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Abstract: Longer periods of intensified droughts in Western Europe are predicted due to ongoing cli-
mate change. Studying the responses of woody species during intense drought events can help toward
understanding the consequences for forest ecosystems. We studied the effects of an intense summer
water limitation on several reproductive traits, two years after the treatment, in Frangula alnus Mill.
shrubs grown in a common garden. Drought-treated shrubs produced more berries one and two
years after the drought event, while the height increment of the second post-treatment year was still
significantly retarded. The mean weight of stones from berries picked two years after the drought
treatment and their germination percentage, which was corrected for mean stone weight, were higher
for the treated shrubs. These results indicate a resource re-allocation toward reproduction, rather
than toward growth, which was still in action two years after the water limitation. The higher
germination success, which is a transgenerational effect, and which has already been suggested to
be an adaptation to survival in more stressful growth conditions, is also still detectable two years
after the severe drought. F. alnus produces mature berries continuously during the whole summer.
From the middle of July till the end of August, the counts of mature berries, the mean stone weight
and the germination percentage, corrected for mean stone weight, decreased, whereas the timing
of seedling emergence, also corrected for stone weight, advanced slightly. The timing of seedling
emergence correlated weak but significantly with the timing of bud burst in the mother shrubs, with
a variance analysis indicating a stronger genetic control for bud burst in comparison to seedling
emergence. Several results corroborated previous findings. Population differentiation in the common
garden was observed for mature berry counts and for several phenological traits. In conclusion,
longer-term effects of drought on reproductive traits in woody species may add more complexity to
the consequences of climate change on tree species distributions and survival of forest ecosystems.

Keywords: glossy buckthorn; provenance trial; berry count; seedling emergence; germination; water
limitation; transgenerational effect; stone weight; variance analysis; bud burst

1. Introduction

Forests worldwide face increasing challenges, not least driven by climate change [1,2].
The frequency and the duration of drought and heat stress are rising and will continue
to do so [3]. Climate change is already responsible for increasing tree mortality, which
can lead to an altered composition and structure of forests [3,4]. To predict how forest
ecosystems will evolve in the future, knowledge is needed on the impact of climate change
on tree reproduction patterns [5]. It is clear that the reproduction of trees is influenced by
climate change [6]. Still, our understanding of the mechanisms that govern tree fecundity
is restricted [7]. Observational studies indicate that reproduction in trees can both increase
and decrease when studied over a longer time period [8-10], but uncertainty remains in
terms of how far the observed clines are responses to an altering climate [11]. Therefore,
experiments that stress plants with environmental conditions that are predicted by climate
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change are justified to assess the impact on reproduction of forest trees and shrubs. Still,
one has to keep in mind that the impact of, e.g., warming, fertilization or drought, should
not be extrapolated without caution, as on average, these effects may be dampened over
time [12].

Natural selection and phenotypic plasticity are two well-known mechanisms for plants,
as sedentary organisms, to respond to an altering growth environment. Less investigated is
the phenomenon of transgenerational plasticity as a way for plants to cope with changing
growth conditions. Transgenerational effects in plants can be described as the impact that
the parental environment can have on the offspring performance, excluding any influence
of the genes that are transmitted from the parent to the descendants [13]. The inherited
adjustments in the offspring can be an adaptation to the parental environmental conditions
that caused these effects. The offspring that experiences a comparable environment than
the parental one can therefore display a better fitness [14]. Diverse mechanisms can lead to
adaptive transgenerational adjustments including altered seed provisioning and epigenetic
modifications [13]. Perennial species have longer life cycles than annuals, and it can be
suggested that transgenerational effects may play a more important role in their responses
to altering growth environments [13]. The question remains as to how far they will help
woody vegetations in keeping pace with the rapid climate change.

Because of their long life span, studies on the impact of an altering climate on tree
fecundity and recruitment tend to remain observational in nature. It often needs many
years before a tree starts to flower and fructify. Shrubs have the advantage of flowering
and fructifying more quickly, permitting shrubs grown in a container to reproduce and
thus allowing experimental studies specifically focusing on reproduction. Our study
species was Frangula alnus Mill. (glossy buckthorn), which is an insect-pollinated and
bird-dispersed shrub to small tree, characterized by an extended natural distribution
range in Europe [15]. Similarly to most other shrub species, F. alnus has no economic
significance, although the ecological importance in its natural range is beyond doubt, and
is therefore not much studied. F. alnus flowers and produces berries on the year’s shoot,
which grows indeterminately, implying that mature berries are formed from early summer
to early autumn.

