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Abstract
Background and aims

Clinal variation in bud phenology and growth has repeatedly been reported in common garden
experiments for many tree species. The response of the seedlings generated from such
translocated trees has not been studied yet, despite its relevance regarding the role of
transgenerational plasticity in the adaptation of long-living trees in the face of climate change.
Here, we aim to understand the effects of warming on bud burst, germination success and
growth performance of tree seedlings of different origins (provenances) but that shared their
maternal environment.

Methods

We collected seeds from a mature provenance trial of five different provenances of oak
(Quercus robur, Fagaceae) and seeds were grown in two common gardens at two different
latitudes representing a mean annual temperature difference of nearly 2°C in Belgium and
Denmark. We assessed seed germination, bud burst time and biomass of seedlings in two
common gardens.

Results

We observed an interaction between provenances and common gardens in seedlings’ bud burst
time indicating the prevalence of an environmental effect at the site of origin (provenance),
which depends on the seedlings’ growing environment (across the two common gardens). The
germination success and shoot biomass were reduced across all provenances in the southern
common garden.

Conclusions

Our results indicate that the environment of origin influences the bud phenology of seedlings
and this provenance effect is dependent on the seedlings’ growing environment. In addition,
our results suggest that the effect of warming might differ between provenances and that the
environmental history of the previous generations is likely to influence the response of tree
seedlings as well.
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INTRODUCTION

Global surface temperatures are increasing at a rate of circa 0.2°C per decade since the 1970s
(Hansen et al. 2006; IPCC 2013). The extent to which populations persist in a warming climate
depends on the ability of plant populations to respond via migration, adaptive evolution, and
phenotypic plasticity (Hoffmann & Sgro 2011). The present velocity of species’ migrations and
adaptations in response to global warming is, for many species, too slow to cope with rapid
climate change (Kullman 2002; Loarie et al. 2009; Delzon et al. 2013). This slow migration is
especially true for long-lived organisms such as trees that also exhibit slow genetic adaptation
(Aitken et al. 2008). On the other hand, intense gene flow in forest stands can provide lead to
higher local fitness due to higher genetic diversity (Carvalho et al. 2010) unless when climatic
stress is too high the effect of gene flow may be overruled by selective pressures (Borovics &
Mityas 2013). In such extreme climatic conditions, mechanisms such as phenotypic plasticity
may have the potential to help forest trees to cope with rapid climate change.

Phenotypic plasticity is defined as the range of phenotypes that a single genotype can express
as a function of its environment (Bradshaw 1965; Nicotra et al. 2010). One form of phenotypic
plasticity is known as transgenerational plasticity (TGP), in which the environment of earlier
generations influences the offspring growth and its responses to environmental conditions
independent from genetic changes (Beaman et al. 2016). TGP is known to have a positive
influence on plant adaptation particularly during rapid shifts of climatic conditions (Kuijper &
Hoyle 2015). More and more evidence is accumulating that the parent plant’s environment
influences the performance of the offspring (Groot et al. 2016; Groot et al. 2017; Lampei et al.
2017; Munzbergova & Hadincova 2017). Most TGP studies are on annuals and species with
vegetative reproduction abilities (Galloway & Etterson 2007; Latzel et al. 2014; Groot et al.
2017; Munzbergova & Hadincova 2017). There are few studies on TGP in trees; mostly due to
their long generation times (Raj et al. 2011; Borgman et al. 2014; Dewan et al. 2018).
Nonetheless, TGP may be vital for tree adaptation, given that long-lived trees may be able to
pass to their offspring, through their germ cells, epigenetic variations that were induced years
earlier and had already been somatically tested (Herman & Sultan 2011; Jablonka 2013).

Provenance trials or common garden experiments are traditionally used to study local
adaptation assuming a higher fitness of dominant to co-dominant tree species at the home site
in comparison to the translocated sites (Whitlock 2015). In such common garden experiments,
populations often display clinal variation in bud burst and growth of different provenances
along gradients of the temperature at their origin (Olson et al. 2013; Saenz-Romero et al. 2017;
Wilkinson et al. 2017). It is likely that when the trees of such transplant experiments reproduce,
some of the adaptive traits such as bud burst time, growth and survival are influenced not only
by the environmental conditions of the seedling but also by the past environment of the mother
plant. Studies focusing on the response of the offspring of translocated tree population in
transplant experiments can reveal the possible role of transgenerational plasticity in
evolutionary tree adaptation.

