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Abstract

We explored the timing of spring xylogenesis and its potential drivers in homogeneous mature
forest stands in a temperate European region. Three species with contrasting leaf development
dynamics and wood anatomy were studied: European beech, silver birch and pedunculate oak.
Detailed phenological observations of xylogenesis and leaf phenology were performed from
summer 2017 till spring 2018. Cambium reactivation (CR) occurred before the buds of oak
and birch were swollen, whereas these two phenological phases were concurrent for beech.
On the other hand, initial earlywood vessels were fully differentiated (FDIEV) after leaf
unfolding for all three species. Timing of CR was correlated to average ring-width of the last
10 years (2017-2008), tree diameter, and, partially, with tree age. In addition, the timing of
FDIEV was correlated to tree age and previous’ year autumn phenology i.e. timing of wood
growth cessation and onset of leaf senescence. Multivariate models could explain up to 68%
of the variability of CR and 55% of the variability of FDIEV. In addition to the “species”
factor, the variability could be explained by ca. 30% by tree characteristics and previous’
years autumn phenology for both CR and FDIEV. These findings are important to better
identify which factors (other than environment) can be driving the onset of the growing
season and highlight the influence of tree growth characteristics and previous’ year phenology

on spring wood phenology, wood formation and, potentially, forest production.
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hardwood species



Introduction

Phenology is the study of event’s occurrence in plant and animal’s life cycles in interaction
with the environment (Forrest and Miller-Rushing 2010). For trees, phenological observations
are typically focussed on primary growth, for example, on the leaf phenophases (Koch et al.
2007). In temperate deciduous forests, the leaf life cycle starts in spring with bud-burst and
ends in fall with leaf senescence. For secondary growth (indicated also as wood formation or
xylogenesis), phenology is much less studied because of the complexity of its assessment
(Zuidema et al. 2018, Friend et al. 2019). However, thanks to its seasonal pattern, secondary
growth can also provide key information about tree functioning. In fact, the timing of the
increasing number of cambial cells i.e. cambium reactivation (CR from here on), and of the
full differentiation of the first row of earlywood vessels i.e. fully differentiated initial
earlywood vessels (FDIEV from here on), are key events to characterize the timing of
reactivation of the main carbon sink in the tree and the formation of its new hydraulic system
(Begum et al. 2013). For ring-porous species, CR preeceds bud-burst (Gonzélez-Gonzéalez et
al. 2013), whereas for diffuse-porous species the two events are concurrent (Cufar et al. 2008,
Prislan et al. 2013). However, the relationships between spring xylogenesis and the other leaf
phenophases (e.g. swollen buds, complete leaf unfolding) are less investigated. Accurate
studies on CR and FDIEV (secondary growth phenology) and leaf development (primary
growth phenology) are essential to better understand the drivers and mechanisms of the onset

of the growing season and important tree (xylem) functional traits (Rathgeber et al. 2016).

Secondary growth represents one-third of the annual biomass production in temperate forest
ecosystems (Campioli et al. 2016). Nevertheless, models of annual biomass production are
largely based on primary growth variables (Friend et al. 2019). Therefore, the identification of

determinants of secondary growth is important to predict vegetation growth and to increase
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the accuracy of dynamic global vegetation models (Zuidema et al. 2018, Friend et al. 2019).
For the main tree species in temperate European forests (e.g. European beech, pedunculate
oak, sessile oak and Scots pine) secondary growth is influenced more by the growth duration
(controlled by spring and autumn phenology) than the growth rate (Michelot et al. 2012,

Pérez-de-Lis et al. 2017). Therefore it is important to gain more insights on CR and FDIEV.

For coniferous species, the onset of primary and secondary growth across the northern
hemisphere is driven mainly by photoperiod and temperature (Piao et al. 2019, Huang et al.
2020). Concerning temperature, chilling (amount of cold experienced in late autumn-early
winter) and forcing (amount of warmth experienced in late winter-early spring) are both
needed to explain the beginning of xylogenesis (Delpierre et al. 2019). For angiosperm
species, spring xylogenesis is also driven by climate, especially warm temperatures in late
winter-early spring (Begum et al. 2013, 2018, Delpierre, et al. 2016). However, even with this
knowledge, inter-individual variability of xylogenesis within a homogenous forest stand
cannot be explained (Prislan et al. 2013). Comprehensive phenological studies of xylogenesis

are therefore needed to understand tree functioning at individual scale within a stand.

