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Available online 22 May 2015 suggested to be especially sensitive. Here, using a combination of approaches (soil heaters and different

provenances along a latitudinal gradient), we analyzed the regeneration from seeds of Acer platanoides
and A. pseudoplatanus, two tree species considered, from a management point of view, of secondary rel-
evance. We studied germination, seedling survival and growth in a full-factorial experiment including
Germination warming and changes in watering frequency. Both species responded to warming, watering frequency
Climate change and seed provenance, with stronger (negative) effects of warming and provenance than of watering
Interactive effects frequency. In general, the central provenances performed better than the northernmost and southern-
most provenances. We also detected interactive effects between warming, watering frequency and/or
seed provenance. Based on these results, both species are expected to show dissimilar responses to the
changes in the studied climatic factors, but also the impacts of climate change on the different phases
of plant regeneration may differ in direction and magnitude. In general increases in the precipitation,
frequency will stimulate germination while warming will reduce survival and growth. Moreover, the
frequent divergent responses of seedlings along the latitudinal gradient suggest that climate change will
likely have heterogeneous impacts across Europe, with stronger impacts in the northern and southern
parts of the species’ distribution ranges.
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1. Introduction and 4.5°C is expected in Europe by the end of this century (IPCC,
2013). The projections predict that the winter mean temperature

Depending on the concentration-driven scenario considered will rise more in Northern Europe than in Central Europe and
(suite of greenhouse gases, aerosols and chemically active gases), a the Mediterranean area while the summer warming will likely be
future increase of the average annual temperature between 0.6 °C more intense in the Mediterranean area and Central Europe than
in Northern Europe (Christensen et al., 2013). Extreme events of

warming are also expected; the length, frequency, and/or inten-

sity of warm periods are expected to increase (IPCC, 2013). As a

* Corresponding author. Tel.: +32 9 264 90 36. consequence of global warming, the water cycle is also expected
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modified, with more extreme rainfall events and longer dry inter-
vals (Chaoyang et al., 2012; IPCC, 2012, 2013). However, not only
the changes in individual factors will be important in the future. The
interaction between different climatic factors can produce different
impacts on terrestrial ecosystems compared to the effects of indi-
vidual factors; for example, the combination of drought, extreme
heat and/or low humidity will clearly have stronger impacts than
any factor alone (IPCC, 2012, 2013). Additionally, changes in cli-
matic factors can induce changes in other abiotic environmental
factors. For instance, soil moisture is the result of a combination
of different abiotic factors such as precipitation, temperature, air
humidity, soil texture and organic matter content (Wang, 2005;
Chaoyang et al., 2012; Schneider et al., 2014).

Even though the changes in climatic drivers and other related
abiotic aspects are expected to be larger at the end of the century,
the effects of current global warming are already visible in several
ecosystems (Hedhly et al., 2008; Van Mantgem et al., 2009) and
affect the ecology of many species, including their geographical dis-
tribution, phenology, biotic interactions and extinction risks (for a
review see Pefiuelas et al., 2013). Temperature has been shown to
influence seed production (Walck et al., 2011; Carén et al., 2014a),
germination, establishment (Lewis et al., 1999; Jensen, 2001) and
growth of plants (Rapp etal.,2012). Rainfall amount or soil moisture
content may affect plant distributions (North et al., 2005), seed ger-
mination (Fay & Schultz, 2009,b; Carén et al., 2014a,b), growth (Fay
and Schultz, 2009; Dreesen et al., 2012), phenology (Seghieri et al.,
2009), and mortality (Anderegg et al., 2013). However, changes of
different climatic factors have not received the same level of atten-
tion. For instance, the impacts of changes in precipitation frequency
are rarely assessed (but see e.g. Fay et al,, 2003; Chaoyang et al.,
2012; Schneider et al., 2014). Precipitation frequency may change
separately from rainfall totals when the total amount of rainfall
over a certain period remains constant, but the number of rain-
fall events decreases and the precipitation amount in each rainfall
event increases. Some of the few available studies on plants have
shown that reduced rainfall frequencies can increase productivity,
decrease root-to-shoot ratios or affect leaf senescence in grass-
land species (Fay et al., 2003, 2002; Schneider et al., 2014). Yet,
more research is urgently needed to better understand the effect of
changes in precipitation frequency on other plant growth parame-
ters, functional groups, and ecosystems (Schneider et al., 2014).