Many common garden experiments showed in situ patterns in bud burst, where trees originating
from different geographic origins start flushing according to the temperature at their origin
(Kremer 2016; Wilkinson et al. 2017). It is not known whether the progeny of such translocated
individuals displays the provenance effect when the mother trees have been growing in a
common environment for nearly half a century. In addition, we do not know how the seedlings
of these translocated individuals of different provenances would respond in a warmer world.

Here we took advantage of an existing mature provenance trial of oak (Quercus robur) in
Nyskov, Denmark, to study the responses of the offspring of five different oak provenances that



have been growing for more than 50 years in a common environment (Jensen 2010). We
sampled acorns in this provenance trial and replanted them at two different common gardens:
one close to the maternal common garden (situated in Copenhagen, Denmark at 50 km from
the maternal common garden) and the other one in Gontrode, Belgium. The latter represents a
climate warming scenario (+2°C mean annual temperature) that is predicted to occur in
Denmark by c. 2080 (Christensen et al. 2013).

Here we studied the provenance effects on the performance of second-generation seedlings. We
also assessed the effects of warming on the responses of the seedlings of different provenances.
In both gardens in Belgium and Denmark, we monitored germination, bud burst, and biomass
of the seedlings for two years. We also followed the bud burst time of individual mother trees
to compare the variability in bud burst time between mother trees and seedlings. We expected
existing variability in bud burst time among different provenances in mother trees as well as in
seedlings. The seedlings’ bud burst time would likely advance with warming. Since bud burst
trait controls the start of growing season, changing bud burst time would likely affect the growth
of the seedlings with warming. Finally, we assumed that warming would affect the germination
success of the acorns of different provenances.



MATERIALS AND METHODS
Study species

European oak (Quercus robur) is widely distributed in Europe and also in Russia, The
Caucasus, Iran, Kazakhstan and Turkey (Jones 1959; Kozharinov & Borisov 2014). It can grow
in areas with mean annual temperatures between 5 °C to 13.9 °C (Rozas 2005; Drobyshev et
al. 2008). It is monoecious, wind pollinated (anemophilous). Individuals of Quercus species
start to flower at the age of 15-35 years (Jones 1959; Johnson et al. 2002). In the open, seed
production by mature trees occurs almost every year, while in dense forest stands, it occurs at
intervals of 3 or 4 years (Wesotowski et al. 2014). Yet, years in which there is an almost
complete failure of seed production are frequent (typical masting behaviour) (Wesotowski et
al. 2014). Although birds or mammals disperse seeds, most are dropped below the parent tree.

Study site and seed collection

The oak (Quercus robur) provenance trial was located at Nyskov, Denmark (table 1) containing
two Danish (Bregentved and Wedellsborg), one Swedish (Visingsd) and one Dutch (locality of
this provenance is not known, see Jensen (2010)) provenance (appendix 1 in supplementary
file). There were two replicate plots for the Bregentved provenance. We kept the plots
separately and recognized them as Bregentved 1 and Bregentved 2, and counted them as
separate provenance in this paper because the replicated plots may represent different
genotypes. The provenance trial was established between 1940 and 1947 with the primary
purpose to test the production and wood quality for tree breeding. We selected the mother trees
such that the canopy was separated from the other trees and the acorns could easily be separately
collected from a single mother tree. In November 2015, we collected circa 1200 acorns in total
from the forest floor around the base of the stem of the mother trees. We selected healthy acorns
based on the absence of insect damage, and only selected relatively large acorns. Four mother
trees per provenance (except, only three mother trees in Bregentved 1) were selected, resulting
in nineteen mother trees. The seeds were stored cold (5°C) until sowing.

Common garden and experimental design

Within a few days following collection, we measured the fresh acorn mass of each acorn and
sowed seeds at circa one cm depth in trays using standard potting soil (Peltracom, NPK
14:16:18). Each tray contained 28 cells and the dimension of each tray was 51 by 28 cm and 15
cm deep. The volume of each cell was circa 13.2 cc. We sowed one acorn per cell while we
randomly distributed the provenances in each tray. In total, there were 41 trays (1171 seeds in
total, see appendix 2 and 3 in supplementary file for more details), and we kept the trays for
circa 56 days at the edge of a forest at Forest & Nature Lab, Ghent University, Gontrode,
Belgium (table 1). In December 2015, we transported half of the trays (21 in total) to the
northern common garden at the University of Copenhagen, Denmark, located circa 50 km away
from the provenance trial with the purpose to expose the seedlings to a similar climate as the
mother trees (table 1). The remainder of the seed trays were kept at the southernmost garden in
Belgium. The description of the provenance trial and common gardens can be found in table 1
and appendix 1 in supplementary file. Plants were protected from birds and rodents in both
countries using a fence around, and a cage/net above the pots. We watered the plants twice per
week in both common gardens except during rainy days.