Two drought experiments in a common garden of F. alnus have been described before.
The experimental set-up consisted of a common garden with three provenances, including
a local Belgian, a more northernly located Swedish and a more southernly located Italian
one. In the first experiment, a summer drought was imposed on potted F. alnus plants, by
withholding any watering for 27 days [16]. Due to the severity of the drought stress, 41% of
the plants died off. Here, the Italian provenance suffered earlier and more from the imposed
stress in comparison to the Belgian and Swedish provenances. This provenance displayed
a retarded leaf senescence in the subsequent autumn. One year later, both bud burst and
leaf senescence were advanced for all provenances that experienced the drought treatment.
No effect was detectable anymore in the leaf phenological traits two years later. In the
year of the drought stress, evidently, height growth was retarded, an effect still visible one
year later. In the second drought experiment, a milder early summer drought stress was
imposed on potted F. alnus plants, with plants displaying the first symptoms of leaf wilting,
but without any plants dying off [17]. The drought treatment significantly reduced the
amount of mature berry production in the same year of the treatment, and it did not affect
stone weight. The germination percentage of the berries collected in the same year of the
drought treatment, was higher among the drought-treated mother plants [18]. In addition,
the timing of seedling emergence was advanced for the berries that were collected at the
time of maximum berry production (middle of July). The timing of seedling emergence
among the three provenances followed the same order as the timing of bud burst, possibly
suggesting a common genetic basis.

The question remains whether drought stress may still display legacies on reproductive
traits in the years after the water limitation. The main objective of the study here presented
was to measure the effects of the severe water withholding treatment in the first experiment
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on F. alnus [16], as described above, specifically on the reproductive traits two years after
the drought treatment. We observed mainly reproductive traits up to two years after
the drought treatment. The following research questions were put forward. (i) Did the
severe drought treatment influence reproductive traits up to two years after the treatment?
(i) Were transgenerational effects visible two years after the drought treatment? (iii) Were
the after-effects provenance dependent?

2. Materials and Methods
2.1. Common Garden

This study builds on a common garden experiment of the shrub F. alnus that was
established as described before [16]. In short, mature berries were harvested in three
natural populations located in Italy (lat. 43.12181, lon. 11.17654), Belgium (lat. 51.08424, lon.
4.793124) and Sweden (lat. 62.44210, lon. 17.23451) (Figure S1). The sites are characterized
by an annual mean temperature and an annual precipitation of 13.7 °C and 706 mm for the
Italian provenance, 10.1 °C and 785 mm for the Belgian provenance and 2.9 °C and 682 mm
for the Swedish provenance, respectively (data from WorldClim [19] and already reported
in [16]). Plants were grown in the nursery of the Research Institute of Nature and Forest
(Geraardsbergen, Belgium), following standard nursery techniques. In 2016, 8 cuttings
were taken from every genotype (8 genotypes for the Italian, 17 genotypes for the Belgium
and 14 genotypes for the Swedish provenance) and further raised as container plants using
standard potting soil (organic matter 20%, pH 5.0-6.5, Electrical Conductivity 450 pS cm ™1,
dry matter 25%, 1.5 kg m~2 powdered compound fertilizer NPK 12 + 14 + 24). In this
way, the common garden was established with 309 plants, and a drought experiment in a
greenhouse was performed in 2018 as described before [16]. In summary, half of the plants
(with four clones for each genotype) did not receive any water for 28 days in the summer
of 2018, after which they were again well watered. In this process, 64 plants died off in
the drought-treated group of plants, leaving 245 plants in total in the remaining common
garden. After the drought experiment, plants were individually intermingled and further
raised as container plants on an outdoor container field. In the spring of 2020, immediately
after bud burst, all plants were pruned at 10 cm above soil level.

2.2. Measurements

Height of the plants was measured at the end of 2019 and 2020. As the plants were
pruned in the beginning of 2020, the height of the plants at the end of 2020 was a proxy for
the height increment of this year.

F. alnus produces berries from an early age onwards, so reproductive traits can be
studied on young container plants. As plants flower on the current year of growth, berries
ripen continuously in summer and early autumn. Mature berries of F. alnus are purple-black
colored. All mature berries were counted on each plant separately on 12 August 2019,
one year after the drought treatment, in both the control and the water-limited group.

In 2020, mature berries were counted on each plant separately throughout the summer,
starting when the first black berries appeared and lasting till no new black berries were
produced (counting days on 3, 9, 16 and 24 July and 7 and 21 August 2020). On every
counting day, all black berries were also picked, avoiding double counting. Except for
the first two counting days, the picked berries were kept (from 16 July till 21 August)
and were pooled for the ramets belonging to the same genotype and having received the
same treatment (drought or control) two years before. Stones were extracted from each
batch of berries by hand, washed and air dried for a few days. Then, the batches of stones
were weighted. About two weeks later, the batches were stratified using sand and nursery
potting soil in equal volumes. Tray cells were filled with the sand-soil mixture up to one
cm from the top. The batches of stones were scattered on the mixture in every cell and were
covered with the same mixture. The filled trays were placed in a refrigerator at 4 °C for
a cold stratification, until the end of January 2021. During the cold stratification, the soil
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mixture was kept moist. Together, 218 different batches of cleaned stones were stratified,
containing all together 7406 stones (Table 1).

Table 1. Number of stratified batches (n},°) and sum of stones in the batches (ns°), for each provenance
of the mother plants, for each treatment of the mother plants in 2020 (control and drought) and for
each berry collection day in 2020.

