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Abstract: Future predictions of forest ecosystem responses are a challenge, as global temperatures
will further rise in the coming decades at an unprecedented rate. The effect of elevated temperature
on growth performance and phenology of three Prunus spinosa L. provenances (originating from
Belgium, Spain, and Sweden) in a common garden environment was investigated. One-year-old
seedlings were grown in greenhouse conditions and exposed to ambient and elevated temperatures in
the spring (on average 5.6 °C difference) and in the late summer/autumn of 2018 (on average 1.9 °C
difference), while they were kept hydrated, in a factorial design. In the following years, all plants
experienced the same growing conditions. Bud burst, leaf senescence, height, and diameter growth
were recorded. Height and radial growth were not affected in the year of the treatments (2018) but
were enhanced the year after (2019), whereas phenological responses depended on the temperature
treatments in the year of the treatments (2018) with little carry-over effects in the succeeding years.
Spring warming enhanced more height growth in the succeeding year, whereas summer /autumn
warming stimulated more radial growth. Spring warming advanced bud burst and shortened the
leaf opening process whereas summer/autumn warming delayed leaf senescence and enlarged the
duration of this phenophase. These results can help predict the putative shifts in species composition
of future forests and woody landscape elements.

Keywords: climate change; elevated temperature; bud burst; leaf senescence; cumulative logistic
regression; black thorn; provenance trial; local adaptation

1. Introduction

Temperature is one of the fundamental drivers of ecological processes in forests [1].
It is critical to understand how tree species will respond to the predicted higher global
temperatures. A well-studied direct effect of experimental warming in boreal and temperate
tree species is the prolongation of the growing season with buds flushing earlier and leaves
senescing later [2—4]. Although many experimental studies focus on the seedling and
sapling stage of tree species, this effect can also be seen in mature trees [5]. Analysis of the
Pan European Phenology (PEP) network data (1951-2013) corroborated the extension of
the growing season due to global warming but also indicated limits to this extension [6].
A longer growing season will affect the competitive ability and survival of tree species by
increasing their vulnerability to late spring frosts, to early autumn frosts, to longer and
more severe drought periods, and to certain phytopathogens [7,8].
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Rising temperature is generally thought to facilitate carbon allocation to internal
growth processes in trees [9]. Still, it remains difficult to predict the order of magnitude of
growth changes upon warming as different species respond differently to warming and
heat stress [9]. In addition, tree species have a broad range for the optimum temperature
for photosynthesis and this may vary between provenances from different thermal ori-
gins [10,11]. Furthermore, seedlings of species from temperate and boreal forests are, to a
certain extent, able to acclimatize to the photosynthetic temperature optima in response to
experimental warming [12,13].

Stimulation, no change or retardation in growth can result from warming. In seedlings
from three of four coniferous species, growth was enhanced upon warming and was corre-
lated with higher net photosynthetic rate, chlorophyll content, and leaf area in comparison
to the control group. The growth of the fourth coniferous species was not influenced by
elevated temperature [14]. Two-year warming of seedlings did not affect biomass in Quer-
cus variabilis Blume or Pinus densiflora Siebold and Zucc. [15]. Higher growth temperature
reduced the net photosynthesis, increased respiration, and reduced height, diameter and
biomass production in Quercus rubra L. seedlings [16]. Finally, results from a three-year
warming of juvenile trees from 11 boreal and temperate tree species suggested that species
growing nearest their warm range limit exhibited reductions in net photosynthesis and
growth, whereas species near their cold range limit responded positively to warming [17].

The shrub Prunus spinosa L. (Black thorn) is common in European deciduous forests, hedges,
and thickets and in open farmland [18]. It is an insect pollinated and bird dispersed species [19].
In old farm hedges and wooded banks, it is considered to be autochthonous as these shrubs
used to be planted with locally sourced material. Nowadays, P. spinosa is planted in forests and
agricultural land to improve species diversity, restore historical landscapes, and preserve wildlife
habitat. Studies on the growth and phenology of P. spinosa are limited. In a provenance trial in
Belgium, two southern European provenances tended to flush and flower earlier compared to
several Belgian provenances, and one of these two provenances also displayed lesser height
growth compared to the Belgian provenances [20]. Phenophases of P. spinosa were analyzed
in two plantations in Belgium containing clonal replicates of different genotypes derived from
several natural populations [21]. Variance partitioning analysis revealed that timing of bud
burst and leaf fall displayed a relatively high genetic control in the clone plantations, likely
caused by local adaptation. Likewise, variations in the timing of bud burst between the two
clonal plantations were correlated to different local climates of the two plantations, indicating a
plastic spring temperature response. A two-year study on 16 P. spinosa shrubs growing in situ in
Romania provided a similar outcome with earlier timing of bud burst correlated with increased
spring temperature [22].