Even though climate change will likely affect all plant life
cycle phases, plant reproduction has been suggested to be espe-
cially sensitive (Hedhly et al., 2008; Walck et al., 2011). In many
cases, warming has been shown to positively influence seed ger-
mination (Milbau et al., 2009; McCarragher et al., 2011) or to
enhance seedling survival and growth (Piper et al., 2013). In con-
trast, reduced soil moisture contents tend to negatively affect seed
germination and seedling survival and growth (Fay and Schultz,
2009; Shevtsova et al., 2009). Information about the impacts of cli-
mate change on regeneration from seeds is essential for tree species
because it is the most common natural way through which forests
regenerate around the globe. In practice, the majority of tree species
used for afforestation or reforestation in Europe are grown from
seeds(Den Oudenetal.,2010). Throughout Europe, young trees that
are used for reforestation and afforestation generally come from a
pool of recommended and/or autochthonous provenances (cf. the
EU Directive 1999/105/EC on the marketing of forest reproductive
material). However, only very limited information is available on
how these recommended provenances will perform under future
climatic conditions.

Here, we analyze the effects of warming and changed watering
frequency on regeneration from seeds of two important, currently
secondary tree species in forest management, namely A. platanoides
and A. pseudoplatanus. Both species might become more abundant
in the context of climate change due to the projected composi-

tional change in European forests as a consequence of the decline
in fitness and abundance of currently primary species such as Picea
abies and Fagus sylvatica (Hanewinkel et al., 2012). We analyze
the impacts of warming and changes in precipitation frequency
(as simulated by various watering intervals) on germination and
early establishment of these two Acer species from different Euro-
pean provenances. A variety of techniques are available to study
the effects of climate change on plant species including soil heating
cables, open top chambers, growth chambers, and natural climatic
gradients such as those across latitudes or elevations (Carén et al.,
2015; De Frenneetal.,2013; Deines etal.,2007; Dunnett and Grime,
1999). The technique selected in each case depends on several fac-
tors including the life cycle phase that is being investigated. Here,
we combine the use of soil heating mats (Caron et al., 2014a) with
seed collection along a latitudinal gradient (Fukami and Wardle,
2005; De Frenne et al., 2013). The combination of various tech-
niques constitutes an interesting step further, relative to the use
of only one technique because it allows to illuminate the impacts
of climate change on different aspects of plant populations such as
different phases of plant reproduction (De Frenne et al., 2013).

We specifically address (i) How do warming and changes in
watering frequency affect seed germination, seedling survival and
growth? (ii) Is there an interacting effect of warming and watering
frequency on tree species’ regeneration? (iii) Is there a variation
in the seed and seedlings response to changes in temperature and
watering frequency according to the provenance of the seeds? We
hypothesize that the seeds and seedlings from mother trees from
southern provenances will be able to better cope with interactive
warming and less frequent watering than the seeds and seedlings
from mother trees growing under colder and wetter northerly
conditions. Additionally, we expect that warming will enhance
seedling survival and growth and that more frequent watering will
stimulate germination.

2. Material and methods
2.1. Study species

Acer platanoides L. and A. pseudoplatanus L. are two secondary
forest tree species that currently cover <3% of the total forest cover
in Europe in pure stands (Spiecker et al., 2009). However, both
species are likely to become more abundant and important due
to a climate change-driven decrease in fitness and abundance of
currently primary forest tree species (Hanewinkel et al., 2012).

Both species have arelative wide distribution in Europe and sim-
ilar soil requirements. Both species can grow on loamy and clayey
soils as long as these are rich in nutrients. Additionally, the study
species show phenological and morphological similarities: They
flower in April, are insect pollinated, and the wind-dispersed seeds
ripen in September-October (Forest Ecology & Forest Management
Group, 2005).

Acer pseudoplatanus is naturally distributed across western, cen-
tral and southern Europe (Forest Ecology & Forest Management
Group, 2005). This species has moderate site requirements (Krabel
and Wolf, 2013) is medium shade tolerant and medium drought
tolerant. This species has a wide ecological amplitude and high
reproductive capacity (Krabel and Wolf, 2013). Its wide ecologi-
cal amplitude and high reproductive capacity explain the potential
expansion to some European areas such as Sweden and Norway
(Weidema and Buchwald, 2010; Krabel and Wolf, 2013).

A. platanoides is a native species in northern and central Europe,
in the Kaukasus and Turkey (Forest Ecology & Forest Management
Group, 2005). This species is considered more shade tolerant than
A. pseudoplatanus. Some authors indicate that A. platanoides and
A. pseudoplatanus are similarly drought tolerant (Forest Ecology &
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Fig. 1. Location of the countries/regions of seed collection of Acer platanoides and A.
pseudoplatanus along a latitudinal gradient.

