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† Background and Aims The importance of thermal thresholds for predicting seed dormancy release and germina-
tion timing under the present climate conditions and simulated climate change scenarios was investigated. In
particular, Vitis vinifera subsp. sylvestris was investigated in four Sardinian populations over the full altitudinal
range of the species (from approx. 100 to 800 m a.s.l).
† Methods Dried and fresh seeds from each population were incubated in the light at a range of temperatures (10–
25 and 25/10 8C), without any pre-treatment and after a warm (3 months at 25 8C) or a cold (3 months at 5 8C)
stratification. A thermal time approach was then applied to the germination results for dried seeds and the seed
responses were modelled according to the present climate conditions and two simulated scenarios of the
Intergovernmental Panel on Climate Change (IPCC): B1 (+1.8 8C) and A2 (+3.4 8C).
† Key Results Cold stratification released physiological dormancy, while very few seeds germinated without treat-
ments or after warm stratification. Fresh, cold-stratified seeds germinated significantly better (.80 %) at tempera-
tures ≥20 8C than at lower temperatures. A base temperature for germination (Tb) of 9.0–11.3 8C and a thermal
time requirement for 50 % of germination (u50) ranging from 33.6 8Cd to 68.6 8Cd were identified for non-
dormant cold-stratified seeds, depending on the populations. This complex combination of thermal requirements
for dormancy release and germination allowed prediction of field emergence from March to May under the
present climatic conditions for the investigated populations.
† Conclusions The thermal thresholds for seed germination identified in this study (Tb and u50) explained the
differences in seed germination detected among populations. Under the two simulated IPCC scenarios, an alti-
tude-related risk from climate warming is identified, with lowland populations being more threatened due to a
compromised seed dormancy release and a narrowed seed germination window.

Key words: Base temperature, climate change, cold stratification, crop wild relative, IPCC scenarios,
physiological dormancy, thermal time, Vitaceae, Vitis vinifera subsp. sylvestris.

INTRODUCTION

The Intergovernmental Panel on Climate Change (IPCC) has
predicted temperature increases of approx. 2–4 8C by 2090–
2099 according to different emission scenarios. Predictions
have been grouped into four families of scenarios (A1, A2,
B1 and B2) that explore alternative development pathways,
covering a wide range of demographic, economic and techno-
logical driving forces and resulting greenhouse gas emissions
(IPCC, 2007). In particular, large increases in temperature
have been predicted and reported for the Mediterranean
mountain ranges (Peñuelas and Boada, 2003; Nogués-Bravo
et al., 2008).

Temperature is the main environmental factor governing
seed germination in moist soil, determining both the fraction
of seeds in a population that germinate and the rate at which
they emerge (Heydecker, 1977). In non-dormant seeds, the
germination response to accumulated temperature has
been modelled by a thermal time (u) approach (e.g.
Garcı̀a-Huidobro et al., 1982; Covell et al., 1986; Ellis

et al., 1986, 1987; Pritchard and Manger, 1990; Pritchard
et al., 1996; Hardegree, 2006). In this model, seeds accumulate
units of thermal time (8Cd) to germinate for a percentile g of
the population. When seeds are subjected to temperatures (T )
above a base temperature for germination (Tb), at which the
germination rate is zero, and below an optimum temperature
(To), above which germination rate starts to decrease (i.e. the
sub-optimal temperature range), germination rate increases lin-
early with temperature (Garcı̀a-Huidobro et al., 1982). Thus, in
this temperature range, germination occurs in the time tg when
the thermal time accumulated has reached the critical value
(ug) for a percentile g of the population. This response can
be described as ug ¼ (T – Tb)tg. Intraspecific variation in Tb

among populations of the same species may be due to different
environmental conditions during seed development (Daws
et al., 2004).