We conducted a common garden experiment with P. spinosa originating from three
locations in Europe along a latitudinal gradient. Common garden experiments have the
advantage of highlighting differences due to genetic factors among provenances grown
together in the same environment. We tested whether temperature elevation in the spring
and/or in the summer/autumn influenced the growth and phenological responses, and
if so, at which time point and to what extent. Lastly, we also verified if a common gar-
den setting was able to detect differences in growth and phenology among the three
examined provenances.

2. Materials and Methods
2.1. Seed Collection and Germination

Berries from P. spinosa were collected in 2016 from three natural populations, from now
on called provenances, in Belgium (northern part, Atlantic climate), in Spain (Pyrenees,
Alpine climate), and in the south of Sweden (Atlantic climate) (Table 1). Berries were
picked from 39 shrubs (Table 1). As P. spinosa is able to form clonal root suckers, care was
taken to pick from individuals that were several meters apart from each other and looked
morphologically different. The climate and day length at the origin of the provenances
is shown in Figure 1 (mean monthly maximum and minimum temperature and mean
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monthly precipitation for 1970-2000, data extracted from WorldClim version 2 [23] and
NOAA Solar Calculator [24]).

Table 1. Description of the sampling sites and details on the seedlings of P. spinosa L. in the common
garden. Abb.: provenance abbreviation; n°yp): number of mother plants; n°: number of seedlings;
n°t cc/cw/we/ww: number of seedlings according to the temperature treatments in the spring
(first letter) and in the summer/autumn (last letter) of 2018 with cc: cold—cold, cw: cold-warm, wc:

warm-cold, and ww: warm-warm.

Country, . o
Region, Abb. Latitude Longitude Altitude n° mol n° nt
. (m a.s.l.) P cc/ewlwclww
Village
Belgium,
Flanders, Be 50.953324  3.663467 10 15 109 33/23/23/30
Kriephoek
Spain,
Pyrenees,
Linas De Sp 42.630049 —0.169068 1270 11 79 24/18/14/23
Broto
Sweden,
Skane, Dalby Sw 55.67668 13.32481 58 13 95 30/21/16/28
max temperature (°C) min temperature (°C) precipitation (mm) day length (h)
20 P 10 j = s Home sites
15 ' Jab’ g .
5 801 J r » Belgium
10 uc | =27 === Spain
w{f N ] u | 94 === Sweden
TEMAMY JASOND  J FMANJ J ASOND JEMAMJJASOND  JFMAMJ JASOND
Month
(a) (b) (c) (d)

Figure 1. Climate and day length at the origin of the provenances of P. spinosa L. (a) Mean monthly
maximum temperature; (b) mean monthly minimum temperature; (c) mean monthly precipitation;
(d) day length.

Seeds were cleaned and mingled with standard nursery potting soil (20% organic
matter, pH 5.0-6.5, EC 450 uS/cm, dry matter 25%, 1.5 kg/m?® powdered compound
fertilizer NPK 12 + 14 + 24) at the nursery of the Research Institute of Nature and Forest in
Geraardsbergen, Belgium. Seeds germinated in 2017 and up to 8 seedlings for each mother
tree were included in the common garden experiment (in total: 109 seedlings for Belgium,
79 seedlings for Spain, and 95 seedlings for Sweden, Table 1). The seedlings were watered
to full capacity twice a week. They were then transferred to forestry propagation trays and
were tended in a greenhouse without side walls. Seedlings were protected from strong
insolation by an automatically regulated grey shade net.

2.2. Temperature Treatments in 2018 and Measurements/Observations

Seedlings from each mother plant were randomly allocated to two groups at the end of
2017. For each group, the seedlings were randomly intermingled in the propagation trays
(completely randomized design). On 20 February 2018, the two groups of seedlings were
transferred to two greenhouse chambers with different temperature regimes (Figure 2a). One
chamber was heated while the other was not (on average 5.6 °C difference). The seedlings
were watered to full capacity twice a week to keep them well hydrated. Seedlings were
retained here until leaves were unfolded for all plants, which happened on 10 April 2018.
After this first temperature treatment, all trays were placed together in a standard greenhouse,
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randomly intermingled and all seedlings were cut back at 15 cm height. The plants stayed
here until the end of July 2018.
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Figure 2. Mean daily temperatures in the two greenhouse chambers in spring (a) and in the two
greenhouses in summer/autumn (b) in 2018.