At individual level, the timing of spring xylogenesis could be related to tree characteristics
(e.g. age, size) or previous’ year autumn phenology of leaves and wood (Rossi et al. 2007,
Pérez-de-Lis et al. 2016). Multiple studies on coniferous species show that age and size affect
spring xylogenesis. For example, younger individuals of Larix decidua, Pinus cembra and
Picea abies have CR earlier than mature ones (Rossi et al. 2007, 2012). Furthermore, taller
silver-firs have CR earlier the smaller individuals (Rathgeber et al. 2011). However, less is
known about the drivers of intra-stand variability of spring Xxylogenesis for angiosperm
species as many of the existing studies on spring xylogenesis for angiosperms are mainly
focused on hydraulic properties and wood anatomy (e.g. Pérez-de-Lis et al. 2016). Therefore,

we hypothesize that, in a homogeneous mature stand, younger trees present earlier CR and

4



FDIEV than older trees. We expect for diameter the same trend as for age because of the
consistent relationship between the two variables in homogenous stands. Timing of leaf
autumn phenology in the previous year might affect the timing of current wood growth
throught the content of non-structural carbohydrates. In fact, later senescence likely assures
more carbon uptake and more storage of reserves (Bréda et al. 2006, Estiarte and Pefiuelas
2015) in a period (autumn) when growth is modest (Dox et al. 2020). More reserves might
trigger fast spring reactivation because of greater fitness and the potential to mitigate risks
such as, for example, late cold spells (Morin et al. 2007, Hartmann and Trumbore 2016,
Tixier et al. 2019). In fact, the negative relationship between carbon reserves and spring
phenology (i.e. the larger the carbon reserves, the earlier the spring reactivation) has been
already suggested for primary growth (Delpierre et al. 2017, Pérez-de-Lis et al. 2017).
Therefore we hypothesize that trees with later onset of leaf senescence also present earlier CR
and FDIEV. Our hypothesis is further strengthened by the correlation between carbon storage
in the previous year and width-ring variation in the following year, as observed for beech
(Skomarkova et al. 2006). As in temperate angiosperms, autumn wood growth cessation is
generally concurrent (or shortly before) onset of leaf senescence (Dox et al. 2020), we expect
spring xylogenesis to be influenced in the same way by both the onset of leaf senescence and
wood growth cessation. To our knowledge, the interaction between previous autumn
phenology (leaf senescence and wood growth cessation) and the timing of spring xylogenesis

(CR and FDIEV) has never been studied for angiosperm or coniferous tree species.

Here we postulate that under favorable climatic conditions (thus without stressors or extreme
events), tree growth characteristics and previous’ year autumn phenology can influence the
timing of spring wood growth in addition to wood anatomy. The objectives of our study are
(i) to determine the timing of CR and FDIEV in relation to spring leaf phenology for common

deciduous forest tree species of the European temperate zone, (ii) study the timing of CR and



FDIEV in relation to tree growth characteristics and previous autumn phenological events,
and (iii) build statistical models to determine the importance of such variables on the timing
of CR and FDIEV. The study was performed on pedunculate oak (Quercus robur L.),
European beech (Fagus sylvatica L.) and silver birch (Betula pendula Roth.), in two forests
nearby Antwerp, Belgium, between summer 2017 and spring 2018. Whereas, (though with
fewer details), previous studies have already compared leaf- and wood spring phenology of
beech and oak, to the best of our knowledge, this is also the first study presenting a detailed

description of leaf- and wood spring phenology for birch.

Material and methods
Species and sites

The species selected for this study (oak, beech and birch) are among the most common
temperate forest tree species in Europe. Oak and beech are late-successional species with a
determinate growth (i.e. they produce leaves in 1-2 flushes) whereas birch is a pioneer species
with an indeterminate growth (i.e. it produces leaves continuously throughout the season).
Regarding the wood type, beech and birch are diffuse-porous species, whereas oak is ring-
porous. The study took place on two nearby (< 10 km) mature temperate forest sites in
northern Belgium, specifically the park of Brasschaat (PB, 51°12° N, 4°26’E and 18m a.s.l)
and the ‘Klein Schietveld’ (KS, 51°21°N, 4°37’E and 22m a.s.l). The region is characterized
by a maritime climate with regular precipitation (778 mm year) and a monthly mean
temperature ranging from +3°C (January) to 17°C (July) (Campioli et al. 2012). Both sites are
characterized by sandy soil, but with a thicker organic layer (60-90cm) at PB compared to KS.

