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Abstract: The few studies dealing with leaf phenological responses to elevated nutrients in forest
trees have given ambiguous results, i.e., while some reported delayed leaf-out and autumn leaf
senescence, others reported advanced leaf phenology caused by increased nutrition. This study
aimed to determine the effects of experimentally increased phosphorus (+P) on the leaf phenologies
of two juvenile provenances of common beech and sessile oak. Other objectives were to determine
whether there are interspecies differences as well as intraspecies variations. Saplings were excavated
in two mixed beech-oak stands and transplanted into four wooden boxes filled with a commercial
soil substrate. Phosphorus fertilizer was added to two of the boxes, while the remaining boxes
served as controls. Both species responded to +P treatment with advanced autumn leaf senescence
in the first year of the experiment. Leaf senescence in common beech began significantly earlier,
while in both species, the process was accelerated compared to that in the control. In the second
year, the leaf senescence response to +P treatment was even more pronounced in both species. The
+P effect on leafing phenology was absent in both common beech provenances and in an oak
provenance. However, the other oak provenance showed advanced leafing, indicating the existence
of intraspecies differences.

Keywords: Fagus sylvatica; Quercus petraea; flushing; leaf senescence; nutrition; phosphorus effect;
phenology shift

1. Introduction

The leaf phenology of deciduous trees (i.e., multiphase development of leaves from spring bud
burst to autumn senescence and leaf abscission) determines the length of a growth period and is one
of the main drivers of ecological processes in temperate zone ecosystems [1]. It is known that the basic
(typical, common) environmental factors that, in interaction with the genome, regulate leaf
phenology are temperatures in different parts of the year (chilling, forcing and autumn temperature)
and photoperiod [2-5]. However, there are additional (atypical, i.e., less-studied) environmental
factors that influence phenological processes. Some of these factors are drought stress [6], soil nutrient
availability [7-9], pathogen infections [10], increased CO2 [11], etc. A plant reacts to these atypical
environmental factors with shifts in the timing of phenological stages as well as with changes in its
dynamics (e.g., acceleration of leafing) [6,12,13]. Relatively little is known about how and to what
extent the addition of nutrients affects the leaf phenology of forest trees, and the results of the few
available studies are ambiguous. For example, a delay [14,15] as well as an advance of autumn
phenology [16,17] have been reported as effects of higher availability of nutrients in different tree
species.

Spring leaf development is linked with the translocation of carbohydrates and mineral nutrients
from storage tissues to apical meristems and/or young leaves in their early stages of development,
while autumn leaf senescence is linked with the translocation of mineral nutrients from leaves to
storage tissues [18-20]. Both require a supply of energy and appropriate enzymes that regulate
translocation within the plant [21]. Phosphorus (P) is one of the most important macronutrients for
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plant productivity and response to various stressors, although it is often the least available of all
macronutrients in soil. Moreover, P is crucial for the capture, storage, and transmission of solar
energy and therefore necessary for normal functioning of all metabolic and physiological processes.
P is part of the energy transport molecule structure (ATP, CTP, GTP, UTP) as well as nucleic acids
(DNA and RNA) necessary for the synthesis of enzymes mediating the remobilization of
carbohydrates and mineral nutrients [22]. Thus, it may have a significant influence on spring leaf
development and/or autumn leaf senescence dynamics.

The influence of elevated P concentrations (as well as concentrations of other biogenic elements)
in soil and/or vegetative organs on shifts in the timing of spring and autumn leaf phenology of forest
trees has rarely been investigated [23]. However, this knowledge could be important for the survival
of forest ecosystems in the context of climate change consequences that make the natural regeneration
of forest stands difficult [24,25]. Artificial reforestation practices in European forests are increasing,
mostly due to various problems caused by climate change (extreme weather events, drought
episodes, exotic pest outbreaks, etc.). Today, almost 30% of European forests have been artificially
reforested [26]. For this reason, the need for the production of suitable forest reproductive material
(FRM) is growing. The FRMs of common beech and sessile oak have significant shares in this process,
especially in Central Europe [27]. Therefore, clonal seed orchards (CSOs) of these species are being
established in an increasing number of EU countries (https://ec.europa.eu/forematis/). Effective
production of quality FRM in CSOs and forest nurseries requires intensive management, i.e.,
implementation of the best agrotechnical practices, which includes fertilization. By applying
fertilizers that most often contain essential biogenic elements in different proportions (including P),
the concentrations of these elements in the soil increases, which ultimately results in an increased
concentration of biogenic elements in plant organs [28-30]. This has a positive impact on the survival
and later growth of the plants in natural habitats [31-35]. However, the influence of elevated
concentrations of biogenic elements on shifts in forest tree spring leafing and/or autumn leaf
senescence timing is still quite unknown. Leaf phenology shifts caused by increased concentrations
of biogenic elements in vegetative organs together with the frequent occurrence of late spring and/or
early autumn frosts could adversely affect seedling survival [4,5,36]. Most studies address the
impacts of P deficiency on forest trees, emphasizing the negative consequences for growth and
physiological processes [37]. Due to the results of such research, it is easy to conclude that ample
nutrition should provide only benefits to trees. However, too much P in cells and tissues has a
harmful effect on plants, which means that it is necessary to maintain a balance of nutrients [38].