Daily maximum and minimum temperatures and total daily precipitation for 2016 were
obtained from the National Oceanic and Atmospheric Administration (NOAA) National
Centers for Environmental Information (http://www.ncei.noaa.gov/) for the Danish common
garden and weather station at Melle (www.kmi.be) for the Belgian common garden. In 2016,




the mean annual temperature difference between two common gardens was 1.8°C (appendix 4
in supplementary file): the mean annual temperatures in the Belgian and Danish common
garden were 11.1 °C and 9.3°C respectively. In the same year, total precipitation was 1001 mm
and 623 mm in the Belgian and Danish common garden respectively.

Monitoring germination, bud burst and biomass

We monitored seed germination (emergence of the shoot) twice a week between 5 April 2016
and 22 July 2016 in both common gardens, and germination percentage was quantified based
on the number of seedlings emerged from sowed seeds. We measured the bud burst of the
seedlings at both common gardens from 27 March 2017 until all the seedlings and mother trees
had completely opened their buds (stage 3) (table 2). We scored the stages of bud burst once
(Denmark) to twice (Belgium) per week following the adapted method of Wesotowski and
Rowinski (2006) (table 2). For seedlings, bud burst was monitored on the apical bud of each
seedling. For mother trees, each observation was ideally performed on ten apical buds on the
southern, lowermost part of the crown. At the end of the experiment in August 2017, we
harvested all seedlings and quantified the shoot biomass of each seedling in both common
gardens after drying them in an oven at 70°C for 24 hours.

Data analysis

All data analyses were performed in R version 3.3.3 (R Core Team 2017). We tested for the
effects of provenances and warming on germination and bud burst of the seedlings. Since the
parental environment can affect the seed mass (Roach & Wulff 1987; Lacey et al. 1997), we
included acorn mass as covariate (continuous fixed effect) in the analysis to control for its
effects. We used Generalised Linear mixed effects models (glmer function in the /me4 package
in R) with Binomial distributions for germination percentage and with Poisson error
distributions for seedlings’ bud burst time as a function of provenance, common garden and
their interaction, and acorn mass (Bates et al. 2015). In both models for germination and bud
burst, we used mother tree (individual ID) and Tray as non-nested random effects. To test for
the effect of mother trees on bud burst, we also used Generalised Linear mixed effects models
(glmer function in the Ime4 package in R) with Poisson error distributions. Seedling bud burst
time was modelled as a function of provenance, common garden and their interaction, mother
tree (individual ID) and acorn mass using Tray as random effect. We calculated the number of
days to bud burst of the seedlings from the starting of the observations (27 March). In addition,
we used Linear mixed effects models (Imer function in the /me4 package in R) with Gaussian
error distributions and mother tree (individual ID) as a random effect to assess the effect of
provenance on acorn mass (Bates et al. 2015). Next, we assessed the effects of provenance,
common garden and their interaction, and acorn mass on biomass, by using Linear mixed
effects models (Imer function in the Ime4 package in R) with Gaussian error distributions, and
mother tree and Tray as non-nested random effects. The number of seedlings in different
provenances and mother trees was not evenly distributed in the analysis of bud burst and
biomass (appendix 2 in the supplementary file).

To test the overall effect of common garden, provenance and their interaction, and acorn mass
on the germination, bud burst time and biomass we performed a likelihood ratio test. We used
the full model including Common garden, Provenance, Acorn mass and interactions between
Common garden and Provenance always with mother tree and Tray as non-nested random
effects and compared it with the reduced model by dropping each variable and interaction term
at a time to get the effect size of the variable in question.



RESULTS
Bud burst

Seedlings of the Bregentved 2 and Wedellsborg provenances had delayed bud burst time
compared to Bregentved 1 (table 3). We found a weak marginally significant effect of the
provenance on the seedlings’ bud burst time (2 =13.8, p = 0.09 and table 4). The effect of some
mother trees was significant on the bud burst time of the seedlings (appendix 5 in the
supplementary file). The seedlings displayed nearly four weeks earlier bud burst in the Belgian
common garden than the Danish common garden (fig 1, 2). Seedlings resulting from heavier
acorns displayed earlier bud burst in both common gardens (z =-3.48, p = < 0.001, table 3,
appendix 6 in the supplementary file).

