populations, and such variation can be associated with
both genetic and environmental factors (Finch-Savage and
Leubner-Metzger 2006). For example, recent studies high-
lighted that dormancy has a genetic basis, but may show signifi-
cant adaptive changes in response to short-term climate
variation during seed maturation (Fern�andez-Pascual et al.,
2013). The seed maturation environment may even have a
more major role in explaining the degree of dormancy across
populations than genetic differentiation (Carta et al., 2016) and,
in most cases, warmer pre-dispersal temperatures result in seeds
with lower dormancy and higher germinability (Fenner, 1991;
Gutterman, 2000). This pivotal role of temperature in driving
seed dormancy responses highlights the need to understand
how changing environmental conditions will affect seed ger-
mination patterns. A large body of evidence supports the exist-
ence of rapid climate change, the main effect of which is the
rise in mean global temperatures (IPCC, 2013). This will be
particularly evident in high-elevation biomes, making these
ecosystems, inhabited by species highly specialized to low tem-
peratures, among the environments most threatened by the pre-
dicted climate change (Diaz and Bradley, 1997; Kullman,
2004; Nogués-Bravo et al., 2007). As a consequence, in the last
decades, an increasing number of studies have addressed the ef-
fects of climate warming on different life-history traits and
functions of plants in arctic and alpine tundra ecosystems
(Chapin et al., 1995; Hobbie and Chapin, 1998), including ger-
mination and dormancy responses (e.g. Milbau et al., 2009;
Shevtsova et al., 2009; Mondoni et al., 2012; Hoyle et al.,
2013; Brice~no et al., 2015; Mondoni et al., 2015).

In general, seed germination of alpine/arctic species has been
shown to vary considerably in response to climate warming, for
example increasing, reducing or shifting in time (see references
above), and such variation was probably due to the different
species and approach used (Shevtsova et al., 2009).
Nevertheless, all these studies have considered seeds developed
and matured under the current climate (i.e. not under warming
scenarios). However, warming is not a seasonal-selective event,
but acts during the whole growing season; it is therefore neces-
sary to consider the effect of the rise in temperature not only on
dispersed seeds, but also during all the reproductive cycle
phases. As mentioned above, temperatures during seed develop-
ment and maturation could alter the state of dormancy in both
fresh and stratified seeds. In particular, warmer temperatures
during seed maturation, due to altitudinal or inter-annual

variations, have resulted in reduced seed dormancy, increasing
the germinability of both fresh (Fern�andez-Pascual et al., 2013;
Garc�ıa-Fern�andez et al., 2015) and cold-stratified seeds
(Fern�andez-Pascual and Jiménez-Alfaro, 2014), or decreasing
the duration of cold stratification to satisfy pre-germination ver-
nalization requirements (Cavieres and Arroyo, 2000). Thus,
seed dormancy seems to be affected by temperature variations
both in space, i.e. seeds of populations from lower and warmer
elevations being less dormant than those from higher and colder
elevations, and in time, i.e. maternal plastic responses to local
seasonality, with the general rule ‘the warmer the climate, the
shallower the dormancy’. However, exceptions to this general
pattern have been found; for example, no differences were
observed in the germination of fresh seeds of populations of
Phacelia secunda from different elevations (Cavieres and
Arroyo, 2000). Moreover, whether, and how, a warmer parental
environment affects the thermal interval for seed germination
before and after the cold stratification (i.e. just after seed disper-
sal and over winter) is still not understood. To this end, the
study of climate warming effects on seed dormancy and ger-
mination should decouple the effects of pre- and post-dispersal
temperatures and analyse their interplay; to the best of our
knowledge, no study has yet focused on this purpose.

Understanding the mechanisms affecting the development of
seed dormancy plays a crucial role to forecast the future dy-
namics of alpine plant populations and communities in a
warmer climate, since changes in thermal conditions are ex-
pected to affect both seed dormancy and germination require-
ments, which may preclude, delay or enhance regeneration
from seeds (Walck et al., 2011). This is especially true in topo-
graphically fragmented and azonal habitats, such as alpine
snowbed communities, which develop in sites characterized by
a very short snow-free period. Fast alterations in plant commu-
nity composition and structure have recently been observed in
these habitats (e.g. Elumeeva et al., 2013; Carbognani et al.,
2014a; Sandvik and Odland, 2014) that are especially sensitive
to changes in environmental conditions (e.g. Carbognani et al.,
2012; Petraglia et al., 2013, 2014a, b), and are retained among
the most threatened vegetation types of the alpine life zone
under the current climate change (Björk and Molau, 2007).
Moreover, as growth and reproduction of snowbed plants are
strongly controlled by micro-climatic conditions (e.g. Galen
and Stanton, 1995; Hülber et al., 2010; Petraglia et al., 2014a;
Carbognani et al., 2016), the predicted occurrence of longer
and warmer snow-free periods will significantly advance repro-
ductive phenophases (Petraglia et al., 2014a; Carbognani et al.,
2016).