Overall, further research is needed to determine the specific effects of elevated P on leaf
phenology in different tree species and under different environmental conditions. Common beech
and sessile oak are both deciduous broadleaf tree species, yet they differ significantly in their leaf
phenology patterns. It is common for oaks to flush their leaves earlier in the spring than beeches. This
is likely since oaks are more tolerant to cold temperatures, which allows them to begin their growing
cycle earlier than beeches. Research considering comparison of leaf phenological responses to various
environmental factors between these forest species are lacking, although they often form valuable
mixed stands all over Europe [39,40]. Due to differences in their genetics and physiological processes,
they may respond differently to elevated P, as well. It may be assumed that beech would respond
faster than oak due to its shallower rooting system that allows faster P uptake upon fertilisation.
Additionally, factors such as soil type, and climate can all influence how different provenances within
species respond to elevated phosphorus levels, i.e., within-species variations may be expected. For
example, soils in drier habitats may not provide the same amount of phosphorus as soils in wetter
habitats. This could lead to different adaptation strategies of provenances and consequently their
various responses to experimentally elevated P-levels.

Therefore, the main objectives of this research were (1) to determine the leaf phenology
responses of juvenile common beech and sessile oak to increased phosphorus concentrations
available in a growth substrate, (2) to determine whether there are differences in the responses
between these two cohabiting but phenologicaly different species, and (3) to determine whether there
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are intraspecies variations i.e., are there variations between the provenances originating from
different habitats.

2. Materials and Methods

2.1. Plant Material

Natural saplings of sessile oak and common beech were sampled at the beginning of March 2021
in two mixed stands dominated by these species. Saplings, 3-4 years old, were dug up from an area
of approximately 1 ha, ensuring that they were evenly distributed throughout the stand (to avoid
close relatedness and ensure proper representativeness of the stand) and that their roots were
damaged as little as possible. Plants that were of uniform height were selected. 160 plants of each
species were excavated in both stands (i.e., 160 saplings x 2 species x 2 stands = 640 saplings in total).
The saplings were labelled and placed in moist sand (in PVC containers). On the same day, the
saplings were transported to the location of the future experimental trial, where they were kept in
shade until transplanting.

The selected stands differed from each other regarding prevailing habitat conditions (Table 1).
The first is located within the city of Karlovac (Karlovac stand (KA); 45.4661986 N; 15.5219786 E; 170—
185 m a.s.l.). It is a mixed stand of beech and oak, approximately 100 years old, with north-northeast
exposure, on deep soil. We considered this stand to be a representative of wetter and warmer habitats
due to the higher average amount of precipitation, exposure and soil depth as well as the higher
average air temperature at this location (Table 1). The second stand is located next to the village of
Gornyji Slatinik along a road that connects the towns of NaSice and Slavonski Brod (Slavonski Brod
stand (SB); 45.2733637 N; 17.9727061 E; 230-255 m a.s.l.). This is also a mixed common beech and
sessile oak stand, approximately 105 years old, with south-southeast exposure, on shallow soil. We
considered this provenance to be representative of drier colder habitats due to the lower average
precipitation, exposure and shallower soil and lower average air temperature at this location (Table

1).
Table 1. Basic climate data for the sampled stands. Generated for the 1991-2020 period by ClimateEU
software (https://sites.ualberta.ca/~ahamann/data/climateeu.html; [41].
Mean
Mean Mean Mean coldest
Mean annual warmest
. summer annual month
Stand/provenance precipitation . month
precipitation temperature temperature
(mm) o o temperature
(mm) 0) (0) o
W)
KA 1099 508 12.3 2.0 224
SB 848 414 11.0 0.4 21.1

KA - the Karlovac provenance (stand); SB — the Slavonski Brod provenance.