On the 1st of August 2018, the seedlings were again divided into two new groups.
Half of the plants from the warm spring condition were placed into the first group and the
other half in the other group, and the same was performed for the cold spring condition
group (factorial design). For the second temperature treatment, one new group remained
in the standard greenhouse whereas the other group was placed in the greenhouse without
walls. The two conditions differed on average 1.9 °C from August until October (Figure 2b).
In both greenhouses, an automatic grey shade net operated in the same way, to protect
seedlings from harmful insolation. At the beginning of November, all trays were placed
together, intermingled, in the greenhouse without walls.

In December 2018, the plants were moved to 1-litre pots using standard nursery
potting soil (20% organic matter, pH 5.0-6.5, EC 450uS/cm, dry matter 25%, 1.5 kg/m3
powdered compound fertilizer NPK 12 + 14 + 24). No fertilizer was added. The pots were
positioned on a container field with an automatic watering system at the Research Institute
for Agriculture, Fisheries and Food, in Melle, Belgium. The automatic system applied water
to the plants every two days with rotating sprinklers, ensuring full coverage. All plants
were once more intermingled. In January 2020 all plants were transferred to 4-litre pots
using standard nursery potting soil (20% organic matter, pH 5.0-6.5, EC 450 uS/cm, dry
matter 25%, 1.5 kg/m? powdered compound fertilizer NPK 12 + 14 + 24). No fertilizer was
added. All plants were anew intermingled and stayed on the container field in 2020.

Plant height and stem diameter 1 cm above soil level were measured in the winters of
2017, 2018, 2019, and 2020.

Bud burst was scored at regular intervals in the spring of 2018, 2019, and 2020 (Table 2),
following a 5 level protocol (1: buds in winter rest, 2: buds swelling, 3: first green leaves
protruding, but still folded, 4: leaves unfolding, 5: leaves unfolded) [2]. Leaf senescence
was scored in the autumn of 2018, 2019, and 2020 (Table 2) according to a 5 level protocol (1:
green leaves, 2: light green leaves, 3: yellowing leaves, 4: leaves turning brown, 5: brown
leaves, starting to fall off) [2].

Table 2. Observation dates of the phenophases bud burst and leaf senescence.

Year Bud Burst Leaf Senescence

26/2,1/3,5/3,8/3,12/3,
2018 15/3,19/3,26/3,3/4,9/4 26/9,16/10

2019 18/3,29/3,5/4,10/4 12/9,15/10,9/11
2020 9/3,27/3,6/4, 14,4 14/9,2/10, 23/10
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The chlorophyll content of a plant organ is an indicator of the rate of photosynthesis.
The relative leaf chlorophyll content was measured on all plants on 23 August 2018 in
a non-destructive way with a chlorophyll content meter (CCM-200, Edaphic Scientific,
Melbourne, Australia). This instrument measures the optical absorbance of leaf samples in
two different wavebands: 653 nm (chlorophyll) and 931 nm (near infra-red). The relative
chlorophyll content is the ratio of optical transmission at 931 nm to optical transmission at
653 nm [25]. Measurements were conducted on the first fully developed and damage-free
leaf at the top shoot of the plants.

2.3. Statistical Analysis

Linear and generalized linear mixed models were built in the open-source software R
version 3.6.1 [26]. We looked at the responses of the plants (growth, phenology, and relative
chlorophyll content) to the temperature treatments in 2018 (T). For the bud burst in 2018,
the treatment in the greenhouse chambers (in the fixed part of the models) consisted of only
two conditions (“cold” and “warm”). For all other response variables from 2018 onwards,
the temperature treatments in 2018 (fixed part) included four conditions: cold in spring
and cold in summer/autumn (“cold-cold”), cold in spring and warm in summer/autumn
(“cold-warm”), warm in spring and cold in summer/autumn (“warm-cold”) and warm
in both spring, and summer/autumn (“warm-warm”). “Cold-cold” was the standard
treatment to which the others were compared. The provenance (P: three provenances) was
added to the fixed part of the models with “Belgium” as the standard provenance to which
“Spain” and “Sweden” were compared.

As plants were scored at different dates, the day of observation (D) was added in the
fixed part of the phenological models. The height of the plants was also included in the
fixed part with Hj as the height at the end of 2017 until Hy as the height at the end of 2020.
For the bud burst and the leaf senescence in 2018, an interaction term between treatment
and day was included in the models to account for the different time spans that the plants
in the two temperature conditions needed to go through the whole phenophase.

A unique code for each mother plant was present in the random part of the models and,
if needed, an individual plant identity was added here to account for different observations
on the same plants.

Plant height, stem diameter, and relative chlorophyll content were modeled using
linear mixed models in the package Ime4 [27].