Recently, Walck et al. (2011), in their review of climate
change and plant reproduction by seed (i.e. release from dor-
mancy and germination), highlighted that the ecophysiology
of seed germination phenology is similar to that of budburst
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in some species, in which buds require chilling to release
winter dormancy and a critical thermal time in spring for bud-
burst. This germination behaviour, according to the seed dor-
mancy classification system of Baskin and Baskin (2004),
falls in the physiological dormancy class. Walck et al.
(2011) argued that in species with this kind of dormancy, seed-
ling emergence will be delayed with global warming, if the
current length of the stratification period approximates its
minimum requirement, as shortened winters will not adequate-
ly overcome dormancy. On the other hand, emergence will be
earlier if the current length of stratification greatly exceeds the
minimum required, as premature spring warm-up accelerates
germination (Walck et al., 2011). However, despite the import-
ance of the characterization of thermal time requirements for
seed conservation purposes (Mira et al., 2011) and of the
seed germination niche for identifying plants at risk from
global warming (see Cochrane et al., 2011), very little atten-
tion has been given to how thermal thresholds [i.e. base tem-
perature (Tb) and critical thermal time for germination (ug)]
can be used to estimate the impact of predicted climate
change scenarios on seed germination phenology.

Freshly extracted seeds of Vitis ssp. are usually physiologic-
ally dormant and may require considerable periods of cold
stratification before they will germinate (e.g. Singh, 1961;
Ellis et al., 1983, 1985; Conner, 2008; Wang et al., 2011).
Subsequent efficient seed germination occurs at 20–30 8C
and suggests that emergence will occur naturally in the
spring after winter chilling (Baskin and Baskin, 1998). Wang
et al. (2009) modelled the effect of stratification on dormancy
release in seeds of Beichun grape (a cross-breed of
V. vinifera × V. amurensis) and found that dormancy was con-
sistently released with prolonged stratification time at tempera-
tures ,15 8C (with an optimum at approx. 10 8C), while
stratification at 25 8C induced secondary dormancy.
Alternatively, warm and dry after-ripening can break dor-
mancy in grape seeds (Ellis et al., 1985). For example, in
V. amurensis seeds, dormancy was released by 90 d at low
seed moisture and 25 8C (Wang et al., 2011). However, to
our knowledge, no information is available on seed dormancy
release and germination for the wild grapevine (Vitis vinifera
subsp. sylvestris; hereafter Vitis sylvestris) across an altitudinal
range.

Therefore, the aims of this work were to (1) characterize the
thermal thresholds for seed dormancy and germination of the
rare crop wild relative Vitis sylvestris, (2) model its phenology
of seed germination and (3) predict the impact of different
IPCC scenarios of increasing temperatures on its seed germina-
tion phenology.

MATERIALS AND METHODS

Study species

The genus Vitis consists of approx. 65 inter-fertile species
growing almost exclusively in the northern hemisphere (This
et al., 2006). Vitis sylvestris is one of the most important
taxa of this genus due to its contribution of genetic variability
to modern cultivars of the domesticated grapevine V. vinifera
subsp. vinifera (Levadoux, 1956; Cunha et al., 2007).
V. sylvestris reached the Mediterranean probably from the

Caucasian area (Grassi et al., 2006) and is now distributed
from North Africa to Central Europe (Arnold et al., 1998). It
grows from 0 to 1000 m a.s.l., along riverbanks, on screes (col-
luvial sites) of hilly humid slopes and occasionally on coastal
sheers and beaches (Ocete et al., 2008), in separate micro- or
meta-populations often comprising only a few individuals
(Terral et al., 2010).

Study area and seed lot details

Sardinia is the second largest island in the Mediterranean
Sea. Its isolation and high geological diversity have created
a wide range of habitats, especially on its mountain massifs,
where there are conditions of ecological insularity (Médail
and Quézel, 1997). During the Quaternary glaciations, the
island constituted a climatic refuge area for V. sylvestris
(Grassi et al., 2008), which is still present in numerous, well-
preserved, large populations (Lovicu et al., 2009). Sardinian
populations range from 60 to 800 m a.s.l. on different sub-
strates (mainly Palaeozoic), except for limestones. The isola-
tion of these populations in natural areas, located far both
from urban areas and from vineyards, indicates the low proba-
bility that intraspecific hybridization with V. vinifera cultivars
has occurred (Zecca et al., 2010) and highlights the possibility
that subtle variations in ecological niche requirements might
make some populations more at risk from climate change.