In the following text, the plants belonging to the sampled stands, i.e.,, provenances, will be
labeled as follows:

1) Fs_KA - Fagus sylvatica provenance from the KA stand

2) Fs_SB - Fagus sylvatica provenance from the SB stand

3) Qp_KA - Quercus petraea provenance from the KA stand

4) Qp_SB - Quercus petraea provenance from the SB stand

2.2. The Experimental Trial

In mid-March 2021, the saplings were transplanted to 4 wooden boxes (W 155 x L 255 x D 80 cm
(3.2 m?3) located at the nursery of the Faculty of Forestry and Wood Technology in Zagreb, Croatia
(45.820642 Nj; 16.022936 E). Each box was filled with commercial soil substrate Klasmann-Deilmann
TS 3 (pH 6.0; 0.16 g/1 P20s). In each box, a total of 100 plants were planted in a random arrangement
(spacing: 20 x 18 cm), with 25 plants per beech and oak provenance from the KA stand (Fs_KA and
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Qp_KA) and 25 plants per beech and oak provenance from the SB stand (Fs_SB and Qp_SB). Then,
1200 g of Triplex mineral fertilizer (45% P20s) was added to the two boxes. Thus, the plants in two
boxes (200 individuals in total) were exposed to an increased amount of phosphorus in the growth
substrate (treatment +P), while in the remaining two boxes, the plants were exposed to the normal
phosphorus content in the substrate (i.e., control - C).

2.3. Chemical Analyses

Soil samples from the original stands were extracted at the beginning of March 2021. The
sampling methodology is described by Sever et al. [42]. There were no significant differences between
the provenances regarding the chemical features of their soils. The total stocks of N, P and K at soil
depths of 0-15 cm and 16-30 cm were similar, i.e.,, without significant differences between the
provenances.

Sampling of the growth substrate and its chemical analysis were carried out during the
establishment of the experimental trial but before adding phosphorus to the +P treatment boxes. The
second series of chemical analyses of the substrate was performed in mid-September 2021, i.e., 6
months after the addition of mineral fertilizer. One composite (average) sample was collected from
each box. Each composite sample was formed from nine individual samples collected in a diagonal
(X) arrangement. Sampling of the substrate was carried out using a pedological probe at a depth of
0-30 cm. The samples were subjected to soluble component extraction by mixing with deionized
water in a 1:2 ratio. The material was mixed for 1 hour using a rotating mixer. Then, the suspension
was filtered through filter paper, and the clear filtrate was subjected to an analytical procedure
aiming to determine the pH value, specific conductivity, concentrations of nitrate (NOs), ammonia
(NHgs), total nitrogen (N total), total phosphorus (Ps), potassium (K*), calcium (Caz*), magnesium
(Mg2"), chlorine (CI'), and sodium (Na*). The applied methodology for chemical analyses of the
substrate is described in more detail in [43].

Sampling of leaves in the experimental trial was performed twice, in mid-September 2021 and
mid-May 2022. From the top of each plant, in all four boxes, three leaves were sampled. Three
composite (average) samples were formed for each species provenance. Each sample consisted of a
total of 25 randomly selected leaves from 25 plants per species provenance in a box.

The composite leaf samples were subjected to chemical analyses to determine their mineral
nutrient contents. The samples were dried at 105 °C to a constant mass, minced and homogenized.
The concentration of N was determined using the Kjeldahl method. Digestion was performed with
concentrated nitric acid (HNOs) and perchloric acid (HClO4). The concentration of P was determined
spectrophotometrically. The concentration of K was determined by a flame photometer. The
concentrations of calcium (Ca) and magnesium (Mg) were determined by atomic absorption
spectrophotometry. All analyses were carried out according to standardized international protocols
[44].

2.4. Leaf Phenology Scoring

Spring leafing and autumn leaf senescence were scored in 2021 and 2022. Leaf phenological
phases were scored once or twice a week (during the process) on all plants in the trial using a 1-7
ordinal scale: 1—bud scales completely closed, dormant buds; 2—buds swelling, scales slightly
spaced; 3—bud burst, green leaf tips visible; 4—folded leaves visible. 5—leaves unfolding but not yet
flattened, small. 6—leaves still relatively small but with flattened blades, blade edges bent
downward, withered, lighter green or reddish; 7—leaves appear developed, larger but more tender
than fully developed leaves and lighter green or reddish.