On each site, we selected one homogeneous stand of each species. These were monospecific



for beech PB, oak PB, beech KS and birch KS, but with the presence of other species for birch

PB (mainly Quercus rubra) and oak KS (mainly Betula pendula).

Tree selection and their characteristics

Dominant or codominant healthy trees of each species were selected. In total we selected 28
trees (4 oaks, 4 beeches and 4 birches) at each site, except for KS, where we selected 8
beeches trees. For each tree we determined the stem diameter at breast height and a tree
density index to consider the effect of competition (Supp. Data Table 1). The latter was
calculated considering the total basal area of all (co)dominant trees within a circle centered at
our target tree. Additionally, to assess the age and the average growth rate of the last decade,
selected trees were cored on the north and south part with a Pressler corer. Tree-ring width
measurements were performed with a Lintab measuring stage (0.01 precision) and TSAP-Win

software (Table Supp. Data. 1).

Wood phenology

Wood xylogenesis was assessed from late August till late November 2017 and from early
March till mid-June 2018. Weekly to biweekly stem micro-cores were collected using a
Trephor (Rossi et al. 2006). To avoid any impact of previous sampling, sampling followed an
upward spiral at a stem height between 1.3 m to 2 m. Sample processing to obtain micro-
sections was performed at the Slovenian Forestry Institute (Ljubljana, Slovenia) according to
the protocol described in Prislan et al. (2014). In short, immediately after removal from the
trees, the samples were stored in 70 % of ethanol solution and further processed in the
laboratory for preparation of permanent cross-sections (5-10 um in thickness) stained with
safranin and Astra blue and embedded in Euparal. Histometric observations and image
capturing were performed using the LAS image analysis software (LEICA Application Suite

version 4.9.0, copyright 2003-2006) on images of the microsections collected with a LEICA



DMC 4500 camera connected to a LEICA DM 4000B light microscope (Leica Microsystems,
Wetzlar, Germany) using both transmission and polarised light. The observation included five
xylem phenophases (Puchatka et al. 2017, Gric¢ar et al. 2017), specifically: 1: Dormant
cambium (DC, cambium is non-productive); 2: Cambium reactivation (CR, increase of the
number of cambial cells; production of new xylem and phloem cells); 3: Onset of xylem
growth (OG, enlargement of newly formed xylem cells); 4: Appearance of initial earlywood
vessels (IEV, enlargement of the first row of vessels of the current year-ring), and 5: Fully
differentiated initial earlywood vessels (FDIEV, vessels and neighboring fibers are lignified,
sap can be conducted through those vessels). During autumn, two additional phenophases
were considered: 6: xylem cells in the wall-thickening phase and 7: last formed cells are
mature except for very rare solitary terminal cells. Wood growth cessation dates were
determined when latewood differentiation was completed which was visible thanks to the red

colour of the cells under Safranin-Astra blue staining (Dox et al. 2020).

Leaf phenology

Leaf phenology was assessed in autumn 2017 and spring 2018. Autumn phenology was
monitored visually, following the method of Vitasse et al., (2009), from late August till late
November, considering first only the tree canopy coloration and, later in the season, a
combination of canopy coloration and leaf fall (decrease in canopy greenness). The date of
onset of leaf senescence was determined at the appearance of a sharp decrease in canopy

greenness (Marién et al. 2019).

Spring phenology was monitored weekly or twice a week from early March to late May 2018
on 10 randomly selected buds, equally distributed from the upper and lower part of the crown,
to account for variation within the crown (Davi et al. 2011). The considered phenophases

included bud swelling, bud-burst, leave unfolding and were determined when 50% of the



observed buds or leaves have reached the corresponding phenophase. For detail see Marchand

et al. (2020).