Berries of V. sylvestris were collected in two consecutive
seasons (2009–2010) from six different localities belonging
to four regions at the time of natural dispersal (Tables 1 and 2).
Immediately after collection, seeds were separated from the
fleshy fruits by squashing through sieves with a tepid water
wash, then spread in a thin layer to dry. Seeds collected in
2009 were stored in a dry room at 15 % relative humidity
and 15 8C for 15 months. At the end of the drying period
the moisture content was calculated gravimetrically after
17 h at 103 8C (ISTA, 2006), based on three replicates of 50
seeds each (Table 2). Seeds collected in 2010 were not dried
and the mass and moisture content were calculated immediate-
ly after cleaning (Table 2).

Germination tests

Three replicates of 20 seeds each, from both 2009 (i.e.
dried) and 2010 (i.e. fresh) seedlots, were sown on the
surface of 1 % agar water (with the ventral face of the seeds
turned towards the substrate) in 90-mm-diameter plastic Petri
dishes and incubated in the light (12 h light/12 h dark) at a
range of germination temperatures (10, 15, 20, 25 and 25/
10 8C). Further replicates were given a warm (3 months at
25 8C) or a cold (3 months at 5 8C) stratification, before
these temperature treatments. In the alternating temperature
regime, the 12-h light period coincided with the warm
period. Germination was defined as visible radicle emergence
to ≥1 mm and germinated seeds were scored three times a
week. At the end of the germination tests, when no additional
germination had occurred for 2 weeks, a cut-test was carried
out to determine the viability of the remaining seeds. Soft,
mouldy seeds were considered to be non-viable.
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Data analysis

Thermal time analysis was carried out for cold-stratified
seeds collected in 2009 (see Table 2) as this treatment
yielded the highest proportion of non-dormant seeds and
reflected the alternating dry/warm and cold/wet season under
a Mediterranean climate. Estimates of time (tg, days) taken
for cumulative germination to reach different percentiles (g)
for successive increments of 10 % germination were interpo-
lated from the germination progress curves (Covell et al.,
1986). Germination rate (1/tg) was plotted as a function of
temperature (constant 10–25 8C) and regressed using a linear
model, to estimate the base temperature (Tb) for each g
percentile, according to Garcı̀a-Huidobro et al. (1982):

1/tg(d−1) = (T − Tb)/ug. (1)

An average (+ 1 s.d.) of the x-intercept among percentiles
was calculated for the suboptimal temperature range to estab-
lish the Tb for each population (Ellis et al., 1986; Pritchard and
Manger, 1990). Linear regression equations were then recalcu-
lated for each percentile, but constrained to pass through Tb

(Hardegree, 2006). A comparison of regressions was then
made between this model and one in which the base tempera-
tures were allowed to vary for all the percentiles and the best
estimate was considered to be that which resulted in the
smallest residual variance (Covell et al., 1986). Thermal
time (u, 8Cd) estimates for each population were then calcu-
lated separately as the inverse of the sub-optimal regression
equations (Covell et al., 1986; see eqn 1). Germination percen-
tages were transformed to probits using tabular data from
Finney (1971).

Linear regression was used to express probit(g) as a function
of both u and logu for the sub-optimal temperature range for
each seed lot and the best model evaluated on the basis of
the r2 values (Hardegree, 2006). Linear distributed u showed
the highest r2 values, and thus the following equation was
used to describe the form of cumulative germination response
of seeds (Covell et al., 1986):

probit(g) = K + ug/s, (2)

where K is an intercept constant when thermal time (ug) is zero
and s is the standard deviation of the response to ug (i.e. the
reciprocal of the slope), and represents the sensitivity of
the population to ug (Covell et al., 1986). Thus, the flatter
the slope of the fitted line, the greater the variation in response
to thermal time between individual seeds (Daws et al., 2004).
On a plot of probit(g) against ug, the median thermal time
required for seed germination of the population (g ¼ 50 %;
u50) corresponds to the thermal time when probit(g) ¼ 5
(Finney, 1971).