Plant height and stem diameter (H; and Dj) at the end of the first growing season,
before the temperature treatments (2017):

Hi = o1 + Bp P 1)

Dy = ap1 + Bpor P 2
The growth increments of both plant height and stem diameter at the end of 2018 (Hi,

and Diy):
Hip = & pi + Beriol + Brri2 T + BrinioHi @)

Dij = a pip + BppizP + Broi2 T + BripizHi 4)

The growth increments of plant height and stem diameter at the end of 2019 and 2020
followed the same structure as the increment models of 2018, with starting height H, and
Hj, respectively, instead of Hj.

Model for the relative leaf chlorophyll content on the 23rd of August 2018 (C):

C=oac + BpcP + BrcT + BrocHo 5)

As the phenological scores were an ordinal data type (natural ordered levels with unknown
distances between the levels), models were built with cumulative logistic regression in the R
package ordinal [28]. The function “cImm” fits cumulative link mixed models. The cumulative
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probability (p) of the i* phenological score being the j* level of the phenological response
variable or a level below the j level is modeled. Thus, the cumulative probability is the chance
to maximally reach a given level of the phenological variable. The bud burst scores were
ordered in reverse, from the end of the process until the beginning: from unfolded leaves to
buds in winter rest (from 5 to 1) whereas for leaf senescence the scores were ordered in a normal
chronological way, from green leaves to brown leaves that are falling off (from 1 to 5). Bud burst
scores were reversed for an easier interpretation of the modeled probabilities. A probability of
having reached maximally, e.g., a score of 3 in a bud burst response variable that is ordered
from 5 to 1 means the chance of reaching a score of 5, 4, or 3. Therefore, a plant with an early
bud burst (higher score at a given time) has a higher modeled probability of having reached a
score of 5, 4, or 3.
Bud burst in 2018:

log(p1/(1-p1)) = o1rp1 — Brp1P — Bpp1D — Brp1 T — Borp1 DT — BripiHi (6)

With aqyp1 as an estimated threshold value for the passing on from one level of the
ordinal bud burst variable to the next. A significant interaction term between the day of
observation and the temperature treatment indicated that the duration of the bud burst
process differed between the warm and the cold condition.

Leaf senescence in 2018 had the same model structure as bud burst in 2018, but with
replacement of plant height at the end of 2017 (H;) by the plant height at the end of 2018
(Hy). Furthermore, the treatment variable (T) now consisted of four conditions instead of
two (“cold-cold”, “cold-warm”, “warm-cold”, and “warm-warm”).

Bud burst in 2019:

log(p2/(1-p2)) = &p2 — Brp2lP — Bpp2D — Brp2T — Brizp2Hz @)

Leaf senescence in 2019 and bud burst in 2020 had the same model structure as bud
burst in 2019, but with replacement of the plant height at the end of 2018 (Hy) by the plant
height at the end of 2019 (H3). Leaf senescence in 2020 had also the same model structure,
but with plant height at the end of 2020 (H,).

3. Results
3.1. Growth Responses to the Temperature Treatments

After the first growing season of 2017 and before the temperature treatments of 2018,
there was already a difference in growth patterns between the three provenances. Both the
Spanish and the Swedish provenance were smaller (p-value < 0.001 and =0.001 respectively in
Table S1) and had a smaller diameter (p-value = 0.015 and <0.001, respectively, in Table S1)
than the Belgian provenance (Figure Sla,b).

In 2018, the height increment was lower for the Spanish and the Swedish provenances
(p-value = 0.032 and =0.035 respectively in Table S2, Figure 52), whereas the diameter incre-
ment was lower only for the Swedish provenance (p-value = 0.027 in Table S2, Figure S2).
The two temperature treatments in the spring and in the summer/autumn had no signifi-
cant effect on the height and diameter increment of the plants in this year (no significant
treatments for the year 2018 in Table S2). Height and diameter increments in 2019 were
smaller for the Swedish provenance (p-value = 0.012 and = 0.031, respectively, in Table S2,
Figure S2). In this year, the temperature treatments of the year before had a significant
effect on the increment growths (Figure 3a,b). Both the “warm-cold” and the “warm-warm”
conditions resulted in a bigger height increment (p-value = 0.023 and =0.002 respectively
in Table S2), whereas the “cold-warm” and the “warm-warm” conditions led to a bigger
diameter increment (p-value = 0.004 and <0.001, respectively, in Table S2). In 2020, the
temperature treatments did not affect the height increment nor the diameter increment of
the plants any further (no significant treatments for 2020 in Table 52). In this last year, height
increment was again lower for both the Spanish and the Swedish provenance in comparison
to the Belgian provenance (p-value < 0.001 for both provenances in Table S2, Figure S2)
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whereas diameter increment was lower only for the Swedish provenance (p-value = 0.001

in Table S2, Figure S2).
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Figure 3. Bart chart of the modeled height increment (a) and diameter increment (b) for the Belgian
provenance in 2019, with standard error, according to the temperature treatments in 2018.