On these bases, the hypothesis that, in the next decades,
seeds of snowbed plants will be dispersed during periods char-
acterized by considerably warmer temperatures cannot be ruled
out. Nevertheless, still little is known about the effects (direct
and indirect) of climate warming on seed germination in
snowbed environments, and even less about the effects on seed
dormancy. Here, we present the first attempt to evaluate the in-
fluence of a warmer parental plant environment on seed dor-
mancy and seed germination requirements in an alpine
snowbed habitat. To this aim, three alpine species inhabiting
snowbeds were exposed to an experimental warming and to
natural conditions in the field. The germinability of seeds pro-
duced was tested in the laboratory after six cold stratification
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periods combined with four incubation temperatures. In particu-
lar, we asked the following questions. (1) Does a warmer
pre-dispersal environment (i.e. during seed development and
maturation) influence the temperature requirements and the
speed of germination of both fresh and cold-stratified seeds?
(2) Are such responses further characterized by reduced dur-
ation of cold stratification requirements to overcome seed
dormancy?

MATERIALS AND METHODS

Study area

The study was performed in a snowbed area of about 2 ha
located in the high Gavia Valley (Stelvio National Park,
46�20’N 10�30’E, 2700 m a.s.l.), in the Italian Rhaetian Alps.

The study site, occurring on siliceous bedrock, is located
within the alpine vegetation belt, where Carex curvula grass-
land is the climax vegetation. A more detailed description of
the vegetation types was provided by Carbognani et al. (2012).

Pre-dispersal treatment

To simulate a moderate climate warming, we used the open
top chambers (OTCs; Marion et al., 1997) proposed by the
International Tundra Experiment (ITEX), that are known to in-
crease the mean daily air temperature by about 1�5 K; such an
increase is consistent with the most conservative warming scen-
ario of mountain areas for 2055 (Nogués-Bravo et al., 2007).
The chambers were constructed by modifying the ITEX proto-
col as follows: tetragonal chambers 28 cm in height, made of
3 mm thick polymethylmethacrylate sheets (ACRIDITE

VR

ACRISUN, Plastidite, Trieste, Italy), with basal width of 90–
127 cm and summit width of 50–71 cm (Carbognani et al.,
2014b).

The warming treatment started in 2008. From the end of
June to mid July 2008, a total of 20 plots were randomly
located within the study at snowmelt dates. The OTCs were
placed in ten randomly selected plots; the other ten plots were
left as natural control. Every year, the OTCs were placed in the
field immediately after the snowmelt and removed at the end of
the growing season. Hereafter, the warming treatment will be
referred to as ‘W’ and the control (i.e. plants exposed to natural
climate) as ‘C’.

Microclimatic features

In each plot, the snowmelt dates were monitored by direct
observations; soil (–5 cm depth) temperatures of the snow-free
period from 2008 to 2014 were recorded hourly using 12 probes
in total, six for W plots and six for C plots (Onset, Cape Cod,
MA, USA and Tecnosoft, Milan, Italy).

Seed collection

Between 11 September and 4 October 2013, seeds of
Cerastium cerastoides (L.) Britton (Caryophyllaceae),
Leucanthemopsis alpina (L.) Heywood (Asteraceae) and
Veronica alpina L. (Scrophulariaceae) were collected at the

time of natural dispersal from both W and C plots. The choice
of the species was made on the basis of their frequency and
abundance in the study site. Seeds collected from different plots
of the same treatment were pooled together. After collection,
seeds were processed (cleaned) and stored at room temperature
until the beginning of the experiment, which occurred within 1
week after the last collection. The high initial viability (>80 %)
of seed samples was checked through germination tests under
conditions previously found to be optimal for germination
(20 �C constant þ addition of 250 mg L–1 GA3, at a 12 h daily
photoperiod).

Cold stratification and incubation temperatures

Seeds were exposed to six different periods of cold stratifica-
tion (0, 2, 4, 8, 12 and 20 weeks) at 0 �C in complete darkness
using a cooled incubator (LMS Ltd, Sevenoaks, UK). After
each interval, seeds were incubated for germination at constant
temperatures at 5, 10, 15 and 20 �C. Constant temperatures
were chosen to assess the effect of determinate temperature lev-
els on seed germination (which would not have been possible
under alternating regimes). In this regard, preliminary germin-
ation tests confirmed that our species did not require the trigger
effect of diurnal temperature variation (e.g. Mooney and
Billings, 1961; but see Liu et al., 2013), i.e. germinated well
(>90 %) under constant temperatures (data not shown). For
each species, pre-dispersal treatment, stratification periods and
incubation temperatures, three samples of 20 seeds (C. alpina
and L. alpina) or two samples of 25 seeds (C. cerastoides) were
sown on agar held in 50 mm diameter Petri dishes and tested
for germination. All germination tests were carried out in tem-
perature- and light-controlled incubators (LMS 250A; LMS
Ltd) using a 12 h daily photoperiod (photosynthetically active
radiation 40–50 lmol m–2 s–1). Plates were checked weekly for
germination and seeds were scored as germinated once radicle
protrusion and elongation was >2 mm. At the completion of
each germination test (4 weeks after sowing), non-germinated
seeds were cut-tested to confirm whether there were empty
seeds. Non-germinated empty seeds were excluded from the
following analyses.