Environmental heat sum was calculated starting from March
(i.e. after the winter cold stratification period), for each popu-
lation (see Table 1) as follows:

Heat sum(8Cd) = (EnvTm − Tb)tm, (3)

where Tb is the base temperature for germination, EnvTm is the
average monthly temperature of the month (m) and tm is the
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number of days of the month (m), until reaching the median
thermal time value (u50).

Climatic data (historical series of monthly averages of
temperatures and rainfall from nearby climatic stations) were
obtained for each population site (weather stations of Desulo,
Fluminimaggiore, Laconi and Capoterra, for Barbagia,
Iglesiente, Sarcidano and Sulcis, respectively), from Regione
Autonoma della Sardegna (http://www.regione.sardegna.it/j/
v/25?s=131338&v=2&c=5650&t=1). IPCC scenarios of tem-
perature increase by 2090–2099 relative to the period 1980–
1999 were then simulated adjusting the mean monthly tem-
peratures according to the best estimate temperature change
(+1.8 and +3.4 8C for B1 and A2 scenarios, respectively;
IPCC, 2007). The threshold of a mean winter temperature of
15 8C, above which cold stratification does not occur with a
significant rate, was applied, according to the findings of
Wang et al. (2009).

Linear regressions were fitted using SigmaPlot 2002 for
Windows version 8.0 (SPSS, Chicago, IL, USA). One-way
ANOVA, followed by a post-hoc Fisher least significant differ-
ence test (LSD), was carried out to test for differences in seed
traits (mass and moisture content) among populations, final
germination percentages and base temperature values. For
these analyses R v. 2.12.0 (R Development Core Team,
2010) was used.

RESULTS

Freshly collected seeds of V. sylvestris germinated to high per-
centages only after a cold stratification period (C), while just a
few seeds germinated in the control (0) or after warm stratifi-
cation (W) for all the investigated seed lots (Fig. 1). After 3
months of cold stratification, seeds from all lots germinated
significantly better (P , 0.05) at constant temperatures
≥20 8C (.80 %), than at 10 and 15 8C (,40 %) except for
IG2, seeds of which germinated with percentages ranging
from approx. 40 % (15 8C) to 60 % (25 8C), without signifi-
cant differences among temperatures (Fig. 1). Fresh, cold-
stratified seeds reached their maximum germination when
incubated in the alternating temperature regime (25/10 8C),
with final percentages of 98+ 3 % for BA2 and SU2 seed

lots and 95+ 5 % for IG2 and SA2 seed lots. This condition
was the only temperature regime that allowed some seed
germination (approx. 25 %) for the SA2 seed lot without any
pre-treatment (Fig. 1).

Dried seeds showed a similar trend, with seeds germinating
at high percentages only after cold pre-treatment, particularly
when moved to constant temperatures ≥20 8C and at 25/
10 8C in all seed lots (Fig. 2). However, dried seeds germi-
nated .40 % also at temperatures lower than 20 8C (i.e. at
10 and 15 8C), except for BA1 with approx. 20 % germination
at 10 8C (Fig. 2). Few dried seeds germinated also without any
pre-treatment and after warm stratification. In particular, seeds
from IG1 germinated to approx. 40 % at 25/10 8C without any
pre-treatment, while SU1 seeds reached approx. 10 % germina-
tion at almost all temperatures in the control and after warm
stratification pre-treatment (Fig. 1). The great majority
(approx. 90 %) of non-germinated seeds from the tests on
both freshly used and pre-dried seeds appeared viable at the
end of the experiments when checked by the cut-test.