Forest Management Group, 2005), while others consider A. pla-
tanoides more drought tolerant than A. pseudoplatanus (Hemery
et al., 2009). Its robust growth and high shade tolerance make this
species an important invasive species, especially in North America
(Martin, 1999).

With ongoing climate change, both species are expected to
move their distribution range northwards and to higher elevations
(Hemery et al., 2009). Moreover, it is likely that the susceptibility to
pathogens will increase with stress by intense warm and dry con-
ditions (Hemery et al., 2009). Taking into account that the species
might be differently susceptible to drought, divergent responses to
the projected dryer summer conditions may be expected, including
top shoot dieback and premature mortality (Hemery et al., 2009).
Moreover, it is known that both Acer species do not show identi-
cal growth and water economy. Growth of stem and leaves of A.
platanoides is faster than in A. pseudoplatanus, and A. platanoides
consumes less water per unit of leaf area than A. pseudoplatanus
(Braun, 1977).1tis thus very likely that these species will be affected
differently by climate change. Changes in the soil moisture content
might also differently affect the seeds because the seeds of A. pla-
tanoides are considered orthodox (desiccation-tolerant), while A.
pseudoplatanus’ seeds are recalcitrant (desiccation sensitive) (Hong
and Ellis, 1990). Also dormancy break might be affected by cli-
mate change, as warming may reduce the number of cold days. A.
platanoides requires approximately 105 days of cold stratification,
while A. pseudoplatanus only needs 49-63 days (Baskin and Baskin,
1998). Finally, A. platanoides shows an inhibition of germination
at temperatures above 10-15°C, but can germinate after a sec-
ond chilling period (Jensen, 2001), while A. pseudoplatanus shows
very good germination at high temperatures such as 25°C (Jinks
et al., 2006). This dissimilar behaviour underlines the relevance of
studying the response to climate change of closely related species,
avoiding improper conclusions for the genus level.

2.2. Experimental design

Seeds of A. platanoides and A. pseudoplatanus were collected in
2012 from four and five regions, respectively. The regions selected
for this study were located along a 2200 km long latitudinal gra-
dient, from Italy through Hungary, Poland, Denmark and Sweden
to Norway (Fig. 1). Seeds were either (i) bought from a nurs-

ery which could provide exact provenance information (Poland,
Denmark and Hungary), or (ii) collected from three forest patches
in an area of 40 km x 40 km (Italy, Central Sweden and Norway).
In the latter case, one seed-bearing healthy mother tree was used
for seed collection in each forest patch and the seeds were picked
from the forest floor immediately after seed dispersal (Italy, Cen-
tral Sweden and Norway). These locations were selected due the
relatively high viability of the seeds produced in these regions in
2011: Italy (40.0 £ 35.3 S.E. % viable seeds per tree), Central Sweden
(40.0+12.0) and Norway (55.6 +10.7) (Caron et al., 2014a).

We performed a full factorial experiment with soil heating
and watering frequency manipulation, to simulate a total of nine
climate change scenarios. We based our experiment on the dif-
ferent representative concentration pathway-scenarios proposed
by the Intergovernmental Panel on Climate Change (IPCC, 2013).
In Europe, an increase of the air temperature between 0.6 °C and
4.5°C is projected, which in turn will result in an increase of the
soil temperature due to the relationship between these factors, but
the warming of the air and soil is expected not to be equal due
to the natural variation between these factors (see Cardn et al.,
2015). The mean annual precipitation is also projected to change,
and is expected to increase in northern and central Europe and
decrease in the Mediterranean area (IPCC, 2013). Moreover, con-
sidering the possible changes in precipitation frequency, three
watering frequency treatments were applied. The amount of water
was expressed as soil moisture content rather than millimetres of
rainfall since (i) this is a stronger predictor of the impact on plant
establishment than precipitation (Walck et al., 2011), (ii) germina-
tion and other early establishment variables are highly dependent
on available soil moisture (Kos and Poschlod, 2008), and (iii) it is
easier to compare the results with previous studies that used this
variable (Vicca et al., 2012; Carén et al., 2014b).

All seeds were cold stratified until dormancy break. The seeds
were soaked in water until the desired level of moisture was
reached (i.e. 48% and 38% for A. pseudoplatanus and A. platanoides,
respectively), after which the seeds were placed under controlled
cold conditions (0-1°C and 90-95% humidity) until germination
started. Because the stratification time is highly dependent on
species and provenance, and to ensure that the seeds from all the
provenances were at the same developmental stage at the start of
the experiment, seed lots that started to germinate were stored
in a freezer at —2 °C until the start of the experiment (52 days of
difference between the first and the last seed lot germination).