Germination percentage and acorn mass

The probability of seed germination differed significantly between the two common gardens
being lower in the Belgian common garden (z = 2.31, p = < 0.05, table 3 & fig 3). There was
no significant difference in the probability of seed germination between the provenances (2 =
10.9, p=0.21, table 3 and table 4). We did not observe any difference in acorn mass among the
provenances (F= 1.80, p=0.19 and appendix 7 in the supplementary file).

Biomass

The seedlings in the Belgian common garden had significantly lower biomass compared to the
seedlings in the Danish common garden (t = 4.82, p= < 0.001, table 3 & fig 4). We observed
significant effects of the provenance on the biomass of the seedlings (y?= 18.2, p = < 0.05, table
4). We observed a marginal interaction between provenance and common gardens (y>= 8.5, p =
0.07, table 4). Heavier acorns produced larger seedlings (t = 8.1, p= < 0.001, table 3).



DISCUSSION

In the Belgian common garden, the bud burst time of all provenances was nearly four weeks
earlier than the Danish common garden. There was an interaction between provenances and
common gardens in seedlings’ bud burst time. In addition, we observed higher germination
rates and biomass of the seedlings in the Danish common garden compared to the Belgian
common garden.

Bud burst

We did not observe any distinct effect of provenances on the bud burst time of the seedlings.
Jensen (2010), however, observed significantly different provenance effect on the bud burst of
the mature mother trees of the same provenance trial as we studied. We expected the provenance
effect on the bud burst time would prevail in mature trees (that means the mother trees) and in
the seedlings. In our study, marginally significant effects of the provenance on seedlings’ bud
burst time could be the result of confounding genetic and environmental effects. We did not
observe any provenance effects on the bud burst time of the mother trees (data was not
presented), which was likely due to very small sample size (3 to 4 mother trees). We observed
some of the mother trees of different provenances to display significant effects on the bud burst
time of the seedlings (appendix 5 and appendix 8 in the supplementary file). The influence of
mother trees indicate the genetic control on the bud burst time, which probably marginalized
the provenances effect in bud burst time of the seedlings. Further, increased genetic diversity
can increase the variability in bud burst time among the seedlings within the provenances,
which can be expected in an oak stand due to the extensive gene flow and cross-pollination
(Elshibli et al. 2015). The mating in European beech, another wind pollinated Fagaceae species,
was reported to be restricted to nearby trees (Ouayjan & Hampe 2018). In oak, Gerber et al.
(2014) reported a high level of gene flow with variation among individuals and stands. In our
study, there was a high possibility that there was high genetic diversity among the seedlings
due to cross-pollination and the effect of the provenance on bud burst of the seedlings was
probably influenced by this genetic effect. Using Arabidopsis thaliana and elevated
temperature exposure in three generations, Groot et al. (2017) showed that the parental effect
changed the flowering time of the offspring and the effect was genotype specific. In another
study, Groot et al. (2016) reported that the expression of maternal effects can depend on the
offspring environment. In our study, we observed an interaction between provenances and
common gardens in bud burst of the seedlings. It is possible that in our study, in addition to
seedlings’ genetic variability, the offspring environment influenced the bud burst time of the
seedlings.

The bud burst time was nearly four weeks earlier in Belgian common garden than Danish
common garden, which was circa 2 °C warmer. Unsurprisingly, advanced bud burst time with
warmer conditions in our study was in line with many other studies ((Menzel & Fabian 1999;
Menzel et al. 2006; Richardson et al. 2018). Advancing bud burst time in a warmer environment
would provide an advantage to the offspring generation by starting the growing season earlier.
Although, it may increase the chance of early frost damage, which ultimately will reduce
seedlings growth and thus reduce overall fitness (Richardson et al. 2018). It might be more
interesting to know how the seedlings would respond to warming if the mother trees would be
exposed to an elevated temperature. This needs further investigation. Earlier bud burst in the
Belgian common garden was expected, as the temperature sum requirement would have been
fulfilled earlier (Wuehlisch et al. 1995). Besides, photoperiod likely influenced the bud burst
time in the Belgian common garden as well since the seedlings in the Belgian common garden
received 36 to 14.4 minutes day length longer between 1 February and 1 March compared to
those in the Danish common garden (Schreiber et al. 2013; Schueler & Liesebach 2014). Since



the temperature requirement for bud burst in Q. robur is influenced by precipitation (Fu et al.
2015), it is possible that the higher precipitation in the Belgian common garden compared to
the Danish common garden (180 mm difference) also influenced the earlier bud burst of the
seedlings in Belgian common garden.