Freshly collected seeds varied significantly (P , 0.001)
among seed lots in their fresh (from 32.3 to 36.9 mg, P ,
0.001) and dry (from 18.9 to 28.7 mg, P , 0.001) mass and
in their moisture content (from 17.5 to 28.8 %, P , 0.001;
Table 2). Moisture content of dried seeds ranged from 5.4 to
5.7 % (P , 0.01) and dry mass from 24.5 to 26.0 mg (P ,
0.001; Table 2). The post-hoc test highlighted that seeds
from the two low-altitude populations (SU1 and IG1)
showed significant differences (P , 0.05) in their fresh mass
and moisture content compared with those from high altitude
(SA1 and BA1), low-altitude seeds being smaller and with
lower moisture contents (Table 2). At constant temperatures
≥20 8C and at 25/10 8C, final germination percentages of
cold-stratified fresh seeds were indifferent to their initial
seed moisture content (linear regression P . 0.05; data not
shown). However, at low temperatures (10 and 15 8C) these
values were negatively related to the seed moisture content
of each seed lot (P , 0.001; r2 ¼ 0.41; data not shown).

It was possible to estimate the Tb of each percentile (g) within
all the four populations from the linear regressions of the rela-
tionship between constant temperatures and germination rate
of cold-stratified seeds collected in 2009 (1/tg; Fig. 3). The Tb

TABLE 2. Variation in mass and moisture contents for Vitis sylvestris seed lots; data are the mean of three replicates of 50 seeds
each and values with the same letter are not significantly different (P . 0.05) by one-way ANOVA followed by post-hoc Fisher LSD

test

Population code
Collection date

(day/month/year)
Fresh seed mass

(mg; mean+ s.d.)
Moisture content
(%; mean+ s.d.)

Dry seed mass
(mg; mean+ s.d.)

Dry seed lots
SU1 20/09/09 – 5.42+0.05a 26.05+0.44a

IG1 03/10/09 – 5.52+0.04ab 25.83+0.22a

SA1 09/10/09 – 5.66+0.09c 24.46+0.21b

BA1 25/10/09 – 5.60+0.04bc 24.67+0.16b

P , 0.01 P , 0.001
Fresh seed lots
SU2 09/10/10 32.35+0.40a 19.70+0.09a 25.98+0.35a

IG2 18/09/10 32.68+1.55a 17.48+0.37b 18.99+0.89b

SA2 28/10/10 35.43+1.18b 28.80+0.44c 25.23+0.82a

BA2 23/10/10 36.95+0.35b 22.31+0.26d 28.71+0.18c

P , 0.001 P , 0.001 P , 0.001
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of each population, calculated as the average value of the
x-intercepts of the percentiles for which regression lines had
a P , 0.05, were 10.4+ 0.9, 9.0+ 1.1, 10.5+ 0.6 and
11.3+ 0.7 8C for SU1, IG1, SA1 and BA1 populations, re-
spectively. These values were statistically different (P ,
0.0001) by one-way ANOVA and the post-hoc Fisher’s LSD

test highlighted that this difference was determined by the Tb

value of IG1, as it was the only value which differed at P ,
0.05 from the others (Fig. 3). For the different populations,
linear regressions were re-calculated for each percentile, con-
straining them to pass through the mean Tb (Fig. 3). This
model led to no differences in residual sum of squares
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compared with when Tb was allowed to vary for each percent-
ile and showed highest values of r2 for all of the linear regres-
sion equations (r2 . 0.89 for BA1, r2 . 0.85 for IG1, r2 .
0.92 for SA1 and r2 . 0.77 for SU1).

Figure 4 shows the estimate of the relationship between
thermal time (u), on a linear scale, and germination, expressed
in probits, for the four investigated V. sylvestris populations, cal-
culated according to eqn (2) (Fig. 4). All the regression lines
accounted for approx. 99 % of the variation of the responses of
germination to u. Probit germination of seeds showed similar
thermal time requirements for BA1, IG1 and SA1 populations.
In these populations, thermal units needed to reach 50 % ger-
mination (u50) were 33.6, 38.6 and 43.1 8Cd, respectively,
whereas population SU1 needed approx. 76 8Cd (Fig. 4). In add-
ition, seeds of SU1 had a greater s value (42.5 8Cd) than the
other seed lots (ranging from 22.5 to 28.8 8Cd; Fig. 4). The dif-
ferences detected among populations in the u50 values were
negatively related to altitude, by an exponential non-linear re-
gression, with a rapid decrease up to approx. 300 m a.s.l. (Fig. 5).