Berry Collection Day Belgian Italian Swedish Total
Control Drought Control Drought Control Drought Control Drought
ng,° ng° n,° ng° n,° ng° n,° ng° ny° ng° n,° ng° ng° ng°
16 July 17 1214 16 954 7 442 5 118 14 648 13 564 2304 1636
24 July 17 724 14 729 8 234 4 47 13 445 8 119 1403 895
7 August 17 462 16 332 6 101 3 30 7 115 3 12 678 374
21 August 9 52 12 42 2 4 1 2 1 3 5 13 59 57

In February 2021, the trays were transferred from the refrigerator to a non-heated but
frost-free greenhouse. Germination advanced in the beginning of March and emerging
seedlings were counted on a regular basis until all seedlings had appeared. Counting was
performed on 8, 12, 15, 19, 22, 26 and 29 March, and on 2, 6, 9 and 16 April 2021.

Germination percentage was calculated by dividing the count of emerged seedlings
on the last counting day in a given batch by the number of stratified stones in the batch.
Germination percentage is a proxy for the viability of the stones. The sequence of counts
over time allowed us to study the timing of emergence. For this, percentages of emergence
were calculated by dividing each count of each batch on every counting day by the count
of this batch on the last counting day.

In the autumn of 2020, leaf senescence was evaluated on the mother shrubs in the
common garden using a 5-level scoring protocol as follows: 1: green leaves; 2: light green
leaves; 3: yellowing leaves; 4: leaves turning brown; 5: leaves falling off. The process of
leaf senescence was observed on 18 September and on 5 and 26 October 2020.

In the spring of 2021, bud burst was evaluated on the mother shrubs in the common
garden using a 5-level scoring protocol as follows: 1: buds in winter rest; 2: buds opening
and first green tissue visible; 3: green tissue sliding out of the bud but not yet unfolding;
4: first leaves opening but not yet fully opened; 5: leaves fully opened. Bud burst scoring
was performed on a regular basis on 9, 16, 23 and 30 April, and on 7, 14 and 21 May 2021.

2.3. Statistical Analysis

The obtained data were processed in R (version 4.2.1, Vienna, Austria [20]). The first
focus of the analysis was on the putative influence of the treatment of the mother shrubs in
2018 on the different response variables. Additionally, we focused on a putative population
differentiation in the common garden.

Linear and generalized linear mixed models were applied using the package nlme [21].
The variable T represented the drought treatment of the mother shrubs in 2018 with
“control” and “drought” as levels. The variable P denoted the provenance of the mother
shrubs with “Be” for Belgian, “It” for Italian and “Sw” for Swedish. The variables H19 and
H20 represented the height of the mother plants at the end of 2019 and 2020, respectively.
The variable C indicated the days of berry counts on the mother plants in 2020. The
variable D represented the days that emerged seedlings were counted or that bud burst
was scored on the mother shrubs, both in the spring of 2021. The variable S denoted the
mean stone weight.

In the random part of all the models, a unique identifier for every genotype was present.
A unique identifier for every mother plant was added in the random part of the model
for the response variable berry count in 2020, and also for the response variable timing of
bud burst in the spring of 2021, as repeated counts or observations were performed on the
same plants. Another unique identifier for pooled ramets within a genotype (pooled for the
drought treatment and pooled for the control) was added to the random part of the models
for the response variables mean weight of a stone, germination percentage and timing of
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seedling emergence, to account for the repeated collections of berries on the same mother
shrubs. Finally, a unique identifier for every batch of stones was added to the model of
the timing of seedling emergence to account for the different counting events on the same
batches of stones.

A linear mixed model was fit to the height increment of the mother plants in 2020 (H20):

H20 = appp + BrH2oP + BrH20 T @

A generalized mixed model with Poisson distribution was fit to the counts of mature
berries on every shrub that produced mature berries on 12 August 2019 (B19):

B19 = og19 + BpeioP + Be19T + BH19819H19 )

A generalized mixed model with Poisson distribution was fit to the counts of mature
berries on every shrub in 2020 (B20):

B20 = agg + Bpeaol + Bre20T + Brzos20H20 + Bep20C + BeapoC? + BspaoCe 3)
+ BrcpaoPC + Brcap2oPC? + BpcapoPC

The genotypes for which only ramets in the control group of mother shrubs survived
the treatment in 2018, were excluded from the dataset. A polynomial to the third degree
for day of berry collection (C) was added in the model as the raw data indicated a non-
linear curve of mature berry counts over time. An interaction term between day of berry
collection and provenance allowed the berry counts to vary over time in a different way for
the different provenances.

Mean stone weight (S) was modeled using a linear mixed model:

S=og + BpsP + PrsT + PcsC + BrasC? 4)

A polynomial to the second degree for day of berry collection was added in the model
as the raw data indicated a non-linear curve of mean stone weight over time.
Germination percentage (Gp) was modelled using a linear mixed model:

Gp = agp + BrcpP + PrpT + BeapC + BsgpS &)

The chance (p;) was modeled for a seedling to have already emerged on a given day.
A binomial generalized linear mixed model was fit to the seedling count data over time,
with the count of germinated seedlings on the last count day as the “weight” argument in
the model. The model formula is as follows:

log(p1/(1 — p1)) = ap1 + Bpp1P + Brp1T + Bpp1D + Bep1C + PspiS (6)

To allow a correlation analysis between the timing of seedling emergence and the
timing of bud burst of the mother plants in the spring of 2021, two models were run. As
treatment in 2018 was not significant in either of the models, it was omitted from the fixed
part of the models. The model for bud burst was based on cumulative logistic regression, as
the response variable bud burst was of an ordinal type. The package ‘ordinal” was used [22].
The chance (p;) was modeled for a mother plant to have reached at minimum a given bud
burst score (i.e., to have reached a bud burst score or a score higher than this score on a
specific day). Model formula is as follows:

log(pQ/(l — pz)) = O(pz — E’PPZP — BDpZD — BH20p2H20 — random effects (7)

The random part consisted of a unique identifier for every genotype and a unique
identifier for every mother plant.
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Timing of germination was modeled for the berry collection on 16 July 2020 using a
binomial generalized linear mixed model with the formula:

log(ps/(1 — p3)) = ap3 + Bppal + BppsD + PspsS + random effects (8)

The random part consisted of a unique identifier for every genotype and a unique
identifier for every batch of collected stones on 16 July 2020.