The common environment to which mother trees were exposed for 50 years may have
influenced the bud burst time of the seedlings and probably marginalized the provenance effect
on the bud burst time of the seedlings. The maternal environmental effect on the performance
of the seedlings is also known as transgenerational plasticity effect. Since the design of our
study does not allow to test transgenerational plasticity (we did not have contrasting maternal
environments), we cannot confirm whether transgenerational plasticity really played an
important role in reducing the provenance effect (Latzel 2015). Moreover, at least two
generations are generally needed in a common environment before treatments to test
transgenerational plasticity can be started (Latzel 2015), which is not very practical for tree
species with long generation times. In poplar, it is found that the different environmental
conditions to which a similar clone was exposed for centuries can change the bud phenology in
the clonal offspring (Vanden Broeck et al. 2018). By exposing single to multi- generations to a
stress environment and by evaluating different traits of offspring generation in natural, control
and stress conditions, Groot et al. (2016) reported that exposure of multiple generations reduces
the parental effect compared to single generation exposure. However, the result of our study
certainly opens further research opportunities to detect the influence of transgenerational
plasticity while studying local adaptation and tree responses to climate change.

Acorn mass displayed a significant positive influence on the bud burst time by advancing the
bud burst time. The effect of seed trait may only be relevant during early development of
seedlings and will disappear as the seedlings grow older (Zhang et al. 2017).

Germination and acorn mass

The observed lower germination in the Belgian common garden compared to Danish one
suggests that the environment in common gardens mostly influenced germination. This result
supports our expectation regarding the change in germination success with warming. Reduced
germination with increasing temperature is known in Quercus species (Rao 1988). Unlike our
results, elevated temperature may be advantageous for some species through increasing
reproductive success (Milbau et al. 2009), and the responses to an elevated temperature may be
different across the species distribution range (De Frenne et al. 2011). The threshold
temperature for germination can differ among species and provenances (Baskin & Baskin 2001;
Durr et al. 2015) although we did not find any provenance effect on seed germination. Another
critical factor that controls germination of oak acorns is their moisture content. Acorn
germination is reduced by decreasing the moisture content below 30 to 50 percent (Olson &
Boyce 1971; Ozbingol 2005). Besides, the moisture conditions of its environment are known
to influence the retention of moisture content within the acorn and germination percentage
(Korstian 1927). Higher precipitation in the Belgian common garden than the Danish common
garden suggests that the moisture content was not the limiting factor for the germination or
emergence of seedlings in the Belgian common garden (Olson & Boyce 1971). Higher soil
moisture may have increased the chance of mold formation or other fungal diseases in the
acorns of the Belgian common garden. In addition, the common gardens were exposed to two
different light conditions. The Danish common garden was open and received more light
compared to the Belgian one, which was standing at the edge of a forest. Higher irradiance in



Danish common garden probably led to warmer soil condition and this warm microclimate
probably increased the germination of the acorns. We here quantified acorn germination based
on the emergence of the seedlings. We did not re-check the acorns which did not emerge to
seedlings to confirm whether the acorns did not germinate at all or the acorns had germinated
but were damaged or died of diseases. Having two different site conditions, we are not able to
eliminate that other reasons than the warmer climate in the Belgian common garden were also
responsible for the lower germination percentage than the Danish one. Nevertheless, our results
indicate that environmental conditions of the acorns, that means the microclimate may influence
the effects of warming in acorn germination.

There was no difference in acorn mass among the provenances suggesting that acorn mass was
probably influenced by the climatic condition of the provenance trial (Borgman et al. 2014). In
general, acorn mass in oak is mostly influenced by the local climate (Caignard et al. 2017) and
can thus vary across years due to temperature variation (Caignard et al. 2017) and between
individuals due to genetic differences (Nikolic & Orlovic 2002).

