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ABSTRACT

European lowland beech stands are under pressure by current climate change and increased drought spells.
Climate sensitivity of trees is most commonly studied by examining tree-ring width records and wood density-
based time series, yet the potential of the latter is underexplored for hardwoods and beech (Fagus sylvatica L.)
in particular. Here, we investigate how variability in radial growth, Maximum Latewood Density (MXD) and
intra-annual wood density records in lowland beech are related to monthly and daily temperature (T) and
precipitation (P) records, as well as the Standardized Precipitation Evapotranspiration Index (SPEI), during the
past 50 years. 45 increment cores were collected from healthy (co-) dominant beech trees in Flanders (northern
Belgium). We used X-ray micro-Computed Tomography (XuCT) to obtain wood density and tree-ring width se-
ries. By dividing every tree-ring into 4 sectors of equal radial width, we also assessed climatic forcings on intra-
annual wood density variability (meanQi, i = 1:4). Water availability (SPEI) is the most important factor limiting
radial growth, whereas MXD is correlated with summer temperature (period May-July, r = 0.334). Scanning
resolution (110, 60, 20 um) proves to be an important parameter when interpreting MXD values. We found that
to quantify climate signals at the end of the growing season, density values should be representative for a
relatively large part of the latewood. Our results also suggest that a sector approach is useful by showing climatic
influences during the entire growing season. Wood density at the beginning of the growing season is mainly
influenced by water availability (meanQ;~SPEI, r = 0.416), whereas towards the end of the growing season only
significant correlations with temperature were observed (meanQ4~T, r = 0.347). We recommend to further
explore MXD values for hardwood trees in lowland Europe.

1. Introduction

east is limited by the hot summers of the continental climate and extends
to the Carpathians and the Balkan Mountains. Due to its important

European forests, covering more than a third of Europe’s land surface
(FOREST EUROPE, 2020), are affected by climate change and shifts in
tree species distributions, and severe economic consequences can be
expected (Hanewinkel et al., 2013). European beech (Fagus sylvatica L.)
is one of the most abundant and dominant tree species within these
forests (del Rio et al., 2017). The natural distribution area of beech
covers a wide range of ecological and climatological zones, ranging from
the southern part of Scandinavia, the temperate lowlands along the
North Sea coast, down to the Mediterranean. Its distribution towards the
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ecological and economic value, this deciduous tree has been very pop-
ular by forest managers, recreationists and eco-physiologists (Diaconu
et al., 2016; Goossens, 2021). Climate change is putting this dominant
position under pressure (Reyer et al., 2013; Allen et al., 2015). However,
it remains difficult to assess where and how critical tree species are
under pressure due to the changing climate (Mcdowell et al., 2008; Allen
et al., 2015; Hartmann et al., 2018) and whether regional-scale stress
will lead to a widespread mortality. Therefore, there is an urgent need to
assess the impact of climate change on vegetation, associated
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ecosystems and their feedback to the climate system (Scholze et al.,
2006; Cailleret et al., 2019).

Forest vitality has been continuously monitored in Europe since the
1980 s, and the intensive monitoring plots of ICP Forests (http://icp-
forests.net/) offer the opportunity to study the effects of air pollution
and climate change on forest condition. Research by Sousa-Silva et al.
(2018), using data from Belgian plots of ICP Forests, showed an
increasing trend in crown defoliation for beech trees between 1990 and
2015. This upward trend was believed to be triggered by increasing
drought stress. Increasing levels of defoliation are also observed in other
European countries (Carnicer et al., 2011; Bussotti et al., 2018). Crown
defoliation is the most commonly used indicator of tree vitality, however
it is rather unspecific with respect to potential causes of damage, and
possible links with tree functioning remains unclear. Therefore, it has
been proposed to combine defoliation assessments with measurements
of other tree vitality indicators (Gottardini et al., 2020). Cherubini et al.
(2021) reported that tree-ring data can be used to enhance our under-
standing of tree vitality, in particular when using long tree-ring series.