3.2. Phenological Responses to the Temperature Treatments

In the spring of 2018, the first temperature treatment was conducted with two conditions:
warm and cold. Bud burst started earlier in the warm condition (p-value < 0.001 in Table S3,
Figure 4a), and the duration of the process was shorter in this chamber (p-value < 0.001 for the
interaction between day and treatment in Table S3, a steeper slope for the “warm” condition in
Figure 4a). Bud burst started later for the Spanish and the Swedish provenance compared to
the Belgian provenance (p-value = 0.027 and <0.001, respectively, in Table S3, Figure 4b) and it
started earlier for smaller plants (p-value < 0.001 in Table S3, Figure 4c).

Treatment Provenance

Height
spring 2018 o)

- 30
-= 43

— Belgium
— cold — Spain

— warm = Sweden

at least bud burst score 3
at least bud burst score 3

Probability of having reached
at least bud burst score 3
2
Probability of having reached
Probability of having reached

°

30 40

10 0 30 40 10 20 30
Day (day 1 = 26 February 2018) Day (day 1= 26 February 2018) Day (day 1 = 26 February 2018)

10 20 30 40

(a) (b) ()

Figure 4. Modeled probability of having reached at least a given bud burst score in the spring
temperature treatment in the greenhouse chambers in 2018, depending on the treatment (model fit
shown for the Belgian provenance and for the average plant height) (a), depending on the provenance
(for the “cold” treatment and for the average plant height) (b), and depending on the height of the
plants (for the Belgian provenance and for the “cold” treatment) (c).

Leaf senescence during the summer/autumn temperature treatment in 2018 occurred later
in the plants of the “cold-warm”, “warm-cold” and “warm-warm” conditions compared to
the “cold-cold” condition (p-value = 0.007, 0.001 and 0.001 respectively in Table S4, Figure 5a).
The “warm-cold” treatment shortened the duration of the senescence process than the “cold-
cold” condition (steeper slope for “warm-cold” condition in Figure 5a, p-value = 0.011 for the
interaction term between this condition and day in Table 54), whereas the “cold-warm” and
“warm-warm” conditions were characterized by a longer duration of the senescence phenophase
(less steep slopes for these conditions compared to “cold-cold” in Figure 5a, p-value = 0.005 and
0.008 for “cold-warm” and “warm-warm”, respectively, in interaction with day in Table S4). The
Swedish provenance entered leaf senescence earlier than the Belgian provenance (p-value < 0.001
in Table 54, Figure 5b). Finally, smaller plants displayed a later leaf senescence (p-value < 0.001
in Table 54, Figure 5¢). Results on the timing of the leaf senescence in the different treatment con-



Forests 2022, 13, 23

8 of 14

ditions were corroborated by a relative chlorophyll content measurement on the 23rd of August
2018, with higher values for “cold-warm”, “warm-cold” and “warm-warm” (p-value < 0.001 for
the three conditions in Table S5, Figure 6) corresponding to a later timing of the leaf senescence
as observed by the visual leaf decoloration scoring later on.

Treatment
spring-autumn
2018

Provenance
Height (cm)
Beigium
= coldcold - 30
— Span
= coldwarm - 43

— Sweden

Probability of having reached
maximally leaf senescence score 2
Probability of having reached
maximally leaf senescence score 3
Probability of having reached
maximally leaf senescence score 3

— % @ 60 20 P 60 .
Day (day 1 = 15 September 2018) Day (day 1 = 15 September 2018) Day (day 1 = 15 September 2018)

C) (b) (©)

Figure 5. Modeled probability of having reached maximally a given leaf senescence score in the sum-
mer/autumn temperature treatment in 2018, depending on the treatment (for the Belgian provenance
and for the average plant height) (a), depending on the provenance (for Ty14-colg and for the average
plant height) (b), and depending on the height of the plants (for the Belgian provenance and for

Teold-cold) (€)-
ct;id cc;ld walrm walrm

-cold -warm -cold -warm
Temperature treatments
in spring and autumn 2018

=] o
L f

Relative chlorophyll content
on 23 August 2018
w

04

Figure 6. Bar chart of modeled relative chlorophyll content for the Belgian provenance on 23 August
2018, with standard error, according to the temperature treatments in 2018.

Temperature treatments in the preceding growing season showed only a minor legacy
in the timing of bud burst of 2019. The “cold-warm” treatment displayed a later bud burst
(p-value = 0.008 in Table S6, Figure 7a). No effect of the treatments on the leaf senescence in
this year was detected anymore (Table S6). When looking at the differences between the
provenances, the Swedish provenance, but not the Spanish one, did affect the phenophases
in 2019 with a later bud burst and an earlier leaf senescence (p-value < 0.001 for both
phenophases in Table S6, Figure 7b,c).