Statistical analyses

Comparisons of timing between wood and leaf phenophases were performed for each stand
and species with a permuted two-sample T-test (999 permutations; n= 4 except for KS- beech
where n=8). Relationships of CR and FDIEV along with tree characteristics and previous
autumn phenology were quantified using univariate linear models. When the necessary
assumptions of normality of the residuals (tested with Shapiro test, Royston 1982) and
homogeneity of variance (tested with ncvTest, package car, Fox and Weisberg 2019) were not
met, even after a box-cox transformation (using package MASS, Venable and Ripley 2002), a
generalized linear model with quasi-poisson distribution was performed. The relationships
between CR and FDIEV and categorical variables (site and species) were evaluated with one-
way ANOVA, type Il (package car). To consider nonlinear relationships as well, the
Random Forest method (package randomForest, Liaw and Wiener 2002) was applied to rank
the potential explanatory variables. Random Forest is a partitioning method that produces a
large ensemble of regression trees considering the full dataset but with random subset of
predictor variables. We set 5000 trees to have stable results and 3 (for FDIEV) or 4 variables
(for CR) for each split, following the floor function (package randomForest). Finally, we used
multivariate linear models (that can be applied with both continuous and categorical
variables) to determine the most relevant explanatory variables and to build multivariate
models. Because of the relatively small dataset, these models were built starting with the three
most important variables identified with the univariate models. Interactions between variables
were checked and were reported if significant. Tests for normality of residuals and variance
homogeneity were done as reported above. Because these conditions were not met for FDIEV,

instead of a linear model, we applied, in this case, a generalized linear model, with quasi-



poisson distribution. ANOVA, type 1l analyses, were done on each model to test categorical

variables.

Results
Wood and leaf phenology

CR (mean date per stand) took place between DOY 77 - 87 for birch, DOY 108 - 109 for
beech and on DOY 87 for oak (Fig. 1). FDIEV took place on DOY 162 for birch, DOY 160 -
162 for beech and DOY 134 - 143 for oak (Fig. 1). Both CR and FDIEV showed significant
inter-species variation (p < 0.01) but not significant inter-site variation (Fig. 1). Leaf
phenology (mean date per stand) started with the ‘swollen bud’ stage on DOY 96 - 107, then
bud-burst occurred on DOY 101 - 110 and finally, leaf unfolding took place on DOY 106 -
112 (Fig. 2). CR occurred 10 - 20 days before buds were swollen for birch and oak (Fig. 2,
Table 1), but after that (around budburst) for beech (Fig. 2, Table I). FDIEV occurred around a
month or two after leaf unfolding (stand average between 22 - 55 days; p < 0.05; Table 1).
Concerning previous autumn phenology, wood growth cessation varied between species and
sites and onset of leaf senescence varied between species only (Fig. 1). Both events were
concurrent (p > 0.10) except for KS-beech (p = 0.02) where an early wood growth cessation

was observed.

Univariate relationships

Cambium reactivation date was significantly related to species and also to 10 years average
ring-width, with a later CR in case of narrower ring-widths (Fig. 3a, Table Il). Furthermore, a
weak positive relation (p = 0.060) was found between CR and tree diameter (Fig. 3c, Table
I1). The Random Forest analysis confirmed that species was the most important factor and that

tree diameter had also an important influence (Table 111). Opposed to the linear models, the
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Random Forest analysis ranked ‘age’ as a key variable and 10 years growth rate among the
least important variables (Table Il1). Age was not significantly linearly related to CR date
mainly because of the old trees in the oak-PB stand (Fig. 3e). Indeed, the average age of this
stand was 115 years against an average age of 60 years for the rest of the studied trees.
Without these 4 old trees the relationship between CR date and age is significant (T-value =
5.119; p-value < 0.01; Fig. 3e), with later CR for older trees until a certain age. The fact that
the 10 years growth rate was ranked low by the Random Forest analysis only means that other
variables (e.g. growth cessation and onset of senescence) had stronger non-linear relationships

with CR (Table I11).