The growth-ring pattern of living trees can be considered as archives
of the past and biosensors of the present, as they offer a unique view on
the trees response to fluctuating environmental conditions (Babst et al.,
2017). Thus, the study of growth-ring patterns allows to accurately es-
timate growth rate and survival of tree species in the context of current
climate change. While several studies have been performed on the
impact of the environment on beech radial growth (i.e. tree-ring width),
little is known about how variability of temperature and precipitation
affects wood density (WD) and anatomical characteristics (Arnic et al.,
2021). However, tree-ring width (TRW) may have a relative weak signal
(site and climate region dependent) as ring widths are an integration
over the entire growing season and only provide a single measurement
for the entire growing season, during which environmental conditions
can change dramatically (Van der Werf et al., 2007). Furthermore,
especially in temperate, maritime climate zones with less extreme con-
ditions (e.g. centrally in the geographical distribution range of a species,
such as in many parts of Western Europe), the use of TRW is often
inadvisable (Pritzkow et al., 2016), in contrast to peripheral populations
at the edge of their distribution area (Dorado-Linan et al., 2017). We
must therefore look for more sensitive climate proxies in order to assess
tree performance more accurately.

WD can be considered as an integrator of ecophysiological activity,
which may provide novel and additional information on climate-growth
relationships of trees compared to radial growth data (Bouriaud et al.,
2004; van der Maaten et al., 2012). WD is determined by wood
anatomical characteristics (e.g. cell wall thickness or size and density of
sap transporting vessels), which in turn are shaped by prevailing envi-
ronmental conditions, and hence steered by climatic variables (van der
Maaten et al., 2012). Especially for conifer trees, relationships between
maximum latewood density (MXD) and summer temperature have been
established and are (widely) used for climate reconstructions
(Schweingruber et al., 1978; Briffa et al., 1998; Bjorklund et al., 2017,
2019), even for periods that go back more than a thousand years in time
(Esper et al., 2018; Klippel et al., 2019). St. George and Esper (2019)
state that MXD is a superior climate-proxy compared to TRW in conifer
trees.

The majority of these climate-growth relationships based on WD
were established for conifer tree species. Due to the more complex wood
anatomical structure of angiosperm species, such as beech, WD profiles
are more complex to interpret and are therefore - up to now - rarely used
for climate-growth analysis. However, densitometric studies on Euro-
pean beech showed that climatic signals are recorded in MXD and may
provide valuable information related to the climate response of beech
trees (Bouriaud et al., 2004; Skomarkova et al., 2006; Meinardus et al.,
2012). Despite these findings, our knowledge of MXD and intra-annual
WD variations in hardwoods and beech in particular, is still limited
(van der Maaten et al., 2012; Bontemps et al., 2013).

WD is thus considered a valuable proxy in dendrochronology, yet
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laborious wood sample preparation limits the widespread use for tree-
ring analysis. There is an ongoing interest in developing new methods
for studying WD in a more detailed and less time-consuming way, and
less dependent on physical manipulations. A technique specifically
reducing labour and time cost is X-ray micro-Computed Tomography
(XuCT). In contrast to classic X-ray densitometry or high-frequency
densitometry, no physical surface treatment is necessary, and samples
can be scanned immediately after drying (De Mil et al., 2016), or directly
on sanded, mounted cores (De Mil et al, 2021). XuCT is a
non-destructive technique, complementary to existing techniques,
enabling 3D tree-ring analyses to accurately and simultaneously study
TRW and WD (Van den Bulcke et al., 2019).

The aim of this study was to quantify the relationship between cli-
matic variables, TRW, and MXD for 45 beech trees in lowland Flanders
(northern Belgium) for the past 50 years. We also studied the effect of
XuCT-scan resolution on MXD values, inspired by Bjorklund et al.
(2019). Additionally, we divided each tree-ring into quarters (four sec-
tors) to study climatic influences on the intra-annual WD profile. We
hypothesize that (i) TRW and MXD are climate-sensitive tree-ring vari-
ables in beech, providing complementary information; (ii)
XuCT-resolution affects the strength of the climate association of MXD;
and (iii) studying intra-annual WD variations can provide more
knowledge about climatic influences on wood formation.