Data analysis

Germination of fresh seeds. Influences of species, pre-dispersal
treatments (i.e. warmer seed developmental environment vs.
control seed developmental environment) and incubation tem-
peratures on germination of fresh seed (i.e. without cold stratifi-
cation) were evaluated by means of a Generalized Linear
Model (GLM) with quasibinomial error structure (due to over-
dispersion) and logit link function. In this GLM, final germin-
ation (i.e. number of emerged seedlings out of the number of
seeds sown) was the response variable, whereas species (as a
three-level categorical variable), treatment (as a two-level cat-
egorical variable, C and W), temperature (as a continuous vari-
able, 5, 10, 15 and 20 �C), and their two-way interactions were
the fixed effects. In addition, species-specific GLMs were per-
formed with final germination as response variable, and pre-
dispersal treatment, sowing temperature and their interaction as
explanatory variables.
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Moreover, to study the effects of warmer incubation tem-
peratures on the speed of seedling emergence, the mean time to
germination (MTG) was calculated using the formula:

MTG ¼ R ni � tið Þ=N

where ni is the number of seeds that emerged within consecu-
tive intervals of time, ti the time between the beginning of the
test and the end of a particular interval of measurement, and N
the total number of seeds that emerged. The MTG was calcu-
lated using the day of sowing as initial time. The influences of
species, pre-dispersal treatments, incubation temperatures and
their two-way interactions on the MTG were analysed by
means of GLM with gamma error structure and inverse link
function. Within each combination of species, pre-dispersal
treatment, stratification periods and incubation temperatures,
seed lots that failed to germinate more than 1 % were excluded
from the analysis, although they are still present in the figures
for comparative purposes.

Germination after cold stratification. Differences in final seed
germination between species, incubation temperatures and
stratification periods were assessed using GLM with quasibino-
mial error structure and logit link function. In this model, seed
germination (i.e. number of emerged seedlings out of the num-
ber of seeds sown) was the response variable, whereas species
(as a three-level categorical variable), treatment (as a two-level
categorical variable, C and W), temperature (as a continuous
variable, 5, 10, 15 and 20 �C), stratification (as a continuous
variable, 0, 2, 4, 8, 12 and 20 weeks at 0 �C), and their two-way
interactions were the explanatory variables. In addition, in order
to gain a better understanding of the influences of variation in
incubation temperatures and stratification periods on seed ger-
mination, further GLMs were performed at the species level,
and model selection was carried out comparing residual devi-
ance and the Akaike information criterion (AIC) of different
models. In particular, the relationships between temperature
and stratification with germination were evaluated testing the
explanatory power of GLMs fitted with different combinations
of explanatory variables (incubation temperatures and stratifica-
tion periods) as linear, log-transformed or polynomial terms.
Then, for each species, the minimal adequate model was ob-
tained excluding non-significant terms following Crawley
(2013).

In these analyses, the experimental units were the Petri
dishes (each including 20–25 seeds) to which post-dispersal
treatments (incubation temperatures and stratification periods)
were independently applied. Nevertheless, to check for poten-
tial influence due to non-independence of seeds within a Petri
dish (e.g. substrate, neighbour and incubator effects), all models
were re-run including Petri dish as a random factor, with the
same structures and selection procedures previously described
(with the exception of error structure, since in the case of over-
dispersion, quasibinomial distribution was not required due to
the presence of the observation-level random effect). However,
in all the cases, the two different approaches produced the same
outcomes and, consequently, only the results of the GLMs were
reported.

All analyses were performed using R software (version 3.1.2,
R Core Team, 2014).

RESULTS

Microclimatic features

During the period 2008–2014, snowmelt at the experimental
site occurred on average during the 27th week of the year
(WOY), between the 25th WOY (in 2011) and the 29th WOY
(in 2008). The mean weekly soil temperature during this week
has been detected to be between 7�4 �C (in 2014) and 11�4 �C
(in 2010) in C and between 8�4 �C (in 2014) and 12�0 �C (in
2010) in W (Table 1A). During the snow-free period, which
lasted 12–13 weeks, the OTCs (W) produced a mean soil
warming of 1�5 K. The increase in temperature caused advance-
ment (of about 10 d) of the phenological phases and, coher-
ently, of seed dispersal timing in W. Indeed, seed dispersal
occurred between WOY 35 and 36 in W and between WOY 36
and 37 in C, with a corresponding difference of soil temperature
of about 3 K (Table 1A). The snowfall usually occurs at WOY
40–41, in the first half of October (Table 1A).