FDIEV was highly related to species and also to age and previous autumn phenology (i.e.
onset of leaf senescence and wood growth cessation) (Fig. 3b,d,f, Table II). Age was
significantly related to FDIEV when all trees were considered (Fig. 3f, Table II). On the other
hand, when trees older than 75 years were removed, the relation became non-significant (Fig.
3f). The relationships between FDIEV and onset of leaf senescence and wood growth
cessation, were negative, meaning that a later FDIEV was found for trees with an early leaf
onset of senescence or previous’ year early cessation of wood growth (Fig. 3b,d Table II).
Moreover, a weak negative linear relation (p = 0.063) was found between FDIEV and tree
diameter (Table II). For FDIEV, Random Forest confirmed that species, age, onset of leaf
senescence and wood growth cessation were the most important variables affecting FDIEV

even when non-linear relationships were also considered (Table 111).

Statistical models of wood spring phenology

For both spring wood phenological events, CR and FDIEV, a linear model was developed
with the three most important variables obtained with univariate model analysis (Table IV and
Sl Table I1I; correlations between variables are shown in SI Table I1). For CR, a multivariate

model including ‘species’, ‘diameter’ and ‘age’ explained 68% of the variability (Table IV).
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A model without the ‘species’ factor could still explain 28% of the variability (Table V). For
FDIEV, a model including ‘species’, ‘age’ and ‘onset of leaf senescence’ explained 55% of
the variability (Table IV). Also in this case, a linear model without the species factor could
explain ca. 30% of the variability (Table IV). An alternative model with ‘wood growth

cessation’ instead of ‘onset of leaf senescence’, provided similar results (SI Table I11).

Discussion
Timeline of wood and leaf spring phenology

For oak, our study aligns with previous observations of xylogenesis and bud-burst for this
species and other comparable oak species (Sass-Klaassen et al. 2011, Gonzalez-Gonzalez et
al. 2013, Pérez-de-Lis, Rossi, et al. 2016, Pérez-de-Lis et al. 2017, Lavri¢ et al. 2017, Gri¢ar
et al. 2017). For example, the timing of CR was similar to the one reported for pedunculate
oak in The Netherlands (Sass-Klaassen et al. 2011). On the other hand, we could also show
that CR occurs not only before bud-burst but also before the buds are swollen (the first stage
of leaf spring phenology). This detail has not been reported before. In beech, CR occurred
almost at the same time as bud-burst. Our data are in agreement with other studies on beech
(Cufar et al. 2008, Prislan et al. 2013). Furthermore, our observation that earlywood vessels
were fully formed in beech at the beginning of June is comparable to data from other sites in
Germany (in the Bavarian Alps) and Slovenia (Cufar et al. 2008, Kraus et al. 2016). For birch,
although diffuse porous as beech, CR already occured in the second half of March,
significantly before bud swelling. We speculate that for this pioneer species the cambial
reactivation, uncoupled to leaf phenology, could be due to the temperature conditions in the
spring of 2018 with an unusually cooler March that delayed bud-burst (see temperature and

phenology comparison with 2019, when bud-burst occurred slightly before CR, SI Fig. 1).
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Only few (and less detailed) studies on spring xylogenesis and wood phenology for birch
exist. Therefore, such lag between CR and bud-burst for a pioneer diffuse-porous species is
not supported by other research so far. It might indicate that, at least for the birch population
investigated here, spring cold spells tend to block the leaf unfolding rather than the cambial

activity.

Factors influencing spring wood phenology

In addition to the factor ‘species’, CR was related to the average ring-width of the last 10
years, with an earlier start of the growing season for trees with larger ring widths. A positive
relationship between vessel density and ring width was already found for oak and beech
(Delpierre et al. 2016, Prislan et al. 2018), suggesting that larger annual ring width is
associated with an earlier start of the wood growth. Cambium reactivation was also related to
tree age (at least till the age of 75 years), with younger trees starting CR earlier than older
trees. Although the age range was limited (40-75 years), this follows the principle that young
trees need to compete for light against the older larger trees as it was also reported for various
conifers (Rossi et al. 2007, 2008, Li et al. 2013). Therefore, the first hypothesis is confirmed
for CR but only for trees up to 75 years old. The fact that beech trees of 45 and 130 years in
the same stands were reported to have the same CR (Giagli et al. 2015), might confirm that
the positive relationship between CR and age is not relevant for older trees. Average ring
width is more closely related than age to CR in homogenous stands. The relationship between
tree-ring width and CR supports the idea that trees with better fitness and growth are the ones

with earlier start of the secondary growth.