Four seeds of each species and region were randomly sown in
each of 12 plastic pots (112 cm?3, 7 cm deep) (4 x 12 =48 seeds) per
treatment, filled with standard potting soil (mean pH 6, nutrient
content ratio NPK 15:10:11 at 1kg/m3, organic matter 20% and
water holding capacity of 80%). The manipulations of the soil tem-
perature were: (1) Control at ambient temperature (the average
for the whole period was 19.2 + 3.2 °C (mean 4 SD) measured every
minute, and averaged and logged every 15 min using Decagon data
loggers Em50 ECH20 Logger inside the soil of the pots at 4cm
depth); (2) warming with +2.8°C (22.0+2.9°C), and (3) extreme
warming with +7.0°C (26.2 +4.6°C). Additionally, the watering
frequency was manipulated by adding the same total amount of
water on each occasion, but in different intervals (one, two or three
times per week). The necessary amount of water to be added every
week was calculated by weighing three randomly chosen pots per
warming treatment and calculating the necessary amount of water
to reach field capacity. Then the necessary amount of water was
divided by the watering interval assuring that all the treatments
received exactly the same amount of water per week but in differ-
ent intervals. The average weekly amount of water added to each
pot during the experiment under each treatment was: +0°C: 24 ml
(control), +2.8°C: 25ml, and +7.0°C: 29 ml.
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Table 1

Establishment and growth variables as a function of the country of provenance of the seeds and the experimental conditions: warming (temperature increased by 2.8 °C or
7.0°C compared to the control) and watering frequency (one, two or three times per week).

Acer platanoides

Acer pseudoplatanus

Establishment variables Predictor LRT Predictor LRT
Germination Watering frequency 16.38° Watering frequency 14.49
Seed provenance 183.69 Seed provenance 545,79
Warming 11046~
Survival Warming 184117 Warming x seed provenance 13.24°
Warming x watering frequency x seed provenance 11.68°
Growth Predictor Scaled dev Predictor Scaled dev
Total biomass Warming 19938 Warming 14942
Seed provenance 36.58™" Seed provenance 71.99"
Warming x seed provenance 114.61 Warming x Watering frequency 31.40
Aboveground biomass Warming 188.86 Warming 143.87
Seed provenance 28.14" Seed provenance 421"
Warming x seed provenance 103.22 Warming x Watering frequency 25.00
Belowground biomass Warming 192.98 Warming 135.54
Seed provenance 40.20° Seed provenance 77.88 "
Warming x seed provenance 106.17
Watering frequency x seed provenance 32,53
Root:shoot ratio Warming 124337 Warming 110.76 "
Seed provenance 36.10" Seed provenance 53.52""
Height Warming 164.69 Warming 1139.727
Seed provenance 32.23 Seed provenance 57.54""
Warming x seed provenance 89.69™"

LRT: likelihood ratio test; scaled dev: scaled deviance. The direction of the effect is indicated by arrows: 1 and | correspond to an increase and decrease of the variables

analyzed, respectively.
" P<0.05.
” P<0.01.

“* P<0.001.

Warming was achieved through evenly spread soil heating mats
(ACD heating mats HMT-A, Oberweidbach Germany). The experi-
ment was installed facing west at the edge of a deciduous forest
in Gontrode, Belgium (50°58'N, 3°48’E), with F. sylvatica, Fraxi-
nus excelsior, Quercus robur and Acer pseudoplatanus dominating
the canopy. The location of the experiment was close to the forest
edge (<10 m) but not directly under the forest canopy assuring that
the whole experimental area received direct mid-day light without
interference of the forest canopy. The pots were placed on top of
the soil heating mats, on wooden tables under plastic roofs (70 cm
above the pots) to exclude the natural precipitation and allow free
air exchange. During the experiment, the pots were continuously
randomly relocated.

At the end of the experiment (ca. 3 months after sowing), we
assessed the regeneration in terms of germination (number of
emerged seedlings), survival (number of living seedlings at the
end of the experiment) and seedling growth (height, aboveground
and belowground biomass and total biomass). Germination was
recorded once per week. At the end of the experiment, the seedlings
were carefully removed from the soil, the aboveground and below-
ground parts separated, dried at 60 °C for 24 h and weighed.