Autumn leaf phenological phases were scored (during the process) once a week in 2021 and
twice a week in 2022 using a 0-5 ordinal scale: 0—leaves completely green with no visible
discoloration; 1—up to 25% of plant leaves show discoloration; 2—up to 50% of plant leaves show
discoloration; 3—more than 50% of plant leaves show discoloration; 4 —more than 75% of plant leaves
show discoloration; 5—leaves shed. All phenological scorings were done by one experienced person.
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The day of the year when a plant reached leaf-out phase 3 was taken as its bud burst date, and
the day of the year when a plant reached autumn leaf phenological phase 3 was taken as its autumn
senescence date.

It should be noted that late spring frost affected the plants in the experimental trial from April
6t to 8th, 2021. At that time, many oak saplings (as well as few common beech saplings) had already
started leafing out. Air temperature dropped to a minimum of -8 °C on the morning of April 6%, and
then for three days repeatedly rose and fell to negative values. All the leaves on the plants that had
started leafing out were destroyed, regardless of which phenophase they were in during that period.
However, none of the plants died during this period, and they leafed out again approximately two
weeks later.

2.5. Statistical Analyses

Assumptions of residual normality and variance homogeneity were tested by using the Shapiro-
Wilk test and Levine’s test [45] with the GLM and UNIVARIATE procedures in SAS Studio software,
a free version of SAS OnDemand for Academics by SAS Institute Inc., Cary, NC, USA. Residuals were
plotted as a function of fitted values to test for variance homogeneity, and the distribution of residuals
was also tested. Since data did not meet the criteria of normal distribution and homogeneity of
variances (raw phenological data and mineral nutrition contents of the leaf samples) the
nonparametric Kruskal-Wallis and Mann—-Whitney U tests were applied. These tests were used to
assess the significance (p<0.05) of the +P treatment on the provenance leaf phenology phases on
particular days of the year. Additionally, the U test was used to test the significance of leaf nutrition
content differences between +P treatment and control plants. The nonparametric tests were
performed using RStudio, version 1.2.5001 (© 2009-2019 RStudio, Inc).

3. Results

3.1. Substrate Nutrient Content Differences between the Treatments

The chemical traits of the substrate between the +P treatment and control differed significantly
only regarding the concentration of total P. The concentrations of the other nutrients and pH value
in both treatments were similar (Table 2).

Table 2. Mean nutrient contents of the growth substrates in the treatment boxes. The +P treatment
had elevated phosphorus content. The control had no added P.

+P treatment Control
Parameter — —
Value Description! Value Description!
pH (H20) 6.8 Neutral 7.1 Neutral
P (mg/L) 8.4 High 2.7 Moderate
NH+* (mg/L) 13.2 Optimal 13.8 Optimal
NOs (mg/L.) 59.5 Optimal 60.0 Optimal
N total (mg/L) 46.9 Medium - normal 49.7 Medium - normal
K* (mg/L) 63.0 Medium - normal 60.9 Medium - normal
Mg? (mg/L) 61.4 Moderate 54.5 Moderate
Ca? (mg/L) 204 Low 234 Low
Cl- (mg/L) 54.8 Medium -normal 524 Medium -normal
Na*(mg/L) 34.79 Moderate 36.6 Moderate
E.C. (mS/cm) 1.185 Medium - normal 1.156 Medium - normal
Salt (%) 0.151 Medium - normal 0.147 Medium - normal

! Description according to [46].

doi:10.20944/preprints202304.0033.v1
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3.2. Leaf Mineral Nutrition Variations

According to Mellert and Gottlein [46], the following value ranges in leaf dry matter indicate
normal nutrition for common beech and sessile oak: P (1.2-1.9 mg g-' and 1.4-2.1 mg g, respectively),
N (18.7-23.2 mg g' and 19.8-26.8 mg g, respectively), K (6.1-9.7 mg g! and 7.2-11.4 mg g7,
respectively), Ca (6.7-14.0 mg g and 5.3-10.2 mg g, respectively), and Mg (1.1-2.3 mg g and 1.2—-
2.4 mg g, respectively).