FDIEV was not related to age for trees up to 75 years old, but it occurred earlier for the oldest
trees (oaks) considered in our study. The first hypothesis is therefore not valid for FDIEV that
shows for old trees even the opposite pattern than expected. However, the findings indirectly

agrees with Pérez-de-Lis et al. (2016), who found a negative relationship between FDIEV and
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tree diameter for pedunculate oaks. The latter can be an indication that older, larger, trees
(thus with more resources and reserves) can have a fast spring reactivation. We also found
negative relationships between FDIEV and onset of leaf senescence and wood growth
cessation in the previous autumn. To our knowledge, this is the first study to relate earlywood
vessel differentiation with previous autumn phenology. The second hypothesis (i.e. that later
autumn phenology might trigger earlier spring wood xylogenesis) is therefore confirmed for
FDIEV but not for CR. Maybe the surplus of reserves gained by later onset of senescence is
more important when the reserve storage is close to its minimum in June (the timing of
FDIEV) rather than in March-April (the timing of CR) when the carbon reserves are still

rather full (Barbaroux and Breda 2002).

Statistical models of wood spring phenology

Our models, which are based on simple correlations, captured about 70% and 55% of the
variability of CR and FDIEV, respectively. Letting the species factor aside, about 30% of the
variability was explained by growth characteristics and previous’s year autumn phenology.
This indicates that the difficult task to fully understand the inter-tree variability in spring
xylogenesis still needs to be investigated and more potential drivers (e.g. non-structural
carbon of reserves, nutrient content) need to be taken into account. In any case, our study is
one of the few trying to elucidate the inter-individual variability in Xxylogenesis in
homogenous stands of angiosperms. The model results, even without being mechanistic, are
statistically significant and help us to better understand the tree functioning. For example, we
showed that CR and FDIEV are not influenced by the same variables. Cambium reactivation
is mainly related to growth characteristics (age, 10 years average ring-width and tree
diameter), whereas FDIEV is also affected by previous autumn dynamics (onset of leaf
senescence and wood cessation). Thus, FDIEV could be more sensitive to annual variations

compared to CR. This is important as FDIEV can be a predictor of latewood formation
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(Pérez-de-Lis, Garcia-Gonzélez, et al. 2016). As annual wood growth and forest ecosystem
services are depending on the timing of both CR and FDIEV (Rathgeber et al. 2016), their
relationships with tree growth characteristics and previous autumn phenology should not be

overlooked.

Conclusions

Our results demonstrate that CR can occur before any signs of spring bud activity (swollen
buds) for birch and oak, while CR and the swollen bud phase occur concurrently for beech.
Initial earlywood vessels were fully differentiated always after leaf unfolding. We show that
the timing of CR correlates to tree diameter, ring-width and age. On the other hand, the timing
of FDIEV was significantly correlated to age and previous’ year wood growth cessation and
onset of leaf senescence. The hypothesis that younger, smaller, trees present earlier CR and
FDIEV has been proved true only for CR of trees up to 75 years old. The hypothesis that trees
with later autumn phenology present earlier CR and FDIEV has been proved true only for
FDIEV but not for CR. Our study might offer new perspectives in thinning strategies in very
homogenous stands. In fact, in absence of major dendrometric differences, trees with earlier
leaf senescence might be preferentially removed as they appear to have a later start of the
wood growing season. However, our study is mainly fundamental, and the novel insights on
inter-individual variability of xylogenesis open the door for further research. The observed
relationship between previous year’ autumn phenology and spring xylogenesis is particularly
interesting as it indicates that stressors affecting autumn phenology during the current
growing season (e.g. heat waves, severe drought, etc., all expected to increase in frequencies