Based on Formulas (7) and (8), the modelled day was calculated when the chance was
50% to have reached a bud burst score of 3 or higher (bud burst scorings on the mother
shrubs, Dsgpp), and to have emerged (germinating seedlings, Dsoge), respectively. The
random effects were added in this calculation so that a D5y was calculated for every mother
shrub (bud burst) and for every batch of stratified stones that was collected on the 16th
of July 2020 (seedling emergence), respectively. For the calculations, the mean height of a
mother shrub in 2020 (mH20) and the mean weight of a seed (mS) were used.

D50bb = (O(pz — BPpZ — BHZOpZmHZO — random effects)/ BDpZ (9)

Dsoge = (0p3 + Bpp3 + BspsmS + random effects)/Bpps (10)

A Pearson correlation coefficient was calculated between the Ds; values for bud burst
of the mother plants and the D5 values for seedling emergence.

To allow a partitioning of variance analysis, both models (7) and (8) were run as
linear mixed models in which the variance of the random part was partitioned in variance
between genotypes, in variance between ramets (bud burst) or pooled ramets (seedling
emergence) within genotypes, and in residual variance. As the plants shared the same
growth environment, the variance between genotypes had a genetic base, which was not
the case for the variance between (pooled) ramets and the residual variance.

Leaf senescence in 2020 was modelled using cumulative logistic regression. The chance
(p4) was modeled for a mother plant to have reached at maximum a given leaf senescence
score on a given day:

log(ps/(1 — pa)) = apa — BppaP — BrpaT — BppaD — BrzopaH20 (11)

The random part consisted of a unique identifier for every genotype and a unique
identifier for every mother plant.

3. Results
3.1. Height Increment, Two Years after the Summer Drought Treatment

Height increment growth in 2020, two years after the summer water withholding
treatment, was still clearly negatively affected by the treatment (treatment p-value < 0.001
in Table 2 and Figure 1).

Table 2. Statistical analysis of height increment in 2020. In the model, the Belgian provenance is the
standard to which the Italian (It) and Swedish (Sw) provenances are compared, and for the treatment
in 2018 (T), the control is the standard to which the water limitation is compared.

Variable Estimate Std. Error df t-Value p-Value
(Intercept) 64.948 2.404 196 27.021 <0.001 ***
It 4.528 4.625 33 0.979 0.335
Sw —6.117 3.480 33 —1.758 0.088
T —9.095 1.830 196 —10.434 <0.001 ***

¥ < 0.001.
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Figure 1. Boxplot representing the height increment of the shrubs in the common garden in 2020,
according to the provenances and treatment in 2018.

3.2. Mature Berry Counts, One and Two Years after the Drought Treatment

One year after the drought treatment (2019), counts of berries were significantly
larger on the drought-treated mother shrubs compared to the controls (p-value < 0.001 for
treatment in Table 3 and Figure 2a,b).

In 2020, berries were counted on a regular basis in the growing season, facilitating
the study of the berry production over time. Mature berry production displayed a clear
maximum in the middle of the growing season and was still slightly increased by the
drought treatment in 2018 (treatment p-value = 0.040 in Table 3 and Figure 3). The Italian
and the Swedish provenances both produced less mature berries compared to the local
Belgian provenance (p-values = 0.002 and < 0.001 for the Italian and Swedish provenance,
respectively, in Table 3 and Figure 3a). In addition, the Swedish provenance displayed an
earlier maximum of berry production in time (p-values < 0.001 for the interaction between
day of berry collection in 2020 and the Swedish provenance in Table 3 and Figure 3a).
Higher plants produced slightly more mature berries (p-value = 0.042 in Table 3 and
Figure 3b).

3.3. Mean Stone Weight

The mean weight of a stone for the pooled ramets within a genotype with the same
treatment in 2018, was slightly higher for the drought-treated mother shrubs (p-value = 0.031
for treatment in Table 4 and in Figure 4a and Figure S3). The day when the berries were col-
lected from which the stones were extracted, significantly influenced the mean stone weight,
showing a maximum mean weight in the middle of the growing season (p-values < 0.001
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for C and C? in Table 4 and Figure 4a). No population differentiation was present between

the different provenances.

Table 3. Statistical analysis of the mature berry counts in 2019 and 2020. In the model, the Belgian

provenance is the standard to which the Italian (It) and Swedish (Sw) provenances are compared, and
for the treatment in 2018 (T), the control is the standard to which the water limitation is compared.