Available climatic data allowed calculation of the heat sum
(S8Cd) that non-dormant seeds accumulate in each investi-
gated population after winter, when mean temperatures (Tm)
rise above the base temperatures for germination (Tb, Fig. 6).
Although all four populations showed a bi-seasonal
Mediterranean trend, there were relevant differences in their
mean monthly temperatures (Tm), according to their altitude

(see Table 1). These varied from minimum values of 5.9,
10.2, 8.7 and 10.1 8C for BA1, IG1, SA1 and SU1, respective-
ly (January; Fig. 6), to maximum values of 22.9–27.4 8C
(August; Fig. 6). Due to these differences, seeds from BA1
should start to accumulate thermal units (8Cd) in April,
when environmental temperatures (EnvTm) exceed the base
temperatures for germination (Tb). In contrast, the higher
mean temperatures (and for IG1 also a lower Tb) should
allow seeds to accumulate thermal units as early as February
for IG1, SU1 and SA1 (Fig. 6). Thus, the differences in
mean monthly temperatures together with those in Tb and
u50 values lead to potentially large differences across popula-
tions on their timing for germination. Non-dormant seeds
belonging to BA1 needed 33.6 8Cd to reach 50 % germination
(see Fig. 4). According to the climatic data, seeds would reach
this value in May (Fig. 6), when EnvTm is 14.9 8C. Similarly,
seeds from SA1 are expected to reach 38.6 8Cd in April, when
EnvTm is 13.2 8C (Fig. 6). Seeds from IG1 are predicted to
reach 50 % germination (u50 of 43.1 8Cd) in March when
EnvTm is 10.5 8C, whereas seeds from SU1 would achieve
this level of germination in April (EnvTm ¼ 12.6 8C), with a
u50 value of 68.6 8Cd (Fig. 6).

The increase in temperature of 1.8 8C predicted by the B1
scenario should lead to mean winter temperatures ranging
from approx. 8 8C (BA1) to 12 8C (IG1) and therefore lower
than the maximum temperature for dormancy release (15 8C;

Tb = 10·4 ± 0·9 ºC(a)
Tb = 9·0 ± 1·1 ºC(b)

Tb = 11·3 ± 0·7 ºC(a)Tb = 10·5 ± 0·6 ºC(a)
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FI G. 3. Base temperatures for germination (Tb) for the four populations, calculated after cold stratification (3 months at 5 8C) and incubation at constant tem-
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Fig. 6). In addition, an increased heat sum would accelerate
germination of non-dormant seeds, starting in March for
SU1, IG1 and SA1, with EnvTm of 10.8, 10.9 and 12.5 8C,
respectively, and in April for BA1 (EnvTm ¼ 8.3 8C; Fig. 6).

An increase in mean temperature of 3.4 8C (A2 scenario)
would compromise seed dormancy release for IG1 where
during the winter the mean temperature would be 14.1 8C
and therefore close to the maximum stratification temperature
for dormancy release (TSmax) of 15 8C (reported in Wang et al.,
2009; Fig. 6). In all the other populations mean temperature
during winter stratification will range from 9.9 8C (BA1) to
12.5 8C (SA1) allowing seed dormancy to be released
(Fig. 6). Germination of seeds for all these populations

would be in March (EnvTm of 12.1, 15.0 and 14.6 8C for
BA1, SA1 and SU1, respectively; Fig. 6) as in the B1 scenario
for SU1 and SA1 and 1 month earlier for BA1 (Fig. 6).