B g B Be
2 g
Se Treatment ge e
28 75%- spring-autumn 88 75 83
o2 2018 (=44 Provenance o2 Provenance
EB €E i E&m "
83 o — cocola 32 . S 1. "
23 s <9 i — 28 — Span
B3 = coldwarm 52 [
2a a2 ~— Sweden 2= — Sweden
ET Lay — wamcold 2% > £%
g2 — wamwarm == 235
= 2% g &
™ sl d = : : ;
10 20 20 40 80
o & Day (day 1 = 12 March 2019) Day (day 1 = 12 September 2019)
Day (day 1 = 12 March 2018)

(a) (b) ()

Figure 7. Modeled probabilities of having reached at least a given bud burst score or having reached
maximally a given leaf senescence score in 2019. (a) Model fit for bud burst depending on the tem-
perature treatments in 2018 (for the Belgian provenance and for an average plant height); (b) model
fit for bud burst depending on the provenances (“cold-cold” as treatment and for an average plant
height); (c) model fit for leaf senescence depending on the provenances (“cold-cold” as treatment and
for an average plant height).
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The Spanish and the Swedish provenance both displayed a later timing of the bud
burst than the Belgian provenance in 2020 (p-value = 0.002 and <0.001, respectively, in
Table S7, Figure 8a), whereas, at the end of the growing season, no effect of the provenances
was visible in the leaf senescence (Table S7). In this year, no effect of the temperature
treatments in 2018 was still present in the spring phenophase (Table S7), whereas the
“cold-warm” condition delayed slightly the leaf senescence (p-value = 0.013 in Table S7,
Figure 8b).
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Figure 8. Modeled probabilities of having reached at least a given bud burst score or having reached
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maximally a given leaf senescence score in 2020. (a) Model fit for bud burst according to the prove-
nances (“cold-cold” as treatment and for an average plant height); (b) model fit for leaf senescence
according to the temperature treatments in 2018 (for the Belgian provenance and for an average
plant height).

4. Discussion

Our key finding is that the growth responses of P. spinosa seedlings upon two tempera-
ture treatments, one in the spring and one in the summer/autumn, were only detectable
one year after treatments were applied. Moreover, we observed that spring warming
enhanced more height growth in the following year, whereas summer/autumn warming
enhanced more radial growth in the following year. The Belgian provenance displayed
a faster growth than the Swedish (originating from a higher latitude) and the Spanish
provenance (originating from a lower latitude but a higher elevation). We recorded a
similar timing of bud burst and leaf senescence for seedlings originating from Belgium and
Spain, while seedlings from Sweden showed a later bud burst and earlier leaf senescence.

4.1. Timing and Variability in the Responses to Spring and Summer/Autumn Warming

It is well-known that the size of a leading shoot of a deciduous tree is mainly deter-
mined by the quantity of reserve materials accumulated during the previous year [29].
Accumulation of starch upon the change in growing conditions, as a “carbon saving strat-
egy”, is suggested to act as a storage of energy needed for the “recovery phase” when
environmental conditions return to normal [30]. The two temperature treatments in 2018
in our experiment only affected the growth of the seedlings one year after the treatments.
An elevated photosynthetic activity due to the higher temperatures in our experiment
may have induced an accumulation of starch stores in the plants which were consumed
in the following year, leading to the observed enhanced growth in this year solely. Our
results also suggest that spring warming (“warm-cold” and “warm-warm”) enhanced more
height growth in the following year, whereas summer/autumn warming (“cold-warm”
and “warm-warm”) enhanced more radial growth in the following year. A putative ex-
planation can be found in the temporal nonstructural carbohydrate dynamics in trees [31].
We hypothesized that in our experiment, the warming in spring could have enhanced the
build-up of nonstructural carbohydrate storage pools in branches, which may have been
exploited at the beginning of the next growing season, leading to better height growth.
Although it could be expected that a warmer summer/autumn in our experiment, with
a higher chlorophyll content in the leaves and a delayed leaf senescence, could directly
lead to a prolonged radial growth, we observed an effect on the diameter growth only
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one year later. It is likely that the summer/autumn warming in our experiment may
have contributed to a larger storage pool of nonstructural carbohydrates not only in the
branches but also in the stem, which may have been exploited more to the middle and
the end of the growing season, leading to larger radial growth. In general, warmer tem-
peratures increase the photosynthetic processes that are associated with light, although
an increase in photosynthesis does not necessarily translate into an immediate increase
in growth [9]. Physiological acclimation in plants is a reversible short-term adjustment in
photosynthesis and respiration in response to changes in growth temperature occurring
over relatively short time scales [32,33]. Our results exemplify how the growth of the shrub
species P. spinosa is able to respond to a short-term temperature change, likely reflecting
physiological acclimation.