Year Variable Estimate Std. Error z-Value p-Value
2019 (Intercept) 0.840 0.377 2.23 0.026 *
It —0.153 0.391 —0.392 0.695
Sw —0.592 0.370 —1.600 0.110
T 0.754 0.123 6.119 <0.001 ***
H19 0.002 0.004 0.540 0.589
2020 (Intercept) 0.45 0.26 1.76 0.079
It —0.97 0.31 -3.13 0.002 **
Sw —0.83 0.22 —3.74 <0.001 ***
T 0.22 0.11 2.05 0.040 *
H20 0.01 0.00 2.03 0.042 *
C —18.67 1.45 —12.89 <0.001 ***
C? —28.35 1.09 —26.08 <0.001 ***
c3 9.08 0.95 9.58 <0.001 ***
CiIt —7.62 4.95 —1.54 0.123
C2It —6.55 3.47 —1.89 0.059
C3:It 5.77 2.94 1.97 0.049 *
C:Sw —29.60 3.98 —7.44 <0.001 ***
C2Sw 5.50 2.78 1.98 0.048 *
C3:sw 1.56 1.95 0.80 0.423

***p <0.001; ** p < 0.01; * p < 0.05. H19 and H20: height measurements in 2019 and 2020, respectively; C: day of

berry counting.
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Figure 2. Actual (a) and modelled count of berries (b) on a shrub according to the treatment in 2018

and the provenance.
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Figure 3. Modelled mature berry production on a shrub over time in 2020 for drought-treated and
control plants, according to the provenance (a) and to the height of the plants (b).

Table 4. Statistical analysis of the mean weight of a stone in 2020. In the model, the Belgian provenance
is the standard to which the Italian (It) and Swedish (Sw) provenances are compared, and for the
treatment in 2018 (T), the control is the standard to which the water limitation is compared.

Variable Estimate Std. Error df t-Value p-Value
(Intercept) 0.0166 0.0006 131 28.15 <0.001 ***
It 0.0018 0.0012 31 1.56 0.128
Sw 0.0008 0.0009 31 0.96 0.343
T 0.0008 0.0004 34 2.25 0.031 %
C —0.0205 0.0022 131 —-9.27 <0.001 ***
C? —0.0172 0.0022 131 —7.84 <0.001 ***

***p <0.001; * p < 0.05. C: day of berry collection.

0.020017

0.01757

0.01507

& 601
N Treatment
£ in 2018
=
(0]
o === control
Treatment © 40
- - . o = 1 drought
.7 ~o in 2018 =
== control ﬁ
£ Mean stone
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S’ = 0.015
k)
D = (.02
kel
O 01
20 30 40 50 20 30 40 50
Day of berry collection Day of berry collection
(day 1 = 3 July 2020) (day 1 = 3 July 2020)

(a) (b)

Figure 4. Modelled mean weight of a stone, according to the treatment in 2018 and to the day of berry
collection in 2020 (a) and modelled germination percentage according to the treatment in 2018, to the
day of berry collection in 2020 and to the mean stone weight (b).

3.4. Germination of the Stones in the Spring of 2021

Germination in the different batches of stones was observed carefully in the spring
of 2021. The germination percentage, as the ratio between the number of germinated
stones and the total number of stones in a batch, was significantly higher for the batches
of stones derived from the mother shrubs that experienced the drought treatment in 2018
(p-value = 0.003 for T in Table 5 and in Figure 4b and Figure S4). Stones originating from the
berry collections in the middle of July till the end of August 2020 displayed a decrease in
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germination percentage over time (p-value < 0.001 for C in Table 5 and Figure 4b). Heavier
stones showed also a higher germination (p-value < 0.001 for S in Table 5).

Table 5. Statistical analysis of the germination percentage and the timing of seedling emergence in
the spring of 2021. In the model, the Belgian provenance is the standard to which the Italian (It) and
Swedish (Sw) provenances are compared, and for the treatment in 2018 (T), the control is the standard
to which the water limitation is compared.

Germination Percentage Timing of Seedling Emergence

Variable Estimate  Std. Error df t-Value p-Value Estimate  Std. Error  z-Value p-Value
(Intercept) 15.22 9.39 128 1.62 0.107 —4.04 0.46 —8.80 <0.001 ***
It —8.02 5.20 31 —1.54 0.133 1.01 0.28 3.60 <0.001 ***
Sw -1.11 3.85 31 —0.29 0.775 0.75 0.20 3.73 <0.001 ***

T 7.93 244 33 3.25 0.003 ** —0.24 0.17 —1.44 0.151

S 2661.75 434.73 128 6.12 <0.001 *** 57.89 21.57 2.68 0.007 **

C -1.12 0.11 128 —9.86 <0.001 *** 0.02 0.01 224 0.025*
D 0.21 0.00 90.95 <0.001 ***

=3
=3

Modeled chance of having
already germinated (%)

***p <0.001; ** p <0.01; * p < 0.05. S: mean weight of a stone; C: day of berry collection in 2020; D: counting day of
emerged seedlings in the spring of 2021.