2. Material and methods
2.1. Study area

Samples were collected as part of the TREEWEB project (https://
treedivbelgium.ugent.be/pl_treeweb.html) in lowland forests south of
Ghent (50° 54’ N 3° 35" E — 50° 59° N 3° 56’ E). All sample plots are
located in ancient forest fragments and are considered as mature forest
stands of comparable age. The crown cover is at least 60% and obvious
signs of recent forest management are absent in all plots. The climate in
the study area is a temperate Atlantic maritime climate with an average
annual temperature of 10.5 °C and average annual (fairly uniformly
distributed) precipitation of 826 mm (1981-2010, Royal Meteorological
Institute of Belgium).

2.2. Sample preparation and measurements

In August-September 2016, 45 cores were collected at selected sites
in the framework of the TREEWEB project. For each plot, at least two
healthy (co-)dominant beech trees were sampled (minimum diameter
30 cm, minimum height 22.5 m). Two 5 mm increment cores were taken
per tree, perpendicular to each other, at breast height (1.3-1.5 m)
(Massart, 2017; Vanhellemont et al., 2019). All sampled trees had an age
between 50 and 100 years. For this study, 45 cores from 22 beech trees
were selected.

The samples were dried for 24 h at 103 + 1 °C and mounted in
custom-made cardboard tubes and thereafter scanned with a resolution
of 110 um (low resolution) using the X-ray micro-Computed Tomogra-
phy (XuCT) facility at UGent-Woodlab (www.woodlab.be), part of the
BOF Centre of Expertise UGCT (UGent Center for X-ray Tomography,
www.ugct.ugent.be) (Dierick et al., 2014). Reconstruction was per-
formed with Octopus, a tomography reconstruction package for parallel,
cone-beam and helical geometry as well as phase correction and
retrieval (Vlassenbroeck et al., 2007). 12 cores of beech, out of the 45
cores scanned at 110 um, were rescanned at high resolution with XuCT
(20 um) to study the effect of resolution on MXD. A third resolution at
60 um, in between the other two, was obtained by artificially rescaling
(downsampling) high resolution scan volumes via "Mean 3D’ tool in
ImageJ (Fiji) software (Schneider et al., 2012).

In Fig. 1, XuCT images and corresponding density profiles of the
same tree-ring sequence scanned at 20 ym (Fig. 1a) and 110 um (Fig. 1b)
are shown.
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Fig. 1. Density profiles of the 1992-1997 tree-rings scanned at A) 20 um and B) 110 um. Maximum Latewood Density (MXD) in beech is defined as the density peak
at the end of the growth ring. The quartile sector approach indicated with Q;, Q2, Q3 and Q4 is shown for one tree-ring (1993). In each sector the mean density

is calculated.

2.3. Chronology construction and climate-growth analysis

XuCT volumes were converted into TRW and MXD time-series, using
custom-written software toolboxes (https://dendrochronomics.ugent.
be/#software) (Van den Bulcke et al., 2014; De Mil et al., 2016). A
chronology was built for every tree-ring characteristic and correlated to
regional climate data for climate-growth analyses. Following chronol-
ogies were constructed: (1) TRW-110 pm and (2) MXD-110 pm, based on
all samples, to compare the signal in both tree-ring variables; and (3)
MXD-110 um, (4) MXD-60 um and (5) MXD-20 pym, based on the 12
samples that were rescanned at different resolutions, to study the effect
of resolution on MXD. For 20 and 60 pum resolution there is no
TRW-chronology, since scanning at 110 um generates similar TRW
values (Maes et al., 2017; Vannoppen et al., 2017).