Comparing the measured leaf dry matter nutrient contents from September 2021 (Table 3) with
the abovementioned reference values, it is evident that the Fs_SB provenance had a P content in the
upper part of the normal range in the +P treatment, while the Fs_KA provenance had a P surplus.
The leaf P content of the control plants was within the lower normal limits. It should be emphasized
that both common beech provenances had a significantly higher leaf P content in the +P treatment
than in the control plants. The sessile oak provenances had a much lower leaf dry matter P content
than the common beech provenances in the +P treatment, although it was still in the normal range.
The control plants of both oak provenances showed latent P deficiency. Again, it should be
emphasized that both oak provenances in the +P treatment had a significantly higher leaf P contents
than the control plants.

Table 3. Mean nutrient contents + standard errors (mg g') in dried leaf samples of the beech and oak
provenances by treatment. Samples were taken in September 2021 and May 2022.

Nutrien  Yea Fs_KA Fs_SB Qp_KA Qp_SB

t r +P C +P C +P C +P C
P 2021 1.96*+0.04  1.31+0.03  1.72*+0.09  1.24+0.02 1.36*+0.08  1.08+0.04 1.45*+0.02  1.06+0.08
2022 1.82+0.16 1.64+0.07  1.95%*+0.10 1.28+0.08 2.15*+0.35 1.22+0.10  1.76*+0.15  1.31+0.05
21.15+04  23.00*+0.3  21.75+0.1  22.50+0.7  28.67+0.4  27.30+0.6  28.08t0.4  29.00+0.5

N 2021 5 2 9 7 3 0 5 4
002 22.34+2.2 24564116 22.12+0.9  22.25+0.8  21.51+0.8  22.34+2.2 = 2234422 2234422

6 8 5 4 6 6 6
K 2021 6.38+0.13  7.19*+0.30  6.57+0.15  7.54+0.13  7.73+0.09  7.73x0.17  7.69+0.10  7.83%0.11

2022 6.82+0.27  8.06*+0.41  6.57+0.34  7.31+0.34  9.67+0.46  9.13+0.40  9.59+0.28  9.15+0.44
Ca 2021  8.06+0.27 8.89+0.43 9.18+0.10  9.41+0.08  6.34+0.27  7.72*+0.22  6.86+0.16  6.59+0.57
10.41+0.8 10.91x0.7  10.32+0.7  10.98+1.2
8 1 6 3
Mg 2021  1.53+0.12 1.35+0.06 1.58*+0.05  1.25+0.08 1.87+0.09  2.23*+0.04  2.00+0.05 1.97+0.09
2022 2.19+0.10 2.37+0.09 2.52+0.11 2.31+0.09  2.86+0.14  3.09+0.21 2.89+0.13  2.76+0.18
Fs_KA — Fagus sylvatica provenance in the KA stand; Fs_SB — Fagus sylvatica provenance in the SB stand; Qp_KA
— Quercus petraea provenance in the KA stand; Qp_SB — Quercus petraea provenance in the SB stand. +P —elevated

2022 7.47+0.62 6.71+0.28 9.18+0.53  8.68+0.63

phosphorus treatment; C — control; Asterisk indicates significantly larger nutrient contents in the treatment
(within a provenance). P — phosphorus; N - nitrogen; K — potassium; Ca — calcium; Mg — magnesium.

For the other nutrients, the beech provenances were in the normal range, mostly without
significant differences between plants in the +P treatment and control plants. However, within the
Fs_KA provenance, the control plants had significantly higher nitrogen and potassium contents than
the plants in the +P treatment. On the other hand, the Fs_SB provenance in the +P treatment had a
significantly higher magnesium contents than the control plants.

The average contents of the other nutrients in the oak provenances were in the normal range
(except for nitrogen, of which there was a surplus), without significant differences between the plants
in the +P treatment and control plants. However, the control plants of the Qp_KA provenance had
significantly higher contents of calcium and magnesium than the plants of this provenance in the +P
treatment.

A significant P increase in the oak provenances in the +P treatment was observed from leaf
samples taken in May 2022, while the P contents in leaves of common beech provenances remained
at approximately the same level as in the previous year (Table 3). The P contents in the leaves from
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the plants in the +P treatment were higher than those in the control plants in all the provenances,
although the difference was not significant in the case of the Fs_KA provenance.