DISCUSSION

Freshly harvested seeds of V. sylvestris from all the investi-
gated populations did not germinate, or reached very low
germination percentages, when incubated without any pre-
treatment. Thus, they are dormant, as already described for
other species of this genus (e.g. Singh, 1961; Ellis et al.,
1983, 1985; Conner, 2008; Wang et al., 2011). Warm stratifi-
cation prior to the germination test did not enhance germina-
tion, whereas cold stratification completely released
dormancy. Drying had a positive effect on germination of
V. sylvestris, widening the temperature range at which seeds
reached high germination percentages after cold stratification.
Seeds of V. vinifera are reported to be orthodox (Royal
Botanic Gardens Kew, 2008) and V. sylvestris seeds are
clearly highly desiccation-tolerant, considering the high ger-
mination percentages achieved at low moisture content
(,6 %). Drying before or after stratification markedly pro-
moted the effect of 5 8C stratification on seed dormancy
release of different varieties of V. amurensis (Wang et al.,
2011), suggesting that a combination of dry after-ripening
and moist cold stratification may be a common pattern of dor-
mancy breaking for species of this genus, probably mimicking
the natural conditions of moist and cold seasons (i.e. winter)
followed by warm and dry ones (i.e. summer).

The base temperature for germination (Tb) in non-dormant
(i.e. cold-stratified) seeds of V. sylvestris ranged from
approx. 9 to 11 8C, depending on the provenance. To our
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knowledge this is the first report of Tb for a member of the
Vitaceae. The analysis carried out in this study confirmed
that Tb is a constant within a population (Covell et al., 1986;
Ellis et al., 1987; Pritchard and Manger, 1990), while this
value may slightly or significantly change among populations
of the same species (i.e. Ellis et al., 1987; Daws et al., 2004).
In addition, treatments for dormancy release can modify the Tb

for seeds belonging to the same population (Pritchard et al.,
1999). Considering that no seeds of V. sylvestris germinated
without treatment at the tested constant temperatures, a Tb ≥
25 8C may be supposed for dormant seeds of the investigated
populations. However, this remains to be confirmed by

incubating seeds without stratification at higher temperatures
(i.e. up to 40 8C). The detected Tb values are consistent with
the current circum-Mediterranean distribution (Arnold et al.,
1998) and the altitudinal range (0–1000 m a.s.l.; Ocete
et al., 2008) of this species. Such an environment and
thermal characteristics of the seed populations would probably
prevent seedling establishment in northern and higher-
elevation regions, where spring temperatures are too low to fa-
cilitate seed development and germination. All the conditions
tested in this study were in the sub-optimal range and, there-
fore, the optimal temperature for germination of non-dormant
seeds of V. sylvestris may be assumed to be ≥25 8C.
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trends of temperature and rainfall are also reported for each population, starting from the month of natural dispersal (10 ¼ October).
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Seed lot provenance clearly influences the sensitivity of the
seed germination response to thermal time (Daws et al., 2004).
Populations of V. sylvestris varied in their thermal time esti-
mates (u50). Sensitivity to the accumulated thermal units
(8Cd) increased with altitude, leading to reduced u50 values
in the highest populations, i.e. faster germination in a poten-
tially shorter growing season. Daws et al. (2004) correlated
differences in thermal time requirements to the environmental
parameters (heat sum) of the sites where seeds developed.
These authors detected a latitudinal gradient (from Greece to
England) for seeds of A. hippocastanum, with Tb and s
values increasing and decreasing, respectively, as latitude
increased (Daws et al., 2004). Consistent with these findings,
at the small geographical scale of the present study, where
all the populations are located at 39 8N, altitude acted as a
driver for thermal requirement sensitivity.