Non-climatic trends were removed from each individual TRW and
MXD-series with a 30-year cubic smoothing spline with 50% frequency
cut-off, after truncating the first 30 years of each series to remove ju-
venile growth, using the ‘detrend()’ function of the dplR package (Bunn,
2008) in R (version 4.1.0, R Core Team, 2021). The TRW-chronology is
composed only of those series passing EPS-based chronology stripping
according to Fowler and Boswijk (2003), as implemented in the dplR
package (Bunn, 2008). Climatic influences were tested with Pearson
correlation coefficients in a climate-growth analysis using *dcc()’ func-
tion of the treeclim package (Zang and Biondi, 2015) and ‘month-
ly_response()’ function of the dendroTools R-package (Jevsenak and
Levanic, 2018), during the period in which a robust common signal was
captured:1972-2016 for TRW (n=45) and 1978-2016 for MXD
(n = 39). These calculations were performed on monthly values from
April of the year preceding growth, until September of the current
growing season. We always focused on highly significant correlations
that are stable in time and biologically interpretable (Jevsenak, 2020).
We also assessed the stability of the response using different temporal
windows and multiple detrending-methods, to verify that results are not
biased due to a changing analysis method. In this study, however, we
only show results for the abovementioned temporal window
(1972-2016 for TRW and 1978-2016 for MXD) and detrending with a
30-year cubic smoothing spline with 50% frequency cut-off. Precipita-
tion (P) and temperature (T) data (period 1972-2016) were sourced
from the KNMI Climate Explorer (station code 6447, Uccle Belgium: 50°
48’ N, 4° 20’ E) (Trouet and Van Oldenborgh, 2013). In addition we used
the Standardized Precipitation Evapotranspiration Index (SPEI) as an
integrative measure of drought intensity (Vicente-Serrano et al., 2010).
We calculated the SPEI for different timescales (3-24 months) for every
month in the year from 1972 to 2016 (Begueria et al., 2017). The
15-month SPEI showed the highest correlation with tree-ring chronol-
ogies and was used in further analyses.

We also explored multi-month responses of T and P by aggregating

monthly values in order to maximize correlation with TRW and MXD-
chronologies and the response on a fixed window of consecutive. The
latter analysis was performed with a fixed period from April-August for
TRW, as ring widths are an integration over the entire current growing
season and the period May-July for MXD, as maximum density is related
to the last formed latewood (end of growing season), and consequently
the link with climate variables in the summer months is most likely
(Cufar et al., 2008; Michelot et al., 2012; Lehnebach et al., 2021). In
addition to working with monthly data, we analyzed the influence of
daily climate data using the dendroTools R-package (Jevsenak and
Levanic, 2018), more specifically the ‘daily_response()’ function, to
provide more detailed analyses of climate-growth relationships
(Jevsenak, 2020). In this study we used daily climate data from the Uccle
weather station to in-depth analyze the effect of resolution on MXD.

2.4. Sector approach

To improve the level of detail of WD associations with T, P and SPEI
at the intra-annual scale, we divided each tree-ring into 4 consecutive
sectors (quantiles) of equal radial width from earlywood (Q1) to late-
wood (Q4) (Puchi et al., 2020). For each sector, the mean density was
computed. For this purpose, a dedicated MATLAB function was written
and added to the CoreComparison toolbox (De Mil et al., 2016). We
performed this sector approach only on the 20 ym XuCT volumes.
Maximum density of the last sector (maxQ4) was also calculated, and
equals MXD at 20 um. All 5 series for each core (mean density per sector:
meanQ; with i = 1,2,3 or 4 and maxQ4) were truncated the first 30 years
to remove juvenile growth, then detrended with a 30-year cubic
smoothing spline with 50% frequency cut-off and thereafter averaged to
build chronologies using respectively the ‘detrend()’ and ‘chron()’
function of the dpIR package from Bunn (2008). Both daily and monthly
climate data were used to quantify climate-growth relationships at
sector level, using treeClim and dendroTools (Jevsenak and Levanic,
2018; Zang and Biondi, 2015).

3. Results
3.1. Comparison of climatic signal MXD vs. TRW

Climate-growth correlations, using the detrended TRW- and MXD-
chronology (Fig. 2) at 110 um, are presented in Fig. 3. Radial growth
of beech is negatively correlated with T in June, July and August of the
preceding year (August showing a significant correlation: p < 0.05).
Temperature in current June, July and August also seems to negatively
affect TRW (p > 0.05). Spring T (current March, April and May) on the
other hand, positively affects TRW (p > 0.05). Monthly P is almost al-
ways positively correlated with ring width, with significant correlations
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Fig. 2. A) Detrended and indexed ring-width chronology (1958-2016). Only
the series that passed EPS-based stripping after Fowler and Boswijk (2003) were
included in the chronology (n = 15). The underlying individual tree-ring series
have ring-widths ranging between 0.4 mm up to 7 mm wide (mean 2.9
+ 1.1 mm). B) Raw MXD chronologies (1965-2016) for the three scanning
resolutions (n = 12).