The values for the other nutrients in the beech provenances were in the normal range, mostly
without significant differences between the plants in the +P treatment and control. The exception was
the higher mean potassium content in the control plants of the Fs_KA provenance (Table 3). The
average contents of the other nutrients were in the normal range for the oak provenances, with no
significant differences between the plants in the +P treatment and control. It is interesting that
nitrogen content fell compared to that in the previous year, while the calcium and magnesium values
increased above the upper limit of the normal range (Table 3).

3.3. Variations Caused by the Elevated Phosphorus Treatment (+P)

As expected, the effect of increased phosphorus on spring phenology in 2021 was not recorded
(Figure 1a). However, a statistically significant difference between the treatments was shown in
autumn leaf senescence (Figure 1b). Namely, the plants in the +P treatment showed advanced leaf
senescence dates, on average.

160 1 a a 350 a b

Oc Oc
150 - ° . W p 340 A e m-r
140 1 ) : 330 - °
5 1304 g 320
a X
120 - 310 A
110 1 300 A
100 290 2
() (b)

Figure 1. a) Bud burst date distribution by treatment in the first experimental year (2021). b) Leaf
senescence date distribution by treatment in the first experimental year. +P treatment — elevated
phosphorus; C — control with no phosphorus added. Different letters denote a statistically significant
difference between the two treatments (at p<0.05).

With more detailed analyses, it was possible to see that both species responded similarly, i.e.,
with significantly advanced autumn leaf phenology of plants in the +P treatment (Figure 2). Thus,
the Fs_SB provenance in the +P treatment showed an average of more than 50% dead leaves on day
305; this threshold was reached three days later in the control (Figure 2a). The differences in average
leaf senescence dynamics between the +P treatment and control were even more pronounced for the
Fs_KA provenance (307 DoY and 311 DoY, respectively) (Figure 2b). For both beech provenances, the
visible symptoms of leaf senescence started earlier and proceeded faster in the +P treatment. The
dynamics of autumn leaf phenology were significantly different between the treatments (+P vs.
control) for the oak provenances as well (Figure 2¢,d), although not as intensely.
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Figure 2. Autumn leaf phenologies of beech (Fs) and oak (Qp) saplings in 2021, by provenance and

treatment. (a) beech provenance SB; (b) beech provenance KA; (c) oak provenance SB; (d) oak

provenance KA. +P treatment — elevated phosphorus; C — control (no phosphorus added). The

markers represent the means +S.E.s (n=50). A star denotes a statistically significant difference between

the treatments on a given day of the year (p<0.05).

The effect of elevated phosphorus on leaf flushing phenology in the following year was not
recorded for the common beech provenances, i.e., the leafing dynamics of plants in the +P treatment
plants were not significantly different from those in the control (Figure 3a,b). However, advanced
leaf flushing dynamics in the +P treatment were recorded for the oak provenance Qp_KA (Figure 3d),
while there was no significant effect of the +P treatment for the provenance Qp_SB (Figure 3c).
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Figure 3. Spring leaf phenology of the beech (Fs) and oak (Qp) saplings in 2022 by provenance and
treatment. (a) Beech provenance SB; (b) beech provenance KA; (c) oak provenance SB; (d) oak
provenance KA. +P treatment — elevated phosphorus; Control — no phosphorus was added. The
markers represent means + S.E.s (n=50). A star denotes a statistically significant difference between
the treatments on a given day of the year (p<0.05).

The effect of increased phosphorus on autumn leaf phenology was even more pronounced in
the fall of 2022 than in the year before (see Figure 2 and Figure 4). Significantly advanced leaf
senescence in the +P treatment was recorded for both beech provenances as well as for the oak
provenance Qp_SB. Plants of the Qp_KA provenance in the +P treatment also showed advanced leaf
senescence compared to the control plants, although the difference was not statistically significant
(Figure 4).
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Figure 4. Autumn leaf phenology of beech (Fs) and oak (Qp) saplings in 2022 by provenance and
treatment. (a) Beech provenance SB; (b) beech provenance KA; (c) oak provenance SB; (d) oak
provenance KA. +P treatment — elevated phosphorus; C — control (no phosphorus added). The
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markers represent the means +S.E.s (n=50). A star denotes a statistically significant difference between
the treatments on a given day of the year (p<0.05).