Typically under Mediterranean climate, germination is
limited to winter, which maximizes the length of the
growing season before the onset of summer drought (Thanos
et al., 1991; Doussi and Thanos, 2002). In contrast, in temper-
ate and alpine regions spring germination prevails mainly due
to a requirement of cold stratification over winter (Baskin and
Baskin, 1998). The dormancy breaking and thermal time
requirements identified in this study together with the available
climatic data allowed a spring germination to be predicted for
seeds of V. sylvestris. In the laboratory experiments, winter
conditions were simulated by 90 d of cold stratification at
5 8C. Climatic data available for the investigated populations
showed a mean temperature from December to February
(winter) of 9.0, 10.7, 9.1 and 6.5 8C for SU1, IG1, SA1 and
BA1, respectively. Although these values were higher than
the tested stratification temperature (except for BA1), they
were close to 10 8C (the optimum temperature for dormancy
release of Beichun grape seeds; Wang et al., 2009) and
lower than 15 8C, the threshold temperature below which
stratification consistently released dormancy of Beichun
grape seeds (Wang et al., 2009). Therefore, seeds from IG1,
SA1 and BA1 may germinate from March, April and May, re-
spectively, and the seedling growth period, i.e. from seed ger-
mination to the onset of the summer drought, increases as the
altitude decreases (1 month for BA1, 2 months for SA1 and
IG1). This is due to u50 values decreasing with altitude and,
for seeds from IG1, also to their lower Tb. An early spring ger-
mination for seeds of the IG1 population was confirmed by the
positive effect detected for the alternating temperature, which
promotes field emergence prior to canopy closure (Daws et al.,
2002). In contrast, seeds from the lowest population (SU1),
due to their high Tb and u50, cannot start germinating before
April, i.e. only 1 month before the start of the summer
drought. In this population, growing in a region characterized
by more than 4 months of droughts, plants were found exclu-
sively within the riparian Alnus glutinosa woods, where water-
courses do not dry in summer.

The different environmental conditions detected for the
investigated populations, also during seed maturation, resulted
in significantly different moisture levels in freshly collected
seeds among populations and may lead to phenological
shifts (see Reader, 1984; Blionis et al., 2001). Changes in
phenological phases of V. vinifera have been correlated with
warming-induced earlier maturity of grapevines (Webb et al.,

2011). According to the findings of our study, higher tempera-
tures would not be detrimental per se for seed germination in
wild grapevine. Moreover, it appears that the requirement of
cold stratification for dormancy release detected for seeds of
this species will ensure germination occurs in the spring.
However, in the Mediterranean region, a declining trend of
precipitation was observed from 1900 to 2005, increasing the
area affected by drought (IPCC, 2007) and projections for
Mediterranean mountains predict lower levels of precipitation
mainly during spring (Nogués-Bravo et al., 2008). Therefore,
the seedling growing season could be shortened by a reduction
in soil moisture and water availability. Rising temperatures
may reduce the rate of dormancy loss in seeds of species
that need cold stratification before germination occurs
(Steadman and Pritchard, 2004). However, an increase in tem-
peratures of 1.8 8C (B1 scenario; IPCC, 2007) would still ad-
equately overcome dormancy for all the investigated
populations (winter temperatures ,15 8C; Wang et al.,
2009), whereas with +3.4 8C (A2 scenario; IPCC, 2007) the
higher winter temperature would not allow seed dormancy to
be overcome in the IG1 population. The different responses
detected along the altitudinal gradient highlighted that low-
altitude populations are, potentially, at greater risk from
climate change, due to both temperatures too high for seed dor-
mancy release at efficient rates and a narrowed favourable
phenological window for germination. A common opinion is
that the species most vulnerable to a warming climate are
those already restricted by physical limits of their range such
as higher altitudes and upper mountain locations (e.g.
Walther et al., 2002; Parolo and Rossi, 2008). However, the
present distribution and altitudinal range of V. sylvestris
should allow populations to shift both to northern regions
and to higher altitudes, where conditions, based on our find-
ings, will still be favourable for seed dormancy release and
germination.

In conclusion, the thermal thresholds for seed germination
identified in this study (Tb and u50) explain the differences in
seed germination detected among populations of this rare
crop wild relative and are consistent with its present geograph-
ical and altitudinal ranges (Arnold et al., 1998; Ocete et al.,
2008). In addition, this study allowed the impact of climate
warming on seed germination of the modelled species to be
assessed according to two different IPCC scenarios (B1 and
A2; IPCC, 2007) and highlighted the importance of thermal
time requirements for predicting, in a quantitative way, plant
ecological responses to climate change and the potential for
natural regeneration.
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