(p < 0.05) in previous June, December and current May (Fig. 3a). MXD
of beech is positively correlated with T in current May, June and July,
with the latter being significant (p < 0.05). No significant effects
(p > 0.05) of P on MXD were observed (Fig. 3b).

In a next step monthly T and P data was grouped and a 15-month
SPEI was computed, since it is more likely that tree-ring characteris-
tics are shaped by accumulated climatic conditions over several months.
The highest correlations between tree-ring characteristics (TRW, MXD)
and aggregated climatic variables are found for TRW, in particular ef-
fects of P and water availability (quantified as 15-month SPEI) on beech
radial growth. A significant positive influence of P during the previous
growing season (i.e. previous April until August) (TRW~P, r = 0.580,
p < 0.05, n =45) and water availability in current May until July
(TRW~SPEL r = 0.570, p < 0.05, n = 45) is observed. Temperature in
previous summer (i.e. previous June until August) has a negative cor-
relation with TRW (TRW~T, r = —0.423, p < 0.05, n = 45). No signif-
icant effect of P (in current March until May) and water availability (in
current April until June) are found on MXD (MXD~P, r = 0.264,
p > 0.05,n = 39; MXD~SPEL r = 0.303, p > 0.05, n = 39). The highest
correlation of MXD is with T in the period May until July (MXD~T,
r = 0.334, p < 0.05, n = 39). Temperature is the only climatic variable
that has a significant correlation with MXD.

We complement the previous approach with an analysis that focuses
on groups of consecutive months that most likely have an influence on a
tree-ring characteristic, i.e. April until August for TRW and May until
July for MXD (both periods in the current year). This fixed window
analysis is visualized in Fig. 3c. During the period May until July, T is the
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only climatic variable having a significant correlation with MXD
(MXD~T, r = 0.334, p < 0.05, n = 39). No significant effect of P and
water availability is observed (MXD~P, r = 0.016, p > 0.05, n = 39;
MXD~SPE] r = 0.264, p > 0.05, n = 39). The radial growth of beech is
significantly correlated with water availability during the growing sea-
son (April until August) (TRW~SPEI, r = 0.556, p < 0.05, n = 45). No
significant effect of P and T is observed during the same period (TRW~P,
r = 0.253, p > 0.05, n = 45; TRW~T, r = —0.028, p > 0.05, n = 45).

3.2. Effect of resolution on MXD

To study the effect of XuCT-scan resolution on MXD, we focused on
the correlation between MXD and T during the period May until July (of
current year), as T is the only variable having a significant correlation
with MXD. At all three resolutions (scanned 20 and 110 um, rescaled
60 um), the highest influence of T is related to the period May-July.

Differences are observed in mean MXD-value between the different
resolutions: higher MXD-values are obtained at 20 um, compared to
110 pm (940.35 vs. 792.87 kg/rn3) (Fig. 2b). Climate-growth correla-
tions are presented in Fig. 4. The highest correlation between MXD and T
is found at low resolution (MXD~T 110 pym, r = 0.405, p < 0.05,
n = 39). The MXD-chronology at 20 um shows the least pronounced
correlation with T (MXD~T 20 um, r = 0.301, p < 0.05, n = 39). The
intermediate resolution of 60 um, has a correlation coefficient in be-
tween (MXD~T 60 um, r = 0.334, p < 0.05, n = 39).

To study the effect of resolution more in detail, we also used daily
data. Instead of grouping months, dendroTools ‘daily_response()’ func-
tion groups consecutive days, and thus allows to analyze differences, at
daily basis, between different XuCT-scan resolutions. We opted to group
at least 21 days (Jevsenak and Levanic, 2018). Analyses with daily data
confirm the significant influence of T during the period May-July
(Fig. 5a,b). At 110 pm, the highest correlation between MXD and daily
T is found during the period 4 May until 24 May (MXD~daily T 110 pm,
r = 0.435, p < 0.05, n = 39). Thus, monthly data allow to determine
which months (groups of consecutive months) have a significant cor-
relation with a tree-ring characteristic, and daily data make it possible to
determine which days within this period have the largest influence.
MXD-values at 110 um are consequently significantly correlated with T
from May until July, with the highest correlation in May (4 May — 24
May) (Fig. 5b).