2.3. Data analysis

Generalized linear models (GLM) in R version 3.1.0 (R Core
Team, 2013) were applied. For the binomial data (germination
and survival) and continuous data (aboveground, belowground and
total biomass, root:shoot ratio and height), we used binomial and
Gaussian errors structures, respectively. To fulfil the requirements
of normality and homoscedasticity, for both species, the above-
ground, belowground and total biomass were log transformed and
root:shoot ratio was square root-transformed. Additionally, the
height of A. platanoides was log-transformed prior to analyses. The

temperature treatments (+0°C, +2.8°C and +7°C), the watering
frequency treatments (one, two and three times weekly) and the
country of seed provenance (Poland, Denmark, Sweden, Norway,
Italy and Hungary) were used as fixed effects. The a priori data
exploration showed that the seeds’ origin (i.e. collected by us vs.
purchased from tree nurseries) did not affect the results, therefore,
this factor was not included in the analyses. For each variable ana-
lysed, first the full model was fitted (all the fixed effects and their
interactions), after which models were simplified by dropping first
the least significant interaction and then the least significant indi-
vidual variable at each step. The comparison between models was
based on the likelihood ratio test or the scaled deviance for the
binomial and Gaussian data, respectively, until all the remaining
terms were significant (Zuur et al., 2009).

3. Results
3.1. Establishment variables

Both species germination and seedlings’ performance
responded to temperature, watering frequency and the coun-
try of origin, with stronger effects of temperature and the country
of origin than of watering frequency (Table 1). Seed provenance
significantly affected germination in both species; the highest
germination of both species was recorded approximately in the
centre of the distribution range (Table 1 and Fig. 2). Moreover,
germination was 19 and 12% (A. platanoides) and 16 and 12% (A.
pseudoplatanus) higher when the watering treatment was applied
two and three times per week, respectively, compared to the least
frequent watering (Table 1, Fig. 2 and Electronic Appendix Tables
A1 and A2). Additionally, for A. pseudoplatanus, the temperature
increase reduced germination, being 17.3% lower with 2.8°C
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Fig. 2. Germination of Acer platanoides and A. pseudoplatanus as a function of watering frequency (one, two and three times per week) and seed provenance. The significance
of the factors that are displayed is indicated. The error bars indicate standard errors across 12 replicates of four seeds per provenance and treatment (total n=3888).

warming than under control conditions (Table 1 and Electronic
Appendix Table A2).

Significant differences were observed between the species in
terms of seedling survival. A. platanoides’ survival decreased with
warming, and was, on average across the countries, 49.9% lower
under warmest condition (+7.0°C) than under control condition
(Table 1, Fig. 3 and Electronic Appendix Table A1l). Survival of
A. pseudoplatanus, on the other hand, responded differently to
increases in temperature depending on the country of origin of
the seeds (significant warming x provenance interaction, Table 1
and Fig. 3). Survival of seedlings of seeds from Hungary and Cen-
tral Sweden increased under the warmest condition (+7.0 °C), while
survival of seedlings of seeds from Denmark and Norway declined
with warming (+2.8°C and +7.0°C) (Fig. 3). The joint manipula-
tion of temperature and watering frequency differently affected
seedling survival depending on the seeds’ provenance (Table 1).
For example, seedlings from Italian seeds showed a higher sur-
vival with warming when watered once per week, but showed
reduced survival under warming when watered more often (3 times
per week). The Central Swedish provenance exhibited a constant
increase of survival with warming across all the watering frequen-
cies treatments.

Seed provenance

3.2. Growth variables

Regarding the biomass variables, both species showed similar
responses to the manipulated factors (Table 1), despite that the
seedlings of A. platanoides were much bigger than the seedlings of
A. pseudoplatanus (Figs. 4 and 5).

Warming negatively affected the aboveground, belowground
and consequently the total biomass of both species. The total
biomass was 53.5% (A. platanoides) and 37.9% (A. pseudoplatanus)
lower in seedlings growing under the warmest condition (+7.0°C)
than under the control temperature treatment (+0°C) (Fig. 5 and
Electronic Appendix Tables A1 and A2). Furthermore, the prove-
nance of the seeds influenced the aboveground, belowground and
the total biomass, which generally increased to the north, but the
highest values were recorded in Central Sweden (A. platanoides) and
Denmark (A. pseudoplatanus). In addition, analyses revealed inter-
active effects affecting both species (Table 1). The aboveground,
belowground and total seedling biomass of A. platanoides generally
decreased with warming, but seedlings grown from seeds of middle
latitudes (Poland and Central Sweden) were smaller under a mod-
erate warming (+2.8 °C) than under extreme warming (significant
warming x provenance interaction, Table 1, Fig. 4 and Electronic
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Fig. 3. Survival of Acer platanoides and A. pseudoplatanus as a function of temperature (ambient temperature and increases of 2.8 °C and 7 °C) and the seed provenance. The
significance of the factors and interactions that are displayed is indicated. The error bars indicate standard errors across 12 replicates of four seeds per provenance and