Seeds of the studied species were collected in 2013, between
the 35th and 36th WOY in W and between the 36th and the
37th WOY in C; the mean monthly temperature of this growing
season, consistent with the multi-year monthly mean, is shown
in Table 1B.

Germination of fresh seeds

Germination phenology. On fresh seeds (i.e. without cold strati-
fication), significant differences in the final germination were
observed among species, whose seeds showed a higher

TABLE 1. (A) Weekly soil temperatures (mean 6 ; s.e. in �C) dur-
ing the snow-free period of the years 2008–2014 in control (C)
and warmed (W) plots. (B) Monthly mean soil temperatures of the

year 2013

(A) Soil temperature (�C)

Week of the year Equivalent time of a normal year C W

27 2–8 July 9�7 6 0�1 11�0 6 0�1
28 9–15 July 10�2 6 0�3 11�0 6 0�2
29 16–22 July 8�8 6 0�2 10�6 6 0�2
30 23–29 July 8�8 6 0�1 10�3 6 0�1
31 30 July–5 August 9�8 6 0�2 11�3 6 0�2
32 6–12 August 9�4 6 0�1 10�7 6 0�1
33 13–19 August 8�1 6 0�3 9�5 6 0�3
34 20–26 August 8�3 6 0�3 9�8 6 0�3
35 27 August–2 September 8�1 6 0�1 9�5 6 0�1
36 3–9 September 7�6 6 0�1 9�2 6 0�2
37 10–16 September 4�9 60�5 6�1 6 0�4
38 17–23 September 4�7 6 0�2 6�3 6 0�2
39 24–30 September 5�9 6 0�2 7�2 6 0�3
40–41 1–14 October Snowfall

Different styling indicates the significant events of snowmelt (underlined),
seed dispersal (bold) and snowfall (italic).

(B) 2013 soil temperature (�C)

Month Weeks of the year (2013) C W

July 29–31 10�8 6 0�8 12�7 6 0�7
August 31–35 7�7 6 1�1 9�3 6 1�1
September 35–40 4�9 6 1�2 6�5 6 1�1
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germination proportion under warmer incubation temperatures
but were not influenced by the pre-dispersal treatment (Table 2;
Supplementary Data Table S1). Furthermore, the effects of
both pre-dispersal treatment and incubation temperatures were
not consistent among the species studied (i.e. significant inter-
action terms).

The increase in incubation temperatures resulted in a signifi-
cant increase in germination percentage in all the species and
treatments tested (Table 3; Supplementary Data Table S2).
At the lowest incubation temperature (i.e. 5 �C), germination
percentage was very low or, in some cases, null in all the spe-
cies and treatments (Fig. 1A). In particular, at 5 �C, seeds of C.
cerastoides germinated between 20 and 25 %, the germination
of W seeds of L. alpina remained <1 %, while no emergence
was found in control seeds of L. alpina and in V. alpina. At
10 �C, about 60–80 % of seeds of C. cerastoides and V. alpina
germinated, and under higher incubation temperatures (i.e. 15
and 20 �C) the final germination percentage of these species re-
mained, on average, at high levels. Conversely, germination of
L. alpina remained low (<7 %) until the temperature of 15 �C
for W seeds and 20 �C for C seeds, after which it showed a sig-
nificant, but moderate (up to 40–50 % in W and to 30 % in C),
increase. The pre-dispersal warming had no effects on the ger-
mination of C. cerastoides and V. alpina (Table 3), but it
increased seed germination of L. alpina (Table 3; Fig. 1A).
Despite this, the final germination of this latter species re-
mained lower (<50 %) in comparison with those of the other
two species.

Mean time to germinate. Significant differences in the MTG of
fresh seeds were found between both species and incubation
temperatures tested (with faster germination under warmer tem-
peratures), but no effect of the pre-dispersal warming was found
(Table 2). We found that the increase in incubation

temperatures produced a significant reduction of the MTG in
all the species, homogeneously between both the pre-dispersal
treatments and the species (of about 1 d per 1 K of temperature
increase); however, some species-specific patterns were found
(Fig. 1B). In particular, at the coldest temperature (i.e. 5 �C), C.
cerastoides was the only species able to germinate (values
>5 %) and its seeds required almost 3 weeks (20 d) to germin-
ate. Similarly, when the other species started to germinate, at
10 �C, the MTG was 20–25 d. With the increase in incubation
temperatures, the MTG was progressively reduced in all the
species, with the lowest value at 20 �C.