Biomass

Biomass of the seedlings differed across the provenances, which could be the result of genetic
variability in different provenances. Reduced biomass in Belgian common garden compared to
the seedlings in Danish common garden, indeed, indicate the negative effect of warming on the
early growth of the seedlings, which is probably linked with confounding effects such as higher
fungal infestation with warming as we observed in the Belgian common garden (Quarles 2007).
This result contrasts the general expectation of increased growth with warming (Richardson et
al. 2018). Our results indicate that the warming effect on tree growth might be correlated to the
temperature gradient along the species distribution range (Reich & Oleksyn 2008). We
observed a marginal interaction between common gardens and provenances. Given the growth
responses to temperature can vary with genetic differences (Housset et al. 2018), we suggest
that the growth response of the seedlings in two common gardens was likely related to the
genetic effect in different provenances. Although, very low variability among the provenances
at Belgian common garden in biomass production indicates that growing environmental
conditions (e.g., temperature, light) influenced more in biomass production than genetic
differences. Environmental factors, such as light availability, can influence the growth of oak
seedlings as well (Leuschner & Meier 2018). The different light condition in two common
gardens was likely to influence the growth of the seedlings. The evidence from literature
showed that exposure to the sun increases the photosynthesis and carbohydrate concentration
of oak seedlings (Baber et al. 2014), which can influence the growth and thus overall fitness of
the seedlings. Seedlings in the Belgian common garden received more shade as the common
garden was located at the edge of a forest and seedlings in the Danish common garden received
almost no shade, as the common garden was located in the open area. Therefore, there was a
possible overestimation in our results. Additionally, we observed high fungal infestation
(powdery mildew) in the Belgian common garden (no data available) likely due to the existence
of oak stand at the vicinity, which could reduce the growth of the seedlings (Bert et al. 2016).
Nevertheless, global warming, in general, might be beneficial to some species but not for all
species as warming and drought may increase other growth limiting factors such as pest and
diseases (Quarles 2007; Reich & Oleksyn 2008; Dale & Frank 2017; Perez-Ruiz et al. 2018;
Richardson et al. 2018).

In addition, we observed a strong positive correlation between acorn mass and seedling
biomass, which can be an indication of maternal influence on seedlings trait (Roach & Wulff
1987). Due to higher maternal seed provisioning for seedling establishment in heavier acorns,
these are usually selected for afforestation purposes via seedling (Bruno et al. 2006; Gonzélez-



Rodriguez et al. 2011). Maternal seed provisioning refers the allocation of carbohydrates, lipids,
proteins and mineral nutrients by the mother plant into the developing seed, where these
reserves of nutrients are mobilized to the embryo germinating seedlings to produce the shoot
and root systems (Herman & Sultan 2011). The strong correlation between inter-annual seed
mass and seedling traits in two pine species provides further evidence of parental influence in
seedlings performance (Borgman et al. 2014).

Conclusions

In sum, our results indicate that the effects of warming temperatures in oak depend on the
provenance. The effect of provenances in seedlings’ bud burst time depends on the temperature
condition of the offspring. The results of this study have implications for understanding
adaptation to climate change and call for further studies to unravel the role of transgenerational
effects on tree adaptation to climate change.
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Figure 1 -- Bud burst dates (between day of the year, DOY, 100 to 160) of the 5 provenances
in the Belgian (BE) and Danish (DK) common gardens. The seedlings in the Belgian common
garden displayed earlier bud burst than Danish common garden. The error bars denote the
standard deviation.
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Figure 2 -- The bud burst score in the mother trees and the seedlings in two common gardens
in five different provenances. “Seedlings_ DK CG” and “Seedlings_BE CG” refer to seedlings
in the Danish common garden and seedlings in the Belgian common garden, respectively. The
curves and respective confidence interval (95%) were fitted using the method ‘loess’ in R. We

jittered the data points for clarity along the Y-axis.
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Figure 3 -- Seed germination (%) of five different provenances in the Belgian (BE) and the
Danish (DK) common gardens. Germination percentage was quantified based on the total
number of seedlings emerged from sowed acorns. Error bars denote the confidence intervals

(95%).
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Figure 4 -- Biomass of the seedlings for the five provenances in the Belgian (BE) and Danish
(DK) common gardens. The biomass of the seedlings in all provenances in the Belgian common
garden was much lower compared to the seedlings in the Danish common garden. Error bars

denote the standard error.



Table 1- Background information on the provenance trial and the common gardens.

Climatic data (averaged across 1970-2000) were extracted from the WorldClim version 2

dataset (Fick & Hijmans 2017).

Mean Mean annual
. . Latitude Longitude Elevation annual s
Site Location/country o o precipitation
@) ©) (ma.s.l.) temperature

Eﬁ:lv enance - Nyskov/ Denmark 55.33 12.07 19 8.4 597
Common . agen/Denmark  55.68 12.54 9 8.6 612
garden 1
Common 5 1+ de/Belgium 5098  3.81 21 10.2 795

garden 2




Table 2 - Description of the scoring system of bud phenology. Three stages of
bud burst in the seedlings of oak were quantified based on visual observations
adapted after Wesotowski and Rowinski (2006).