The treatment of the mother shrubs in 2018 did not influence the timing of germination
(no significant p-value in Table 5). The first stone harvest originating from the berries col-
lected in the middle of July displayed the latest germination, while the later the berries were
collected, the earlier the seedlings emerged (p-value = 0.025 for C in Table 5 and Figure 5a).
Heavier stones also displayed an advancement of the germination (p-value = 0.007 for
S in Table 5 and Figure 5b). Additionally, contrary to the germination percentage, the
Italian and Swedish provenances germinated earlier than the local Belgian provenance
(p-values < 0.001 for both provenances in Table 5 and Figure 5b).
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Figure 5. Modelled timing of seedling emergence in the spring of 2021, according to the day of berry
collection in 2020 (a) and the provenance and mean stone weight (b).

3.5. Timing of Bud Burst and Seedling Emergence

Two models were run to allow a comparison between the timing of bud burst on the
mother shrubs in the common garden and the timing of seedling emergence, two phenological
traits that were observed in the spring of 2021. As the treatment of the mother shrubs in 2018
had no effect anymore on these two phenological traits, this variable was omitted from the
models. Bud burst in the Italian provenance occurred earlier than the Belgian provenance
(p-value = 0.002 for It in Table 6 and Figure 6a, whereas the Swedish provenance only
showed a tendency for earlier bud burst (p-value = 0.070 for Sw in Table 6 and Figure 6a).
Seedlings from the Italian and Swedish provenances emerged earlier than the Belgian
seedlings (p-values = 0.016 and 0.010, respectively, in Table 6).
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Table 6. Statistical analysis of the timing of bud burst on the mother shrubs and the timing of seedling
emergence, both in the spring of 2021. In the model, the Belgian provenance is the standard to which
the Italian (It) and Swedish (Sw) provenances are compared.

Timing of Bud Burst on Mother Shrubs Timing of Seedling Emergence
Variable Estimate Std. Error z-Value p-Value Estimate Std. Error z-Value p-Value
It —1.68 0.55 —3.03 0.002 ** 0.87 0.36 242 0.016 *
Sw —0.83 0.46 —1.81 0.070 0.71 0.28 2.58 0.010*
H20/S 0.04 0.01 6.41 <0.001 *** 100.33 60.47 1.66 0.097
D —0.16 0.01 —29.36 <0.001 *** 0.19 0.00 70.59 <0.001 ***

100% -

Probability of having reached
bud burst score 3 or higher

***p <0.001; ** p <0.01; * p < 0.05. H20: height of the mother shrubs in 2020 (bud burst); S: the mean weight of a
stone (seedling emergence); D: day of bud burst observation or the counting day of emerging seedlings.
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§%m bud burst germination
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22888 60+
Provenance c8u 0T 40
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Figure 6. Modelled timing of bud burst on the mother shrubs in the spring of 2021, according to the
provenance (a). Scatter plot comparing the modelled days when the chance for seedlings to have
emerged was 50% with the modelled days when the chance for the mother shrubs to have reached at
least bud burst score 3 was 50%. Linear regression line is shown (b). Partitioning of variance for bud
burst and seedling emergence in the spring of 2021 (c).

For every mother shrub in the common garden, the modelled day was calculated
when the chance to have reached at least bud burst score 3 was 50% (Dspp). Similarly, for
every batch of stones collected on 16 July 2020, the modelled day was calculated when the
chance to have already emerged was 50% (Dsgge). The correlation coefficient between the
Dsopp and the Dspge values was 0.25 (p-value < 0.001) (Figure 6b).

The nested structure of the data allowed us to conduct a partitioning of variance
analysis. For this, the two models used for the correlation analysis were run once more,
but as linear models. This approximation for the ordinal and binomial data was applied as
only linear models allow a partitioning of variance analysis. Because of the approximation,
results should be taken with care. Still, there was a clear difference between the variance
structure of the two models. For timing of bud burst, the relative variance between
genotypes was larger than the relative variance between the ramets within a genotype
together with the residual variance (Figure 6¢). For the timing of seedling emergence,
the relative variance between genotypes was very small in comparison to the relative
variance which had no genetic base (variance between ramets within a genotype and
residual variance).

3.6. Leaf Senescence

The timing of leaf senescence in the autumn of 2020 was not influenced anymore by
the treatment in 2018 (no significant p-value in Table 7). The Swedish provenance displayed
an advanced leaf senescence when compared to the other two provenances (p-value < 0.001
for Sw in Table 7 and Figure 7).
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Table 7. Statistical analysis of the timing of leaf senescence on the mother shrubs in the autumn of
2020. In the model, the Belgian provenance is the standard to which the Italian (It) and Swedish (Sw)
provenances are compared, and for the treatment in 2018 (T), the control is the standard to which the
water limitation is compared.

Variable Estimate Std. Error z-Value p-Value
It 0.009 0.455 0.019 0.984
Sw 3.244 0.401 8.088 <0.001 ***
T —0.049 0.210 —0.236 0.813
H20 0.023 0.006 3.747 <0.001 ***
D 0.205 0.010 20.287 <0.001 ***

*** p < 0.001. H20: height of the mother shrubs in 2020; D: day of leaf senescence observation.

100% =

75% N
: Provenance
Belgian
50% - .
= |talian
Swedish

25% A

0%

Probability of having reached maximally
leaf senescence score 3

0 10 20 30 40
Day (day 1 = 18 September 2020)

Figure 7. Modelled timing of leaf senescence on the mother shrubs in the autumn of 2020, according
to the provenance. Belgian and Italian lines overlap.