Germination after cold stratification

Our analyses showed significant differences in germination
percentage within all the factors (species, pre-dispersal treat-
ment, incubation temperature and cold stratification period)
tested (Table 4; Supplementary Data Table S3). In particular,
germination was on average higher in C. cerastoides and V.
alpina compared with L. alpina, in W compared with C seeds,
and under warmer incubation temperature and longer cold
stratification periods (Fig. 2). Furthermore, significant inter-
actions revealed non-consistent responses of species to all the
other factors, and non-additive effects of pre-dispersal treat-
ment with different incubation temperatures and stratification
periods. Indeed, species-specific GLMs (Table 5) showed that
W seeds, compared with C seeds, had higher germination with
increasing length of stratification period (in C. cerastoides,
Table 5), with increasing temperature of incubation (in L.
alpina, Table 5) or with increasing both the length of stratifica-
tion period and the incubation temperature (in V. alpina, Table
5).

The germination of all the three species showed a saturated
pattern in response to increasing incubation temperatures
(Table 5), with greater effects of increasing temperature on ger-
mination under colder than warmer conditions (i.e. log-
transformed temperatures had the best fit to data). However, in
L. alpina, the effect of the incubation temperatures was consist-
ent under different stratification periods (Table 5; Fig. 2B). In
contrast, in the other two species, seeds incubated at the lowest
temperature (i.e. 5 �C) showed different patterns of germination
in response to variation in the length of stratification period
compared with those of seeds incubated under warmer tempera-
ture levels (Table 5; Fig. 2A, C).

Finally, seed germination of the species studied differed
markedly in their response to the duration of the cold stratifica-
tion. In particular, seed germination of C. cerastoides (which
had ‘stratification’ as the polynomial term in the best model)
showed an initial increase followed by a decrease of germin-
ation percentage with the increase of the cold stratification
period (Table 5; Fig. 2A). However, in this species, the increase
of germination after the shortest cold stratification periods was
extremely low in seeds produced at the control (C) plots and
therefore the general tendency was to lose germinability with
increasing duration of stratification in this pre-dispersal treat-
ment (Fig. 2A). On the other hand, L. alpina seed germination
seemed to have a saturated response to an increase in cold
stratification duration, with more pronounced increases of ger-
mination during shorter durations of cold stratification (i.e. the

TABLE 2. Analysis of deviance table of GLMs for the influence of
species, pre-dispersal treatment, incubation temperature and
their interactions on final germination and mean time to germin-

ate of fresh seeds (i.e. without stratification)

Factor d.f. Dev. Res. d.f. Dev. res F-value P-value

Final germination
Species (Sp) 2 276�9 61 711�9 33�30 <0�001

Pre-dispersal treatment (Tr) 1 1�2 60 710�7 0�30 0�589
Incubation temperature (T) 1 465�4 59 245�3 111�93 <0�001

Sp � Tr 2 26�9 57 218�4 3�24 0�047

Sp � T 2 42�4 55 176�0 5�10 0�009

Tr � T 1 6�1 54 168�9 1�46 0�232

Mean time to germinate
Species (Sp) 2 0�4 45 8�8 7�47 0�002

Pre-dispersal treatment (Tr) 1 0�0 44 8�8 0�15 0�702
Incubation temperature (T) 1 7�6 43 1�2 293�02 <0�001

Sp � Tr 2 0�2 41 1�1 3�11 0�056
Sp � T 2 0�1 39 1�0 1�44 0�250
Tr � T 1 0�0 38 1�0 0�02 0�895

The models were performed with quasibinomial error and logit link func-
tion for the final germination, and gamma error and inverse link function for
the mean time to germinate. Seed lots that failed to germinate >1 % were
excluded from the analysis of mean time to germinate.

Degrees of freedom (d.f.), deviance (Dev.), residual degrees of freedom
(Res. d.f.), residual deviance (Dev. res), F- and P-values are shown.

Significant values are highlighted in bold.
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log-transformed stratification period had the best fit to data)
(Table 5; Fig. 2B). In the case of V. alpina, unlike the previous
species, the best relationship between cold stratification period
and seed germination was linear, with (after the effects of the
others factors) a constant increase of germination with increas-
ing duration of cold stratification (Table 5; Fig. 2C).

DISCUSSION

Germination of fresh seeds

The present study described how pre- and post-seed dispersal
climate warming influenced seed dormancy and germination re-
quirements of three alpine species inhabiting snowbeds. We
have shown that, after dispersal, germination was similar be-
tween seeds produced in the control (C) and under warming
(W) at lower incubation temperatures (i.e. 5 and 10 �C) in all
species, but that seeds of L. alpina produced in W showed a
slight increase in germination under warmer incubation tem-
peratures (i.e. 15 and 20 �C) (Fig. 1A). These results alone indi-
cate that germination/dormancy changes of fresh seeds driven
by a warmer parental growth environment are limited and may
be expected only if seeds experience warm (e.g. >15 �C) condi-
tions after dispersal. Interestingly, temperatures recorded at the
study area at the time of seed dispersal are usually lower (see
Table 1) than those able to stimulate an increase of seed ger-
mination in W seeds of L. alpina (15 and 20 �C), indicating that
no changes of seedling emergence should be expected in a fu-
ture warmer climate on fresh seeds of this species. However,
the possibility that a warmer parental growth environment (than
that used here, about þ1�5 K) could have higher effects on ger-
mination of fresh seeds cannot be ruled out.