Score

Description Stage

1

Undeveloped, all stages from
sleeping bud, to a bud with broken
scales, tips of leaves visible but
still forming a single bud tip

Broken-from small leaves with
bases still hidden in bud scales but
tips detached from the bud axis, till
small leaves with folded
(incompletely unfolded) leaf
blades

Developed, small completely ﬁ“&
|

unfolded leaf blade




Table 3 -- The estimated parameters from (Generalised) Linear mixed effects models. The bud
burst time, germination, and biomass of the seedlings was analysed as a function of common
garden, provenance and acorn mass. DK means Danish common garden (as reference treatment
compared to the Belgian common garden).

Fixed effects

Response Effect Estimate Efrt(()ir z value p value

Bud burst (Intercept) 3.63 0.04 85.97 <0.001
Common garden DK 0.49 0.04 13.60 <0.001
Bregentved 2 -0.10 0.05 -2.13 <0.05
Dutch 0.02 0.05 0.43 0.67
Visingso -0.08 0.06 -1.39 0.17
Wedellsborg -0.11 0.06 -2.03 <0.05
Acorn mass -0.02 0.01 -3.48 <0.001
Common garden DK : Bregentved 2 0.10 0.04 2.32 <0.05
Common garden DK : Dutch -0.02 0.05 -0.42 0.68
Common garden DK: Visingso 0.06 0.06 1.0 0.32
Common garden DK: Wedellsborg 0.10 0.05 1.84 0.07

Estimate Esrtrdo'r z value p value

Germination (Intercept) -0.28 0.47 -0.59 0.56
Common garden DK 1.10 0.48 2.31 <0.05
Bregentved 2 0.21 0.43 0.49 0.63
Dutch -0.63 0.44 -1.43 0.15
Visingso -0.23 0.49 -0.46 0.64
Wedellsborg -0.44 0.45 -0.98 0.33
Acorn mass -0.02 0.07 -0.30 0.76
Common garden DK : Bregentved 2 0.54 0.47 1.17 0.24
Common garden DK : Dutch 0.35 0.45 0.78 0.44
Common garden DK: Visingso 0.58 0.54 1.07 0.29
Common garden DK: Wedellsborg -0.09 0.46 -0.2 0.84

Estimate Esrtrdo'r t value p value

Biomass (Intercept) -2.55 0.71 -3.57 <0.001
Common garden DK 3.11 0.65 4.82 <0.001
Bregentved 2 0.21 0.75 0.29 0.78
Dutch 0.16 0.81 0.20 0.84
Visingso 0.15 0.91 0.16 0.87
Wedellsborg -1.41 0.87 -1.63 0.11
Acorn mass 0.97 0.12 8.1 <0.001
Common garden DK : Bregentved 2 0.74 0.74 1.00 0.32
Common garden DK : Dutch 1.18 0.82 1.43 0.15
Common garden DK: Visingso -0.78 0.92 -0.84 0.40

Common garden DK: Wedellsborg 1.61 0.87 1.85 0.07




Table 4 — The effects of the common garden, provenance, acorn mass and the
interaction between common gardens and provenances on germination, bud burst
time and shoot biomass of oak seedlings. Results from likelihood ratio tests.

Response Effect y2-value df p value

Germination Common garden 14.9 5 <0.05*
Provenance 10.9 8 0.21
Common garden x Provenance 3.3 4 0.51
Acorn mass 0.1 1 0.76

Bud burst Common garden 132.3 5 < 0.007#**
Provenance 13.8 8 0.09 -
Common garden x Provenance 11.4 4 <0.05*
Acorn mass 11.9 1 <0.01%*

Biomass Common garden 61.0 5 < 0.007#**
Provenance 18.2 8 <0.05%
Common garden x Provenance 8.5 4 0.07 -
Acorn mass 63.1 1 < 0.007#**

Significance denoted by ““.” p<0.100, * p<0.05, ** p < 0.01, *** p<0.001



Appendices
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Appendix 1-- The location of the provenance trial, different provenances and common gardens.
“Wed” means Wedellsborg and “Breg” means Bregentved provenance in Denmark. The
northern blue dot represents the common garden in Denmark and the southern blue dot
represents the common garden in Belgium. The exact location of the “Dutch” provenance was

unkown.



Appendix 2 -- Total number of acorns and seedlings from each mother tree and provenance in

Belgian and Danish common garden. ‘CG’ refers to common garden.