treatment (A. platanoides total n=1080, A. pseudoplatanus total n=992).
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Appendix Table A1).In A. pseudoplatanus, the aboveground biomass
and total biomass showed a reduction of 38 and 48%, respectively,
when growing under the warmest condition and the most frequent
watering treatment (7.0 °C and watered three times per week) com-
pared with the less frequently watering and unwarmed conditions
(control temperature and watered one time per week) (Table 1 and
Electronic Appendix Table A2).

The root:shoot ratio of both species depended on the seed
provenance and was affected by experimental warming (Table 1).
Root:shoot ratios were highest in Central Sweden (A. platanoides)
and Denmark (A. pseudoplatanus) (Fig. 4 and Electronic Appendix
Tables A1 and A2). Warming decreased the root:shoot ratio in both
species (Table 1, Figs. 4 and 5 and Electronic Appendix Tables A1l
and A2).
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Fig. 5. Total biomass and biomass allocation (root and shoot) of Acer platanoides and A. pseudoplatanus as a function of the warming and watering frequency treatments. The
significance of the factors and interactions that are displayed is indicated. Error bars indicate standard errors across 12 replicates of four seeds (A. platanoides total n=536,

A. pseudoplatanus total n=514).
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Finally, the height of both species was negatively affected
by warming. The seedlings of A. platanoides and A. pseudopla-
tanus were 18.3% and 24.2% shorter when growing under the
warmest conditions compared to the control (Table 1 and Electronic
Appendix Tables A1 and A2). In addition, seedling height appeared
to be provenance-specific; seedlings grown from seeds collected in
Poland (A. platanoides) or Central Sweden (A. pseudoplatanus) were
the tallest. Moreover, the seedlings of A. platanoides from the south-
ern and northern provenances (Hungary and Norway) showed a
strong height growth reduction under simulated warming (2.8 °C
and 7.0°C), while that was not the case for the central provenances
(Table 1 and Electronic Appendix Table A1).

4. Discussion

Different responses to warming and watering frequency were
observed in both species and among the life phases analysed (i.e.
germination, seedling survival and growth). Germination of both
species was strongly influenced by the watering frequency and the
country of origin of the seeds, while warming was the main factor
affecting seedling growth. Overall, temperature and the country
of origin of the seeds appeared to be the most important factors
affecting germination and seedling survival and growth of these
species. The interactive effects between warming, watering fre-
quency and/or seed provenance were less important than initially
expected.

The frequency of watering affected seed germination of both
species. Precipitation frequency has been shown to affect soil mois-
ture variability (Fay and Schultz, 2009), which in turn may influence
germination patterns (Shevtsova et al., 2009; Carén et al., 2014b).
Our results, consistent with the observations of Fay & Schultz
(2009), show that cycles of hydration and dehydration (i.e. lower
amounts of water, but more frequent watering events) tend to
enhance germination. Both species showed different germination
percentages according to seed provenance. Germination generally
appeared to be higher in seeds from more northerly provenances,
probably due to higher northerly seed mass (Carén et al., 2014a),
likely caused by a slower seed ripening at lower temperatures,
slower seed filling process and therefore a greater total assimi-
lation (Fenner and Thompson, 2005). However, contradicting our
hypothesis, seed provenance did not influence seed germination
in response to the treatments applied (warming and changes in
watering frequency), which indicates that climate change will
affect germination of these species similarly in Europe, despite
the variable germination rates observed along their distribution
range. On the other hand, warming only affected germination of
one of the species, A. pseudoplatanus, with germination decreas-
ing at increased temperatures. It is possible that the experimental
warming reached a level close to the threshold temperatures for
the species’ germination (Chmura et al., 2011) and that a similar
future warming will affect this species’ recruitment by reducing
germination probability. The decrease in germination due to warm-
ing observed here was not caused by a corresponding negative
effect of warming on dormancy break because the stratification
process was completed before the beginning of the experiment.
Even though dormancy break was not evaluated here, it is likely
that both species’ dormancy will be differently impacted by cli-
mate change. Considering that A. platanoides requires more days of
cold stratification for successful dormancy break than A. pseudopla-
tanus (Baskin and Baskin, 1998), itis likely that A. platanoides will be
impacted more than A. pseudoplatanus by the predicted reduction
of the amount of chilling days in winter caused by global warming.