Fresh seeds of all species did not germinate, or germinated to
very low percentages at 5 �C, a temperature similar to the tem-
peratures they currently experience after dispersal (Table 1),
but germination increased significantly after cold stratification
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FIG. 1. (A) Final germination percentage (mean 6 s.e.) of control (C) and warmed (W) seeds and (B) mean time to germinate (in days, mean 6 s.e.) of control and
warmed seeds of C. cerastoides, L. alpina and V. alpina under the four incubation temperatures. Seed lots that failed to germinate more than 1 % were excluded

from the analyses of the mean time to germination, although they are still present in the figures for comparative purposes.

TABLE 3. Analysis of deviance tables of species-specific GLMs
(with quasibinomial error and logit link function) for the effects
of pre-dispersal treatment and incubation temperature on fresh

seed final germination

Factor d.f. Dev. Res. d.f. Dev. res F-value P-value

Final germination
Cerastium cerastoides
Pre-dispersal treatment (Tr) 1 3�6 14 158�2 0�71 0�417
Incubation temperature (T) 1 93�4 13 64�8 18�52 0�001

Tr � T 1 6�5 12 58�3 1�30 0�277

Leucanthemopsis alpina
Pre-dispersal treatment (Tr) 1 7�6 16 47�9 5�99 0�028

Incubation temperature (T) 1 29�2 15 18�7 22�94 <0�001

Tr � T 1 0�1 14 18�6 0�07 0�797

Veronica alpina
Pre-dispersal treatment (Tr) 1 3�8 16 91�9 1�23 0�286
Incubation temperature (T) 1 51�6 15 40�3 16�85 0�001

Tr � T 1 0�1 14 40�2 0�031 0�863

Degrees of freedom (d.f.), deviance (Dev.), residual degrees of freedom
(Res. d.f.), residual deviance (Dev. res), F- and P-values are shown.

Significant values are highlighted in bold.
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(Fig. 2), indicating that seedling emergence of the species
studied is probably programmed to occur after the winter sea-
son has passed. Seed germination of alpine plants is indeed
known to occur in spring, after they have experienced autumn

and winter seasons (Körner, 2003). However, high germination
percentages of C. cerastoides and V. alpina seeds (approx.
80 %) were found at 10 �C, i.e. a temperature similar to those
occurring under warming during the seed dispersal time
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(9�5 �C, Table 1). Thus, germination before the winter season
should increase in these species in a warmer climate, which
may have important implications for seedling survival and es-
tablishment (see Mondoni et al., 2012, 2015). Interestingly, our
data also highlighted that such an increase in germination per-
centage occurred similarly for seeds produced under both W
and C, regardless of the climatic scenarios experienced before
seed dispersal. Further, we have shown that an increase of seed-
ling emergence at the end of the snow-free season is possible
only for seeds exposed to approx. 10 �C for at least approx. 10
and 20 d for C. cerastoides and V. alpina, respectively (see
MTG, Fig. 1B). However, a recent study showed that a short-
term heat event may also affect the timing of germination and
lead seeds to germinate before the winter season (Orsenigo
et al., 2015), suggesting that the early germination could be
possible even when the exposure of fresh seeds to warm tem-
peratures is shorter than those shown here.

Considering the warming rate predicted for the next decades
in the European mid-latitude mountains (ranging from about
þ0�3 to 0�5 K per decade; Nogués-Bravo et al., 2007) and the
consequent antedating of phenological phases in alpine
snowbed plants (Carbognani et al., 2016), a significant increase
of germination at the end of the snow-free season should be ex-
pected. This is especially true for C. cerastoides, i.e. among the
snowbed species at the study site, the one with the earliest seed
dispersal (M. Carbognani et al., unpubl. res.).