4. Discussion
4.1. Influence of Former Water Limitation on Growth and Reproduction

A carbon isotope study showed that fruit production in several temperate tree species
relies on carbohydrates that were synthesized through photosynthesis during the months
preceding the fruit production [23], allowing a plastic response of fructification to variable
growing conditions in the foregoing period. In our experiment, up to two years after the
water withholding, the drought-treated shrubs in the common garden produced more
berries than the non-treated shrubs, suggesting that a longer-lasting signal diverted newly
synthesized carbohydrates toward berry production. In the second post-drought year,
the shrubs still displayed a clear retarded height growth, pointing to a re-allocation of
resources to reproduction rather than to growth. It should be noted that berry production
in F. alnus in the year of a drought period, was found to be decreased and not yet increased
in the treated group of plants [16], suggesting that a re-allocation of resources toward
berry production is a longer-term effect. A similar observation is described for an 18-year-
lasting rainfall-reduction experiment in a Mediterranean setting, where Quercus ilex and
Arbutus unedo produced more fruits in comparison to controls [24]. On the other hand,
an observational study of monospecies stands of Fagus sylvatica, Q. petraea and Q. robur,
during a time period of 8 years, displayed no evidence for a trade-off between vegetative
growth and reproduction, with seasonal temperatures positively correlating mainly with
crown cover and fruit production [25]. This phenomenon was also described in other
studies: e.g., in recent decades, a clear concurring increase in vegetative and reproductive
growth was observed in Q. petraea and Q. robur stands in central Europe [26]. It is likely
that favorable meteorological conditions may promote the buildup of resources, thus
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facilitating an allocation to both growth and reproduce together, whereas the maintenance
of reproduction at the expense of growth, as observed in our common garden, may happen
in more stressful growth conditions or as a response to it. In a tree ring analysis of
F. sylvatica, the largest reductions in radial growth were observed in years with massive seed
production coinciding with summer drought [27]. By shifting the allocation of resources to
reproduction rather than to growth, woody plants may raise the probability of successful
offspring at the expense of a higher probability of mortality, as the resources not allocated
to growth may decrease stress defenses [28]. Stress-induced reproduction has mainly been
studied in herbaceous plant species [29]. Seed production in temperate forest tree species
often rely on mast seeding, the synchronous intermittent production of large seed crops,
a mechanism that reduces the amount of seeds that are consumed by predators [30]. The
responses of reproduction to stress events in mast seeding tree species is rather complex [31].
Still, some studies have found a possible link between drought events and mast seeding.
Drought in early summer is a good predictor for masting in the following year for F. sylvatica
and F. grandifolia [32]. In Abies alba Mill, a dry spring that was followed by a humid spring
the next year could be correlated with high cone production two years later [33].

Two years after the drought treatment, stones extracted from the berries picked from
drought-treated mother shrubs were slightly heavier than the controls. Additionally,
these stones displayed a slightly higher germination percentage than controls. It should
be noted that stone weight was included in the germination percentage model as a co-
factor, indicating that the germination percentage was higher for stones derived from
the drought-treated mother plants when considering equal weights of stones. A milder
drought experiment in F. alnus (no plants died from the experienced stress) already showed
that the germination percentage of stones derived from berries picked from mother shrubs
in the same year that drought stress was imposed on these mother shrubs was higher in
comparison to the controls [18], whereas the stone weight was not affected [17]. In the
experiment here described, the imposed drought stress on the mother shrubs was more
severe, as 41% of the plants had died off during the drought period, which may be a reason
why stones derived from the drought-treated mother plants were heavier. The drought
stress experienced by the mother shrubs, which affected the germination percentage of
the derived stones, suggests a transgenerational effect of the drought, both in the same
year of the drought treatment [18] and two years after the treatment (this study). It is
likely that this transgenerational effect raised the chances of seedling survival in case the
growth environment would remain stressful. This result may be related to the observation
that the offspring of drought-treated grassland species produced higher amounts of seed
when compared to offspring from control mother plants [34,35]. The higher amount of
seeds would be needed to keep proper chances of survival in a continuing stressful growth
environment. Similarly, in several annual plant species, dry-grown parents were shown
to produce seeds with higher germination percentages [35,36]. Heavier stones derived
from mother shrubs that experienced drought stress may be related to the finding that
drought tolerance and heavy seeds are correlated functional traits, likely reflecting a general
plant strategy [37]. A higher seed mass facilitates a quicker root development, in turn
allowing germinating seedlings to rapidly escape a dry surface of the soil, thus enhancing
the chances of survival [38].