Treatment effects on seedling survival differed more between
the two species than their effects on germination, apart from the
effects of warming on seed germination that were clearly species-

specific. Seedling survival of A. platanoides decreased under warmer
conditions. It is known that warmer conditions tend to enhance
physiological processes, thereby also increasing the chances of
survival (Chmura et al,, 2011). Warmer temperatures at north-
ern latitudes may enhance photosynthesis in boreal and temperate
trees due to an increase in the content of photosynthetic pigments,
light-saturated photosynthetic rate and quantum yield (Saxe et al.,
2001). Effects on photoinhibition and photorespiration are more
difficult to generalize because they depend on the species and gen-
eral climatic conditions of the area but, overall, slightly warmer
conditions (ca. 2 °C) are expected to promote photoinhibition and
photorespiration (Saxe et al., 2001). However, the soil moisture
content is also important and might be even more relevant for
photosynthesis than temperature per se (Saxe et al.,, 2001; Chmura
et al., 2011). Moreover, it is known that warming not only affects
aboveground processes but also can affect soil respiration (root
and microbial respiration), nutrient availability and root dynam-
ics which are all important aspects for seedlings’ survival (Bai et al.,
2010; Zhou et al., 2012). Warming in the range of 0.3-6.0°C can
indeed increase soil respiration rates by 20%, net N mineraliza-
tion rates by 46%, and plant productivity by 19% (Rustad et al.,
2001). The response of soil respiration and mineralization rates to
warming not only depends on the temperature change, but also
on other factors such as the soil substrate, the organic matter and
soil moisture content (Rustad et al., 2001; Saxe et al.,, 2001). In
terms of root dynamics, warming can reduce root biomass while
increases in precipitation can increase root biomass (Bai et al.,
2010). It is possible that the observed negative effect of warm-
ing on A. platanoides survival is caused by an excessive warming
applied in this experiment. Considering the previous concepts, it is
likely that the direction of the impact of climate change on seedling
survival will depend on the level of warming experienced by the
seedlings but also of many interacting factors as observed for A.
pseudoplatanus. The survival of A. pseudoplatanus was influenced
by a complex interaction of warming, seed provenance and water-
ing frequency. Under extreme warming (+7.0°C), more frequent
watering enhanced survival. Extremely warm conditions intensify
evapotranspiration, and, consequently, more frequent watering
tends to result in higher soil moisture in the upper layers of the soil
due to the more intense heat at the bottom of the pots which is in
direct contact with the soil heaters. Moreover, as mentioned before,
many physiological processes not only depend on the temperature
but also the soil moisture content and this can be the cause behind
the significance of this interaction. This result not only highlights
the relevance of multiple interacting factors (Shaver et al., 2000),
but also points to some of the possible problems (i.e. possible not-
uniform warming of the soil column in the pot) associated with
the methods utilized for studying the effects of climate change on
plants. However, because the pots used in this experiment were
relatively small (112 cm3), it is likely that no significant differences
in warming existed along the soil column or that the high specific
heat of water played a role in the significance of this interaction
regarding seedling survival. Finally, it is important to consider that
under future climatic conditions, warming of the air will be accom-
panied by potentially non-uniform warming of the soil. To clarify
the relevance and role of all these aspects and to unravel the effect of
temperature and watering frequency, more experiments using dif-
ferent methods can be performed employing, for example, growth
chambers (e.g. Deines et al., 2007; De Frenne et al., 2012). In addi-
tion, A. pseudoplatanus also showed provenance-specific responses
to increases in temperature. The survival of seedlings grown from
seeds collected in Hungary and Central Sweden was in general
higher under warmer conditions, while survival of seedlings grown
from seeds collected in Denmark and Norway showed an oppo-
site response (i.e. lower survival under warmer conditions). This
is likely related to the environmental conditions experienced by



M.M. Carén et al. / Flora 214 (2015) 24-33 31

the mother tree during seed production (Johnsen et al., 2005a,b;
Skrgppa et al., 2010; Carén et al., 2014a). While we lack detailed
information on environmental conditions experienced by all the
mother trees, previous studies suggest that the observed pattern
(different survival according to the seed provenance under chang-
ing environmental conditions) is likely related to the temperature
experienced during seed production (Johnsen et al., 2005a,b; Carén
etal., 2014a,b). Nevertheless, our results clearly point out the influ-
ence of seed provenance on seedling responses to climate change
(Atzmon et al., 2004; Thiel et al., 2014). Additionally, the possibility
of the presence of local adaptations should be analysed (Kawecki
and Ebert, 2004) through the use of, for instance, transplant exper-
iments (De Frenne et al., 2011; HilleRisLambers et al., 2013; Ibafiez
and McCarthy-Neumann, 2014).