Provenances Mother No. of seeds No. of seedlings

tree

Belgian Danish CG Belgian CG ~ Danish CG

CG

Bregentved 1 1 48 32 13 27
Bregentved 1 2 16 36 12 15
Bregentved 1 3 32 44 12 15
Bregentved 2 1 52 16 11 12
Bregentved 2 2 40 24 8 15
Bregentved2 3 44 52 23 52
Bregentved2 4 20 40 17 20
Nederlands 1 36 32 7 18
Nederlands 2 36 36 6 23
Nederlands 3 24 32 9 14
Nederlands 4 44 32 9 21
Sweden 1 15 12 6 9

Sweden 2 12 16 2 7

Sweden 3 8 20 - 10
Sweden 4 44 32 14 27
Wedellsberg 1 20 32 4 12
Wedellsberg 2 24 16 9 12
Wedellsberg 3 32 52 9 22
Wedellsberg 4 36 32 4 12

total 583 588 175 343




Appendix 3 --The overview of the number of seedlings, mother trees and Trays in two common

gardens in Belgium and Denmark.

Common No. of No. of No. of Trays Mean no. of Mean no. of

garden seedlings mother trees mother trees seedlings/Tray
/ Tray

Belgium 175 18 21 3 8.8

Denmark 343 19 20 5 16.3




Mean daily minimum temp. (°C) Mean daily temp. (°C) Mean daily maximum temp. (°C)

DK /——e—— —e— —e—
t=-2.888, p=<0.001*" t=-3 84, p=<0.001"** t=-4.061, p=<0.001""
BE —a— —a— —e—
55 6.0 6.5 7.0 9.0 9.5 10.0 105 11.0 11.5 13 14 15

Appendix 4 -- Daily minimum, mean and maximal temperatures in the Danish common garden
(DK) and Belgian common garden (BE) in 2016. Values are t values and p values from linear
models Error bars indicate standard errors. Significance are denoted by ** p < 0.01, ***

p<0.001



Appendix 5 -- The estimated parameters from (Generalised) Linear mixed effects models. The
bud burst time of the seedlings was analysed as a function of common garden, provenance,
mother tree (ID) and acorn mass. DK means Danish common garden, b1, b2, d, v and w means
Bregentved 1, Bregentved 2, Dutch, Visingso and Wedellsborg provenance respectively, and

ml, m2 m3 means the number of mother trees.

Bud burst Estimate Std. Error | z value p value
(Intercept) 3.579 0.049 72.539 <0.001
Common garden DK 0.491 0.036 13.772 <0.001
Bregentved 2 -0.047 0.050 -0.946 0.344
Dutch 0.131 0.054 2.438 <0.05
Visingso -0.002 0.056 -0.034 0.973
Wedellsborg -0.037 0.065 -0.577 0.564
Acorn mass -0.023 0.008 -3.084 <0.01
blm2 0.028 0.044 0.639 0.523
blm3 0.112 0.040 2.823 <0.01
b2ml 0.057 0.043 1.338 0.181
b2m2 -0.105 0.044 -2.404 <0.05
b2m3 0.003 0.035 0.077 0.938
dml -0.088 0.041 -2.150 <0.05
dm?2 -0.130 0.038 -3.453 <0.001
dm3 -0.039 0.042 -0.936 0.349
vml -0.091 0.049 -1.876 0.061
vm2 -0.034 0.055 -0.619 0.536
vm3 0.022 0.055 0.408 0.683
wml -0.058 0.060 -0.967 0.334
wm?2 -0.084 0.057 -1.469 0.142
wm3 0.030 0.052 0.577 0.564
Common garden DK : Bregentved | 0.102 0.044 2.339 <0.05
2

Common garden DK : Dutch -0.018 0.048 -0.380 0.704
Common garden DK : Visingso 0.044 0.056 0.789 0.430
Common garden DK 0.091 0.053 1.711 0.087
Wedellsborg
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Appendix 6 -- The relationship between acorn mass (g) and bud burst time (DOY-Days of the
year, starting on 27 March) of the seedlings in Belgian (BE) and Danish (DK) common garden.
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Appendix 7 -- Variability of acorn mass (g) among the provenances. ml, m2, m3 and m4
represent the different mother trees in each provenance, and black circles are the mean of all

the mother trees. Error bars denote the standard error.
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Appendix 8 -- Variability in bud burst time (DOY) among the provenances and mother trees
in two common gardens. m1, m2, m3 and m4 represent the different mother trees in each

provenance, and black bars are the mean of all the mother trees. Error bars denote the standard

deviation.



Appendix 9 -- The variance terms from (Generalized) Linear Mixed Effects models on the bud
burst, germination and biomass of the seedlings as a function of common garden, provenances

and acorn mass as fixed effects.

Random effects

Response Random effect Variance

Bud burst Tray 0.0012
ID (mother tree) 0.0015

Germination Tray 1.1402
ID (mother tree) 0.1458

Biomass Tray 0.7342
ID (mother tree) 0.3718