4. Discussion

Plants growing in phosphorus-enriched substrate showed earlier autumn leaf senescence in the
first experimental year (Figure 1b). A closer analysis revealed that both beech provenances reacted to
phosphorus addition with advanced autumn leaf phenology (Figure 2a,b). Both beech provenances
started leafing out significantly earlier in the +P treatment, and the process itself was accelerated. The
oak provenances also responded with advanced leaf senescence, although the difference was less
pronounced than it was for the beech provenances (Figure 2c,d). Autumn leaf phenology between
the +P treatment and the control differed even more in the second year in both species (Figure 4).

Autumn leaf phenology is triggered and its dynamics is shaped by photoperiod [47,48], early
autumn temperatures [49,50], available soil moisture [51], and plant nutritional status [15,52].
Phosphorus deficiency induces leaf senescence, i.e., premature leaf discoloration is a typical symptom
of P deficiency [53]. However, the influence of various nutrient contents on autumn leaf phenology
varies significantly among tree species [15]. Such variations can also be observed in other plant
species. For example, phosphorus addition had no effect on soybean (Glycine max (L.) Merr.) autumn
leaf phenology [54]. On the other hand, a lack of phosphorus in soil delayed senescence of lower-
stem leaves in corn (Zea mays L.), although the authors pointed out that this effect was not confirmed
for upper-stem leaves [55]. Delayed autumn leaf phenology due to increased nutrition (a combination
of nitrogen, phosphorus, and potassium) was reported by Fu et al. [15] for common beech. Our study,
in contrast, showed advanced leaf senescence in response to increased phosphorus nutrition. The
opposing autumn phenology alterations (i.e., advanced or delayed) observed in these two studies can
be explained by the fact that the increased contents of several macronutrients (N, P and K) can have
different effects on autumn phenology than the content of only one nutrient (P). Such differences
were observed in larch (Larix gmelinii var. principis-rupprechtii (Mayr) Pilg.) between a combined
nutrient increase treatment (N + P) and separate nutrient increase treatments (N or P) [14]. Opposing
phenological shifts may also be explained by the different time periods in which fertilizer was
applied. Namely, Fu et al. fertilized experimental plants at the end of May, while we added
phosphorus immediately after planting (in March). However, since Zavisi¢ and Polle [56] indicated
that significant P uptake from the soil takes place at the end of summer and in autumn, this
assumption seems less probable. It is more likely that the interaction effect of nitrogen and
phosphorus reported by Fu et al. resulted in an autumn leaf phenological shift that was opposite to
that observed in our study.

Advanced leaf senescence as a response to increased sunlight, and increased CO: was reported
by Zani et al. [16] for common beech, common birch (Betula pendula Roth), and Japanese spiraea
(Spiraea japonica L.£.). The authors concluded that increased productivity, i.e., photosynthetic activity
(due to higher sunlight or increased CO2), results in advanced autumn leaf senescence (i.e., the sink
limitation hypothesis). Advanced oak autumn leaf phenology due to elevated CO: was also reported
[17]. Although Zani et al. did not specifically test the increased phosphorus effect on autumn
phenology, in our case it can be assumed that plant productivity may have been increased due to
greater P availability. Therefore, increased P nutrition resulted in the same effect in our research
(advanced autumn leaf phenology in the +P treatment). This assumption is supported by the finding
that beech photosynthetic activity increased after phosphorus fertilization, which was reported by
Zavisi¢ et al. [57]. Advanced autumn leaf phenology caused by elevated P might reduce plant
susceptibility to early autumn frosts. For example, drought stress induces delayed autumn
senescence in forest trees [6]. Since drought episodes during growth period have become more
frequent, there is increasing probability for plants to be exposed to early autumn frosts. Therefore, it
seems that improved plant P nutrition can be a part of solution to this problem, at least considering
forest nurseries and/or seed orchards. It would be interesting to see if +P treatment may reduce
adverse effects of drought. This question will be addressed in the extension of this study.
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The observed differences between the species in their response intensities can be at least partially
explained by significantly lower levels of absorbed phosphorus in oak than in beech in the +P
treatment (Table 3). It is known that these two species differ significantly in terms of rooting depth.
Beech roots are shallow, while oak roots are deep due to the intensive growth of their taproots. It was
confirmed that oak saplings from studied provenances had significantly longer taproots with fewer
fine roots than beech saplings [42]. Due to interspecies differences in root development patterns, it
can be assumed that the beech saplings started to absorb nutrients (including P) from shallower parts
of the substrate earlier and more intensively. This may be a reason that the oaks on average had lower
phosphorus contents in their leaves (in September 2021) and therefore showed a less intense response
in autumn phenology than the beech provenances.