Germination after cold stratification

Seeds of our species showed a certain degree of non-deep
physiological dormancy (sensu Baskin and Baskin, 2014),
which varied in its depth depending on the species. Indeed,
seed germination increased significantly with an increase in the
period of cold stratification in all species, with a wide variation
across them (Table 4). In particular, fresh seeds of C. cera-
stoides germinated at all temperatures, between approx. 20 %
(at 5 �C) and 80–100 % (at> 10 �C) (Fig. 1A), and its W-
treated seeds showed a significant increase to approx. 90 % at
5 �C after 3 months of cold stratification (Fig. 2A). Indeed, the
germination of seeds developed under the current climate
declined with an increase in the stratification period, indicating
either a loss of viability or the development of a secondary dor-
mancy (see below). Seeds of V. alpina showed similar re-
sponses but did not germinate at 5 �C in the absence of cold
stratification. Conversely, seed germination was low in fresh
seeds of L. alpina at all temperatures (about 30–40 %), increas-
ing mostly after a long period of cold stratification (i.e. Fig. 2B;
Table 5). On the basis of this evidence, although these species
should be considered as non-deep physiologically dormant, the
different temperature windows for germination and durations
of cold stratification required to break dormancy indicate that
L. alpina is the strongest (physiologically) dormant species, fol-
lowed by V. alpina and C. cerastoides. Moreover, the increase
in stratification period generally resulted in a significant in-
crease in germination percentage (Table 4, Fig. 2), but the spe-
cies studied responded differently to the interplay of cold
stratification and warming treatment. In seeds of C. cerastoides,
the increase in stratification duration had opposite responses in
seeds produced under W and C, increasing and reducing the

germination percentage, respectively, and similar responses
were observed in V. alpina (see Sf � Tr, Table 5). Conversely,
parental warming did not affect the germination response to
cold stratification in L. alpina (Table 5). The significant tem-
perature � treatment interaction found in the cold-stratified
seeds of L. alpina (Table 5) indicates that incubation tempera-
tures had different responses in seeds produced under W and C
in this species. These are interesting and novel observations
indicating that changes in germination requirements induced by

TABLE 4. Analysis of deviance table of GLM for the influence of
species (Sp), pre-dispersal treatment (Tr), incubation tempera-
ture (T), cold stratification period (Sf) and their interactions on

seed germination proportion

Factor d.f. Dev. Res. d.f. Dev. res F-value P-value

Sp 2 621�1 381 3822�3 69�17 <0�001

Tr 1 223�4 380 3598�9 49�75 <0�001

T 1 1522�1 379 2076�8 339�00 <0�001

Sf 1 50�8 378 2026�0 11�32 0�001

Sp � Tr 2 90�6 376 1935�4 10�09 <0�001

Sp � T 2 98�6 374 1836�8 10�98 <0�001

Sp � Sf 2 81�2 372 1755�7 9�04 <0�001

Tr � T 1 70�3 371 1685�4 15�66 <0�001

Tr � Sf 1 54�2 370 1631�1 12�08 <0�001

T � Sf 1 1�8 369 1629�3 0�40 0�526

The model was performed with quasibinomial error and logit link function.
Degrees of freedom (d.f.), deviance (Dev.), residual degrees of freedom

(Res. d.f.), residual deviance (Dev. res), F- and P-values are shown.
Significant values are highlighted in bold.

TABLE 5. Species-specific GLM results for the responses of seed
germination proportion to the different incubation temperature
(T), stratification period (Sf), pre-dispersal treatment (Tr) and

their interactions

Estimate s.e. t-value P-value

C. cerastoides
(Intercept) –5�6850 0�7610 –7�47 <0�001

log(T) 2�8030 0�3237 8�66 <0�001

Sf 0�0928 0�0274 3�39 0�001

Sf2 –0�0007 0�0002 –3�81 <0�001

Tr –0�1221 0�2595 –0�47 0�639
log(T) � Sf –0�0409 0�0117 –3�51 0�001

log(T) � Sf2 0�0003 0�0001 3�43 0�001

Sf � Tr 0�0280 0�0044 6�43 <0�001

L. alpina
(Intercept) –4�8571 0�5674 –8�56 <0�001

log(T) 1�1410 0�2115 5�39 <0�001

Tr –2�0266 0�7429 –2�73 0�007

log(Sf) 0�2996 0�0344 8�72 <0�001

log(T) � Tr 1�3783 0�2936 4�69 <0�001

V. alpina
(Intercept) –6�0075 1�4577 –4�12 <0�001

log(T) 2�9854 0�5783 5�16 <0�001

Sf 0�0734 0�0189 3�88 <0�001

Tr –4�0819 1�2556 –3�25 0�002

log(T) � Sf –0�0283 0�0072 –3�94 <0�001

log(T) � Tr 1�6460 0�5109 3�22 0�002

Sf � Tr 0�0132 0�0060 2�20 0�030

Estimated coefficient, standard error, t-value and P-value are shown.
Significant values are highlighted in bold.
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the pre-dispersal warming environment depended on the seed
dormancy state, with more deeply dormant species showing
major changes in response to incubation temperature on both
fresh and cold-stratified seeds (i.e. L. alpina) and less dormant
species in response to the stratification (i.e. C. cerastoides and
V. alpina) (Tables 3 and 5). Moreover, changes of pre-dispersal
temperatures affected germination response to both stratifica-
tion and incubation temperatures (at least on cold-stratified
seeds) in V. alpina, which showed an intermediate dormancy
behaviour between C. cerastoides and L. alpina (see above).