and intensity in the future) can have an impact on next year wood phenology.
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Figure 1: Timing of observed phenophases (DOY =+ standard error) grouped by species and
site. OLS = Onset of leaf senescence in 2017 (grey), CWG = cessation wood growth in 2017
(orange), CR = cambium reactivation in 2018 (yellow), FDIEV = fully differentiated initial
earlywood vessels in 2018 (green). P-values are the result of the ANOVA test for ‘site’ and
‘species’ effect.
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Figure 2: Progress of 2018 spring cambium activity (black dots; stand mean DOY =+ standard
error) in comparison to the timing of the observed leaf phenophases (coloured bands, mean
DOY + standard error) grouped by species and site. Blue = bud swelling, green = bud-burst,
orange = leaf unfolding, DC = dormant cambium, CR = cambium reactivation, OG = onset of
xylem growth, IEV = Appearance of initial earlywood vessels, FDIEV = fully differentiated
initial earlywood vessels
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Figure 3: Right panel: Relevant relationships between day of year (DOY) of 2018 cambium
reactivation (CR, orange points) with dendrometric parameters or 2017 autumn phenophases:
(@) 10 years average ring-widths, (c) tree diameter and (e) tree age. Left panel: relevant
relationships between DOY of 2018 fully differentiated initial earlywood vessel (FDIEV, blue
points) with dendrometric parameters or 2017 autumn phenophases: (b) wood growth
cessation in previous autumn, (d) onset of senescence in previous autumn, and (f) tree age.
Each point corresponds to a tree (n = 28). Black lines and grey bands represent the linear
models with the 95% confidence interval. Model p-values are reported on each panel. For
panel (e) and (f) the red line (and red p-value) represents the linear model only considering
trees < 75 years old.
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Table I: The p-value of the student test with 999 permutations comparing the 2018 DOY of
leaf- and wood spring phenological events for each species within each stand (see Figure 1).
Bold values indicate whether the difference is significant (p-value <0.05)

site specie CR and swollen CR and bud-burst FDIEV and leaf
bud unfolding
Beech 0.296 0.808 0.024
Park of )
Brasshaat (PB) Birch 0.04 0.032 0.03
Oak 0.022 0.032 0.036
Beech 0.03 0.194 0.002
Klein Schietveld )
(KS) Birch 0.03 0.03 0.04
Oak 0.022 0.026 0.032
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Table I1: Characteristics of univariate linear models between 2018 cambium reactivation
(CR) and fully differentiated initial earlywood vessels (FDIEV) with tree dendrometric
parameters or 2017 autumn phenophases for all monitored trees at both sites (see Figure 3).
Oak (n=8), beech (n=12) and birch (n=8). Significant models (p<0.05) are in bold; “*’
indicates the use of a generalized linear model quasi-poisson instead of a linear model. The
‘e’ indicates the results of a one-way ANOVA.

CR FDIEV
Potential predictors
T-value or F value (@)  P-value  T-value or F-value (2) P-value
Onset of senescence 0.531 0.6 -2.388* 0.024
Wood cessation -0.426 0.674 -2.927* 0.007
Age 0.358 0.723 -2.81* 0.009
- %
10 years average 22,198 0.037 0.199 0.844
ring-width
Tree diameter 1.966 0.060 -1.942%* 0.063
Tree density 0.235 0.816 -0.984* 0.334
species 30.296x <0.01 32.744x <0.01
site 2.269¢ 0.144 0.239* 0.625
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Table I11: Importance of predictors (indicated with an increase of mean square error INCMSE)
obtained with Random Forest analysis for cambium reactivation (CR) and fully differentiated
initial earlywood vessels (FDIEV) in 2018 for all observed trees (n = 28).

Potential predictors R FDIEY
% IncMSE % IncMSE
species 133.61 61.94
Age 30.44 4.22
Tree diameter 19.81 -0.96
Cambium cessation 2017 8.48 6.26
Onset of senescence 2017 8.43 4.47
Tree density index 2.73 2.17
10 years average ring-width 1.95 -3.24
Sites 0.75 -0.41
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Table 1V: Characteristics of multivariate multi-species linear models of cambium reactivation
(CR) and multivariate multi-species generalized linear models for fully differentiated initial
earlywood vessels (FDIEV); models are presented with or without the ‘specie’ factor (CR

n=28; FDIEV n=27). na: not applicable.

CR model with age

FDIEV model with onset of

senescence

F- P- F- P- LR P- T- P-

value value value value Chisq value value value
species 23.06 <0.01 na na 14.97 <0.01 na na
Tree diameter 3.19 0.09 11.24 0.03 na na na na
Age 132 026  4.67 0.04 0.684 041 -212 0.04
Tree diameter : Age na na 6.61 0.017 na na na na
Onset of senescence  na na na na 0.001 097 -158 0.13
R? adjusted 68% 28% 55% 29%
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