The warm condition in springtime advanced the timing of bud burst, and also short-
ened the duration of the phenophase. A similar result was obtained in a Frangula alnus
Mill. warming experiment where cuttings advanced their bud burst and shortened the
process of leafing out in a higher temperature environment [34]. An opposite reaction was
observed in a similar warming experiment with Fagus sylvatica L. seedlings that showed
an advancement of the onset of bud burst in the warm condition, though the duration of
the leafing out was prolonged in this case [35]. As the warming of the F. sylvatica seedlings
reduced both height and radial growth, indicating the development of thermal stress in
the plants, our results denote warming as a growth stimulus for P. spinosa. This may
suggest that changes in the duration of the leafing out process, rather than changes in
the onset, could be responsible for the difference between stimulation versus retardation
of growth upon warming under non-limiting water conditions. All warm conditions in
our experiment (spring, summer/autumn, or both) resulted in delayed leaf senescence
in the year of the treatments (2018), corroborated by a higher relative chlorophyll content
in August of 2018. Warming has already been suggested to enhance the biosynthesis of
chlorophyll in several tree species [36]. However, an elevated chlorophyll biosynthesis did
not concur with a higher net photosynthetic rate in several temperate tree species upon
warming [37]. Furthermore, the summer/autumn warming (“cold-warm” and “warm-
warm”) enlarged the duration of the leaf senescence process. In contrast to our results,
dissection of bud set data in poplar led to the suggestion that for a given onset of bud set in
poplar, the duration of the process is hastened in a warmer environment and prolonged
in a colder environment [38]. Although photoperiod plays an important role in the bud
set process of poplar [38], it may be less decisive in P. spinosa, allowing warmer autumnal
temperatures for P. spinosa to slow down chlorophyll breakdown and leaf senescence, and
longer photosynthetic activity. Only a relatively minor carry-over effect of the “cold-warm”
condition, with a slightly delayed bud burst, was observed in the spring of 2019. This small
effect is in line with a study on field-grown Betula pendula Roth and Betula pubescens Ehrh.,
where a mean September temperature of 14 °C, compared with the historical mean of 9 °C,
delayed bud burst in the following spring [39]. No effect of the temperature treatments
was detected anymore on the leaf senescence of 2019 and the bud burst of 2020 in our
experiment. Altogether, the phenological response on the temperature treatments was only
strong in the year of the temperature changes with little carry-over effects, whereas the
effect on growth was only detectable in the following year.

4.2. Differentiation among Provenances in the Common Garden Environment

In terms of minimum and maximum climatic temperatures at the origin of the three
studied provenances, the local Belgian provenance was adapted to the warmest climate
(Figure 1). Although the origin of the Spanish Alpine provenance is located at a lower latitude
than the Belgian provenance, the higher elevation causes a harsher growth environment.
This is reflected by the observed growth patterns. The lower growth (less height and height
increment, less diameter and diameter increment) of the non-local provenances (Spanish and
Swedish) can be interpreted as a disadvantage for the non-local provenances in the common
garden setting, corroborating the general statement that provenances originating from warmer
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areas (lower latitudes and/or lower elevation) usually have faster growth than those from
cooler areas [29,40].

The major cues driving phenology in temperate trees are temperature (including
winter chilling and spring forcing) and photoperiod. They generally co-vary and interact,
making plant responses complex and nonlinear [41]. In our experiment, the timing of
bud burst and leaf senescence in the Spanish Alpine provenance was relatively close or
similar to the local Belgian provenance, whereas for the Swedish provenance bud burst
and leaf senescence were always delayed and advanced, respectively, possibly expressing
adaptation to a shorter growing season. As the climate temperatures at the origin of
the Spanish Alpine provenance are similar or cooler than the Belgian and the Swedish
provenances, this corroborates the general knowledge that the provenances are not adapted
to the mean environmental temperatures. Some other factors such as the photoperiod [42]
may interplay and differences in required chilling and required growing degree days to
bud break [43,44]. Moreover, a higher plastic response to the common garden environment
for the Spanish provenance in comparison to the Swedish provenance could add to the
variation in the timing of the phenophases. Plasticity in temperature responses was also
observed in a previous study comparing the phenology of tree populations originating
from different altitudes in a mountainous area that were brought together in provenance
trials at the different altitudes [45].

Finally, larger plants had a shorter growing season in our experiment (later timing
of bud burst and earlier timing of leaf senescence). This seems contradictory as a longer
growing season is associated with better growth. However, the length of the growing
season proved more important for the rate of growth than the summer temperatures [29].
As smaller plants in our experiment most likely experienced more shade cast by taller
plants, this finding can be related to the variability in the phenology of sunlit versus shade
leaves. Buds in beech that were formed in the shade sprouted earlier than those that were
formed in full daylight. The shade buds had thinner and less tightly closed scale coverings
and were therefore suggested to be more sensitive to external stimuli promoting the onset
of bud burst [29].