Regarding seedling growth, the total biomass was much more
affected by warming than by the changes in watering frequency.
The absence of effects of watering frequency (individual factor) is
surprising given that previous experiments demonstrated effects
of precipitation amount (e.g. Dreesen et al., 2012; Carén et al.,
2014a) and of soil moisture variability (e.g. Fay et al., 2002, 2012)
on growth. However, it is possible that the high organic mat-
ter content (20%) of the potting soil used in this experiment
induced a high water retention capacity, therefore, irrespective of
the treatments applied, the seedlings never experienced strong
drought stress related to the differences in watering frequency.
Conversely, warming negatively affected seedling growth in both
species despite that under warmer conditions, the physiologi-
cal processes of plants including photosynthesis and respiration
increase as long as the water content is adequate (Chmura et al.,
2011). However, the increase of photosynthesis and respiration
might not be equal and can, in some cases, negatively affect species
growth if the fraction of gross photosynthetic production con-
sumed by respiration becomes too high (Saxe et al., 2001). Growth
of A. platanoides was strongly reduced in both warming treat-
ments (+2.8 °C and +7.0°C), while growth of A. pseudoplatanus also
declined under warmer conditions but not as abruptly as in A. pla-
tanoides. In a previous study, similar results were obtained, with
both species not showing a positive growth response to warming
(Car6n et al., 2014b). Warming reduced belowground and above-
ground biomass. However, the stronger negative effect of warming
on belowground biomass resulted in a reduction of the root:shoot
ratio under warmer conditions. It was observed before that warm-
ing can decrease annual root production (Bai et al., 2010) and fine
root biomass (Wan et al., 2004) but also can decrease root mor-
tality (Bai et al., 2010). However, other studies suggest that the
evapotranspiration caused by warming decreases the soil mois-
ture content and can increase the proportional allocation towards
roots in order to facilitate plant water uptake. This effect, however,
might also suppress overall root growth (Rustad et al., 2001; Zhou
et al.,, 2012). Moreover, the reduction of the root:shoot ratio might
also be linked to an imbalance between photosynthesis and res-
piration. The relevance of interacting factors was especially clear
for A. pseudoplatanus’ growth. The interaction between factors has
been highlighted as key when predicting species responses to cli-
mate change (Baietal.,2010). The results reported here corroborate
the relevance of studying interacting factors of climate change.
Regarding the influence of the provenance on seedling’s perfor-
mance, it is interesting to note that A. pseudoplatanus did not show
provenance-specific growth responses to the treatments applied.
This indicates that, independent of the provenance of A. pseudopla-
tanus seeds, the seedlings are equally affected in terms of growth.
However, A. platanoides showed provenance-specific responses in
biomass growth as observed earlier for other tree species such as
F. sylvatica where the marginal provenances showed a more stable
performance under drought but apparently there was a trade-off
between drought tolerance and growth (Thiel et al., 2014).

Considering the results of this study, it is possible to suggest
that both species will be affected by changes in some climatic fac-
tors (warming and precipitation frequency). Divergent effects of
changes in climatic factors can be expected on different phases
of plant recruitment, and their impacts may differ in direction
and magnitude. Stronger effects of warming were observed for
both species, while watering frequency appeared to be less impor-
tant. Further research should focus on more realistic simulations of
changes in precipitation frequency with possibly longer interme-
diate dry periods (see, for instance, Dreesen et al., 2012) to more
clearly show the relevance of this factor on these species’ recruit-
ment. Moreover, due to the frequent divergent responses of seeds
and seedlings along the gradient analysed, itis likely that the impact
will not be homogenous across Europe. In general, more cen-
tral European provenances performed better irrespective whether
seeds were collected from trees growing in natural forests or were
purchased from nurseries. These results point out the relevance
of performing more experiments where different provenances are
tested under simulated future climatic conditions, including trans-
plant experiments to analyse the presence of local adaptation and to
deliver urgently-needed information for the development of strate-
gies of forest adaptation in the context of climate change (Pereira
et al., 2010; Bellard et al., 2012).
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