As a result, higher seed maturation temperatures consistently
increased the germination in all species, although to a different
extent across them (Fig. 2). The higher seed maturation tem-
peratures had no effect on the MTG, but it widened the suitable
temperature range for germination and reduced the cold stratifi-
cation time to break dormancy in L. alpina. Indeed, at 15 �C,
germination was extended to approx. 40 % when fresh seeds of
this species matured under W, while it was <10 % on seeds
produced in the C. Moreover, seed germination was signifi-
cantly higher in W-treated seeds of L. alpina, compared with C
seeds, after only 2 weeks of cold stratification (Fig. 2B), indi-
cating that under warming some species will produce seeds
with a shorter chilling requirement to overcome dormancy.
This behaviour occurred at all incubation temperatures, except
5 �C, probably because the low temperature constrains the ger-
mination (Fig. 2B).

The higher germination responses observed for both fresh
and cold-stratified seeds produced under W, compared with
those developed under C, could be due to changes in the dor-
mancy patterns and/or the seed viability of our species. Warmer
maturation conditions are known to lead to better quality of
seeds (see reviews by Roach and Wulff, 1987; Wulff, 1995;
Gutterman, 2000), and it has been suggested that plants grown
in a warmer environment produce longer lived seeds
(Bernareggi et al., 2015). In this regard, the different behaviour
of W and C seeds of C. cerastoides might suggest that the cur-
rent alpine climate is not optimal for seed development and
maturation, thereby reducing the survival capacities during the
long-lasting winter conditions. Similar conclusions may explain
the lower germination of C vs. W seeds of L. alpina. However,
after 20 weeks of cold stratification seed germination of V.
alpina dropped to 0 % at 5 �C, but remained almost complete
at the other incubation temperatures, indicating that seeds were
still viable. This behaviour reflects the condition of fresh seeds
(Fig. 1A, C), suggesting that the prolonged permanence at 0 �C
could have induced a secondary dormancy state in seeds of this
species. Indeed, it is possible that non-dormant seeds that do
not meet adequate conditions for germination enter secondary
dormancy (Brandel, 2005; Leymarie et al., 2008; Baskin and
Baskin, 2014) and, therefore, similar mechanisms may also ex-
plain the decreased germination with increasing duration of the
cold stratification period in C. cerastoides and the lower ger-
mination of C vs. W seeds in L. alpina.

Summarizing, this study suggests that climate warming will
increase the likelihood of seed germination both just after dis-
persal and during the winter season (i.e. after cold stratification)
due to the effects on seed phenology (e.g. advanced seed disper-
sal) and on environmental conditions (e.g. early snowmelt,
warmer temperatures during the snow-free period). However,
the consequences that these changes will have on plant

reproduction success still remain partially investigated. For ex-
ample, while germination immediately after seed dispersal has
always been considered to be disadvantageous because of con-
straints on seedlings to cope with the harsh winter conditions, a
recent study in a glacier foreland showed that a high percentage
(approx. 60 and 75 %) of autumn-emerged seedlings can sur-
vive through the winter (Mondoni et al., 2015). However, sur-
vival over the winter involves elevated energy consumption by
seedlings (Maruta, 1994), which may reduce the growing
capacities in spring. Moreover, the higher germination of W-
treated vs. C seeds after long periods of stratification suggests
an increase in reproductive success. A persistent soil seed bank
in several alpine species is thought to be an ecological adapta-
tion to the low chance of establishment in these environments
(Schwienbacher et al., 2010). Hence, higher germination may
not necessarily be beneficial for alpine plants, as summer
drought and late-winter/early spring soil freeze–thaw events are
expected to increase due to climate warming (Barriopedro
et al., 2011), as already shown in some mountain regions
(Rikiishi et al., 2004; Scherrer et al., 2004; Mote et al., 2005),
reducing the likelihood of seedlings to survive. In this context,
here we have shown that the degree of (physiological) dor-
mancy will play a primary role in modulating the effects of
(pre- and post-dispersal) warming on seed germination, which
may have important effects on plant regeneration from seeds
and, consequently, on vegetation dynamics.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxfordjour
nals.org and consist of the following. Table S1: results of min-
imal adequate GLMs concerning the effects of species, pre-
dispersal treatment, incubation temperature and their inter-
actions on final germination and mean time to germination of
fresh seeds (i.e. without stratification). Table S2: species-
specific minimal adequate GLM (with quasibinomial error and
logit link function) results for the influence of pre-dispersal
treatment and incubation temperature on fresh seed final ger-
mination. Table S3: GLM results for the effects of species, pre-
dispersal treatment, incubation temperature, cold stratification
period and their interactions on seed germination proportion.
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