5. Conclusions

Our results demonstrate that seedlings from the shrub species P. spinosa respond to
elevated temperatures with immediate phenological adjustments. Warming extended the
growing season with an earlier bud burst and a later leaf senescence. Still, the growth
responses were retarded and only visible after one year. In addition, growth responses
depended on the time in the growing season when the temperature was elevated. Interest-
ingly, we observed that spring warming enhanced more height growth in the following year,
whereas summer /autumn warming enhanced more radial growth in the following year.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/£13010023/s1, Figure S1: Bar plot of the modelled seedling height (a) and stem diameter (b) at
the end of 2017, with standard error, for the three provenances in the common garden. Figure S2:
Mean and standard deviation of the height increments and diameter increments of the P. spinosa
seedlings in 2018, 2019, and 2020, according to the provenance. Table S1: Test statistics for the
response variables plant height and stem diameter in 2017. The Belgian provenance is the standard
to which the Spanish and Swedish provenances are compared to, Table S2. Test statistics for the
response variables height increment and diameter increment in 2018, 2019 and 2020. The Belgian
provenance is the standard to which the Spanish and Swedish provenances are compared to. The
Tecold-cold condition of the temperature treatments in 2018 is the standard to which the other three
conditions are compared to (Tcold-warm, Twarm-cold, and Twarm-warm), Table S3. Test statistics
for the response variable bud burst during the spring temperature treatment in 2018. The Belgian
provenance is the standard to which the Spanish and Swedish provenances are compared to. The
Tcold condition of the temperature treatment in the spring of 2018 is the standard to which the other
condition Twarm is compared to. H1 is the plant height at the end of 2017. D is the day. Table S4. Test
statistics for the response variable leaf senescence during the summer/autumn temperature treatment
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in 2018. The Belgian provenance is the standard to which the Spanish and Swedish provenances are
compared to. The Tcold-cold condition of the temperature treatments in 2018 (cold /warm in spring
2018—cold /warm in autumn 2018) is the standard to which the other three conditions are compared
to (Tcold-warm, Twarm-cold, and Twarm-warm). H2 is the plant height at the end of 2018. D is
day. Table S5. Test statistics for the response variable relative chlorophyll content on the 23rd of
August 2018. The Belgian provenance is the standard to which the Spanish and Swedish provenances
are compared to. The Tcold-cold condition of the temperature treatments in 2018 (cold/warm in
spring 2018-cold/warm in autumn 2018) is the standard to which the other three conditions are
compared to (Tcold-warm, Twarm-cold, and Twarm-warm). H2 is the plant height at the end of 2018.
Table S6. Test statistics for the response variables bud burst and leaf senescence in 2019. The Belgian
provenance is the standard to which the Spanish and Swedish provenances are compared to. The
Tcold-cold condition of the temperature treatments in 2018 (cold/warm in spring 2018—cold /warm
in autumn 2018) is the standard to which the other three conditions are compared to (Tcold-warm,
Twarm-cold, and Twarm-warm). H is the plant height at the end of 2018 in the model of the response
variable bud burst in 2019 and it is the plant height at the end of 2019 in the model of the response
variable leaf senescence in 2019. D is day. Table S7. Test statistics for the response variables bud
burst and leaf senescence in 2020. The Belgian provenance is the standard to which the Spanish and
Swedish provenances are compared to. The Tcold-cold condition of the temperature treatments in
2018 (cold /warm in spring 2018-cold /warm in autumn 2018) is the standard to which the other three
conditions are compared to (Tcold-warm, Twarm-cold, and Twarm-warm). H is the plant height at
the end of 2019 in the model of the response variable bud burst in 2020 and it is the plant height at
the end of 2020 in the model of the response variable leaf senescence in 2020. Table S8. Data. plantID:
unique plant identity code, region: region of origin with S: Spain, V: Belgium and Z: Sweden, mpl:
unique identity code for every mother plant from which seed was collected, treatl: treatment in the
spring of 2018, treat2: combination of treatment in the spring of 2018 and summer/autumn 2018,
headings of phenological scores consist of the phenophase abbreviation with bb: bud burst and se:
leaf senescence, followed by the actual date of observation, h17 until h20: heights of the plants in
2017 until 2020, d17 until d20: diameters of the plants in 2017 until 2020, hinc18 till hinc20: height
increments in 2018 until 2020, dinc18 until dinc20: diameter increments in 2018 until 2020, cc23aug18:
relative chlorophyll content on this date.
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