Statistical nonsignificance of the differences between the Qp_KA in the +P treatment and the
control was surprising (though phenology was advanced in the +P treatment). We hypothesize that
excess and deficient phosphorus could have similar effects on autumn leaf phenology, i.e., earlier
senescence occurs in both cases. Based on such an assumption, it seems likely that the Qp_KA
provenance could have shown a convergence of the autumn phenology curves due to the occurrence
of the largest difference in P content between the +P treatment (2.15 mg g') and the control (1.25 mg
g7). Of course, this assumption should be proven experimentally.

As expected, exposure to increased phosphorus contents in the substrate (+P treatment) had no
effect on spring leaf phenology in the first year of the study (Figure 1a). Fertilization of the substrate
with phosphorus was carried out approximately 15 days before plant leaf-out in the trial. It is evident
that the saplings in the +P treatment could not absorb enough phosphorus during that short period
to influence their leafing. The probable reason for the inability to absorb the P was insufficient time
for the fertilizer to dissolve and become available to the plants. On the other hand, research on uptake
dynamics and P allocation in common beech [56] indicates that P uptake from soil is extremely low
in spring (during the leafing phase). The relatively high phosphorus content in leaves is the result of
stored phosphorus allocation toward the new photosynthetic apparatuses. This means that plants
mainly rely on stored phosphorus reserves during leafing and not on the current source in the soil.
Nutrient uptake intensifies after the development of leaf mass. According to the same study [56], the
main P uptake from soil occurs in late summer and fall.

The increased phosphorus effect on spring phenology in 2022 (the second experimental year)
was almost completely absent, i.e., neither beech provenances nor an oak provenance showed any
differences in flushing phenology between the +P treatment and the control. However, one oak
provenance showed advanced spring phenology in the +P treatment (Figure 3d). Advanced flushing
of holm oak (Quercus ilex L.) seedlings in response to NPK fertilization was reported [58].
Additionally, common beech seedlings originating from a phosphorus-rich habitat showed advanced
leafing [23]. The latter report is based on a comparison of two provenances that differed significantly
in soil phosphorus content (rich vs. poor P content). Although plants in our study were exposed to
significantly different P levels, the soils were not P-rich or P-poor but rather in the upper normal vs.
lower normal P content range (or lower normal vs. latent deficiency, in the case of oak - Table 3). In
this context, it can be assumed that excess and deficient phosphorus have opposite effects on spring
phenology (i.e., phosphorus surplus induces advance, while deficiency delays spring phenology).
However, advanced flushing is shown when comparing groups of plants that strongly differ in
phosphorus content, i.e., when comparing a phosphorus-deficit group with a group containing a P
surplus. This assumption is supported by the fact that in this study, significantly advanced spring
phenology was shown only by one oak provenance (Qp_Ka, see Figure 3), with the largest difference
in phosphorus content between the +P treatment and control (Table 3, year 2022). On the other hand,
it is possible that plants should be exposed to elevated phosphorus for more than a growing season
to show a more intense response in spring leaf phenology. It should be recalled that at the beginning
of leafing, young trees (of common beech) rely on phosphorus reserves stored mainly in coarse roots
[56]. In that case, the accelerated flushing of the Qp_KA provenance could have indicated its greater
efficiency in storing phosphorus, a phenomenon for which we currently have no direct evidence.
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5. Conclusions

In general, the results showed that both species similarly responded to elevated phosphorus
content in substrate i.e., with advanced autumn leaf phenology, although common beech responded
more intensely in the first experimental year. A more pronounced response (i.e., more advanced
autumn leaf phenology in the +P treatment than in the control) to the phosphorus treatment was
shown in both species in the second experimental year. Advanced leaf senescence as response to
elevated phosphorus may be due to increased plant productivity which corresponds with sink-
limitation hypothesis.

There was no spring leaf phenology response to elevated phosphorus in common beech, and in
one sessile oak provenance. However, the other oak provenance responded with advanced leafing
indicating within-species variations. Therefore, the effect of elevated phosphorus was more clearly
manifested in autumn than in spring leaf phenology, at least in the first growth period after
fertilization, especially for common beech.
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