At 20 pm, the highest correlation between MXD and daily T is found
for the period 24 April until 20 May (MXD~daily T 20 um, r = 0.336,
p < 0.05,n = 39). Significant correlations are also observed with daily T
later in the growing season (i.e. for wider windows starting in May).
Thus, MXD-values at 20 um are significantly correlated with T during
the period May-July, with the highest correlation from 24 April until 20
May (Fig. 5a). However, these correlations are less pronounced
compared to low resolution scans, for both monthly (Fig. 4) and daily T
data (Fig. 5).

3.3. Sector approach

For each of the four sectors (quantiles Q;:Q4) a chronology was built
representing the mean density (Fig. 6). The mean density of sector 4
(meanQy), the last formed quarter of a tree-ring, is significantly positive
correlated with T from May until July (meanQ4~T, r = 0.347, p < 0.05,
n = 39). Daily T data confirms the significant correlation with T in May-
July, with the highest correlation from 3 May until 15 June (mean-
Q4~daily T, r = 0.422, p < 0.05, n = 39). No significant effect of P and
water availability (quantified as 15-month SPEI) on meanQy is observed
(Table 1). The maximum density of sector 4 (maxQ4) equals the MXD-
value (MXD at 20 um, since 20 pm XuCT volumes are used in sector
approach), as exactly the same density values and climate-response is
observed. This confirms that MXD is related to the last formed latewood,
and is therefore by no means an intra-annual WD fluctuation. MaxQy is
significantly =~ positive  correlated with T in  May-July
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Fig. 3. Climate-growth correlations for TRW and MXD at
110 pm, with monthly mean temperature (T) in red and
total monthly precipitation (P) in blue. A) Pearson corre-
lation of TRW-chronology with monthly data of T and P,
for the period 1972-2016. B) Correlation of MXD-
chronology with monthly data of T and P, for the period
1978-2016. Current growing season months are capital-
ized. C) Groups of consecutive months in fixed window
analysis. Pearson r quantifies the correlation between P, T
and SPEI (grey) and the tree-ring data during the fixed
period April-August for TRW (left bar), and May-July for
MXD (right bar) (fixed periods of current year). Stars
denote significant correlations (p < 0.05).
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(maxQ4~T = MXD~T 20 um, r = 0.301, p < 0.05, n = 39) (Table 1).

MeanQs is significantly positive correlated with T during the period
May-June (meanQs3~T, r = 0.371, p < 0.05, n = 39). No significant ef-
fect of T in July is observed, with monthly and daily T data, in contrary
to sector 4. Precipitation and water availability have no significant
correlation with meanQs (Table 1).

Both T, P and SPEI have a significant correlation with meanQ,.
Temperature is significantly correlated with meanQ, during the period
May-June (meanQ2~T, r =0.338, p < 0.05, n = 39), P and meanQ,
during the period March-April (meanQ2~P, r = 0.334, p < 0.05,
n = 39). The most pronounced (positive) influence on mean density of
Q2 is related to water availability in April-May (meanQy~SPEI,

r = 0.401, p < 0.05, n = 39).

The mean density of sector 1 (meanQ;), the first formed quarter of a
tree-ring, is significantly correlated with T (period May-June), P (March-
April) and SPEL The highest (positive) correlation is with water avail-
ability during the period April-May (meanQ;~SPEL, r = 0.416,
p < 0.05,n = 39) (Table 1). In terms of monthly groupings, there are no
clear differences between meanQ; and meanQ, (Table 1). However daily
P data indicates a difference: meanQj is highly influenced by P in March-
April, and to some extent to P at the beginning of May. MeanQ;, how-
ever, only shows high correlations with daily P data in March and April.
No clear relation to P in early May is observed for meanQ;.
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Fig. 4. Effect of XuCT-resolution on MXD ~ T relationship (period May-July;
1978-2016). Asterisks denote significant correlations (p < 0.05).