4.2. Population Differentiation in the Common Garden

Berry counts and some phenological traits that we studied in the common garden
displayed population differentiation, corroborating earlier findings. The local Belgian
provenance produced more mature berries than the other two provenances, both in an
earlier study [17] and in the experiment here described. As hypothesized before, this
may suggest that in F. alnus, locally adapted provenances can invest more in reproduction.
A higher reproductive output as an expression of local adaptation has been detected in
reciprocal transplant experiments of several herbaceous plants [39,40].
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The peak of berry production in 2020 was advanced in the Swedish provenance, while
the Belgian and Italian provenances peaked congruently, as was already observed in a
comparable experiment [17]. Based on the berry and leaf phenologies, it can be suggested
that the phenology of berry maturation may be correlated with the timing of leaf senescence,
as for the latter, the Swedish provenance was also advanced when compared to the other
two provenances that displayed a similar timing. In monocarpic plants, the timing of
seed maturation is closely associated with the timing of leaf senescence, as nutrients from
the leaves are re-allocated to maturing seeds [41]. An indirect indication of a correlation
between the phenologies of leaf senescence and seed maturation in a woody species was
found in alternate-bearing pistachio (Pistacia vera L.), where 61% of the N storage originated
from soil uptake in a non-reproductive year, whereas all the N was drawn from senescing
leaves in a reproductive year [42].

Bud burst in the mother shrubs of the Italian and Swedish provenances started earlier
(Italian) or tended to start earlier (Swedish) than the Belgian provenance. Interestingly,
seedlings from the Italian and Swedish provenances likewise emerged earlier than the
Belgian seedlings. These phenomena were already observed in a similar common garden
experiment in F. alnus [18]. As was postulated, these findings may corroborate the hypothe-
sis that bud and seed phenology in general may share a common genetic basis [43]. Some
evidence has already been published. In apple fruit tree (Malus x domestica Borkh.) research,
timing of bud burst and timing of seed germination were found to be related, and it was
suggested that buds and seeds needed a similar chilling requirement [44]. Likewise, the
chilling requirements for bud burst and seed germination were found to be correlated in
walnut (Juglans regia L.) [45]. Here, we studied the putative relationship between the two
phenological traits in more detail, and we found only a weak but significant correlation
between the two phenophases. From a variance partitioning analysis, it could be deduced
that the timing of bud burst was more strongly genetically defined than the timing of
seedling emergence. The timing of bud burst is adapted to the local growth environment,
leading to a higher relative genetic control [46] and high heritability values for this recurrent
phenophase [47,48]. Seedling emergence, a process that only happens once in the lifetime
of a tree, needs strong fine tuning with the very local micro-climate, and therefore likely
benefits more from plasticity in its timing than bud burst. Likewise, it was already shown in
a variance partitioning analysis that the timing of seedling emergence was less genetically
determined in comparison to germination percentage [18]. It can be argued that once
established, the rare occurrence of late spring frost damage on bursting buds and unfolding
leaves may be less detrimental for the survival of the shrub or tree in comparison to an
emerging seedling, justifying the need for a stronger plasticity in seedling emergence, which
likely has its cost. This can be related to the finding in a reciprocal transplant experiment of
F. sylvatica, including seven populations from south to north in its European distribution
range, that germination was highly plastic in response to environmental conditions [49].
Additionally, environmental cues were found to tightly control the timing of germination
in three Nothofagus species [50].

4.3. Phenology of Berry Maturation

As F. alnus flowers and fructifies on the current years” shoots, mature berries are
produced continuously during the whole summer. From the middle of July, the peak
moment of berry production, till the end of August, the counts of mature berries, the
mean stone weight and the germination percentage decreased in our study, whereas the
timing of seedling emergence advanced slightly. A higher berry count co-occurring with a
higher germination percentage may be related to silver birch (Betula pendula Roth), where
seeds originating from trees that produced higher amounts of seeds also displayed a
higher germination success [51]. It remains an intriguing question why F. alnus invests
in berry production after the peak moment in the middle of July, for which survival
chances of the offspring are lowered over time. As many tree species invest in inter-annual
irregular seed production, i.e., the mast seeding, as a strategy to avoid seed losses [30], it
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could be hypothesized that berry production over a longer time intra-annually may also
serve as a type of safeguard against seed loss at a certain time within the seasonal berry
maturation period.

The advanced seedling emergence of the berries that were picked later in the growing
season in our experiment, an effect that was corrected for stone weight (mean stone weight
was present as a co-factor in the model), could be related to an earlier germination for seeds
originating from genotypes that displayed later fruit maturation, as already found in apple
(M. x domestica) [52].

5. Conclusions

We found that a severe water limitation can show legacy effects at least up to two years
after the stress event. Height increment was still reduced while berry count, stone weight
and germination percentage were raised in the treated plants, indicating a post-drought
re-allocation of resources. The higher stone weight and the higher germination percentage
two years after the drought treatment of the mother plants can be considered as transgen-
erational effects, which may help plants to survive in deteriorating environments. The
observation that the local provenance produced more berries in comparison to a more
northernly and a more southernly originating provenance suggests that translocation of
provenances as an anticipation to the warming climate (assisted migration) should be
considered with care.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/f14040857 /s1. Figure S1: Distribution map of Frangula alnus in
Europe, freely available at euforgen.org (accessed on 12 October 2022), with indication of the sampling
sites (asterisk); Figure S2: Boxplots of mature berry counts in 2020, according to the treatment in 2018,
to the provenance and to the berry collection days in 2020; Figure S3: Boxplots of the mean weight of
a stone, according to the treatment in 2018, the provenance and the day of berry collection in 2020;
Figure S4: Boxplots of the germination percentage, according to the day of berry collection in 2020, to
the provenance and to the treatment in 2018.
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