4. Discussion
4.1. MXD is a climate-sensitive tree-ring variable in beech

Tree-ring widths are influenced by the length of the growing season
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and the rate of cell production in the cambium, both driven by envi-
ronmental and climatological conditions (Prislan et al., 2013). Radial
growth of beech is negatively influenced by summer temperature,
especially during previous summer (Fig. 3a), and highly positively
influenced by precipitation in the previous growing season (to a lesser
extent during current growing season) and water availability during late
spring-early summer (Fig. 3a,c). The negative correlation of TRW with
temperature in the previous summer months indicates that high
evapotranspiration rates and reduced photosynthesis could reduce the
amount of stored carbohydrate reserves (Van Der Werf et al., 2007). This
implies that stored carbohydrates from the previous year affect growth
in the current year, which appears to be characteristic of deciduous trees
(Kozlowski and Pallardy, 1997). Strong positive correlations with pre-
cipitation and water availability demonstrate a high drought suscepti-
bility of beech radial growth (Van Der Werf et al., 2007; Giagli et al.,
2016; Meyer et al., 2020). Beech is sensitive to drought throughout the
growing season, and especially to early summer droughts (Dittmar et al.,
2003; Lebourgeois et al., 2005; Debel et al., 2021).

Unlike TRW, climatic conditions of mainly the current year influence
MXD and therefore a slightly lower autocorrelation (i.e. reduced

A) 20 pm B) 110 um
120 | 120
o May-luly ~May - Jul
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Fig. 5. Output of the DendroTools daily response analysis for MXD and mean temperature (T) at A) 20 um and B) 110 pm during the period 1978-2016. Day of year
reference (DOY, x-axis) is the starting moment of each calculation, ranging from beginning of April (DOY c. 100) until beginning of September (DOY c. 250), with a
certain window width (y-axis). Only significant correlations (p < 0.05) are displayed.
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Fig. 6. Chronologies of mean density values for each of the four sectors (quantiles) of each growth ring (n = 12).
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Table 1

Climate-growth correlations (1978-2016) in the different sectors. Pearson cor-
relation coefficients are used to quantify the relationship between meanQi,
(i = 1:4), maxQ4 and monthly grouped data of temperature, precipitation or
SPEI (from current year). Asterisks denote significant (p < 0.05) correlations.
Grey boxes show the highest correlation per column).

meanQ; meanQ, meanQs meanQy4 maxQy4
Temperature ~ May-June May-June May-June May-July May-July

0.335 * 0.338 * 0.371 * 0.347 * 0.301 *
Precipitation =~ March- March- March- March- March-

April April May May May

0.270 * 0.334 ¢ 0.340 0.262 0.194
SPEI April-May April-May April-May  March- May-July

May
0.416 * 0.401 * 0.317 0.091 0.148

influence of the previous year’s climate) is observed (average ACI:
0.562 for TRW and 0.496 for MXD). This corresponds to the findings of
Skomarkova et al. (2006), where lower autocorrelations were also
observed in MXD-series for beech. Lower autocorrelations for a tree-ring
characteristic compared to TRW-series could offer some practical ad-
vantages over ring widths (Davies and Loader, 2020). Temperature,
during the period May until July, is the only climatic variable having a
significant correlation with MXD (Fig. 3b,c). Skomarkova et al. (2006)
and Meinardus et al. (2012) found positive correlations between MXD
and temperature during the second half of the growing season in beech
trees as well. Z'Graggen (1992) showed that MXD in beech towards the
end of the growing season is mostly explained by climate. Thus, MXD is
mainly influenced by current growing season conditions, especially by
summer temperature, suggesting that MXD is a promising record to
further examine in beech trees.

4.2. XuCT-resolution affects the strength of the climate association with
MXD

To study the effect of XuCT resolution on MXD-related analyses, we
quantified both the effect on the absolute MXD-values and the strength
of the climate association. At 20 um, the mean MXD-value is clearly
larger than the mean MXD-value at 110 um (940.35 vs. 792.87 kg/m>).
Thus, scanning exactly the same tree-ring but at another resolution,
results in a different MXD-value, which applies to both small and wide
rings. This can be explained because MXD-values at different resolutions
reflect maximum densities integrated over a larger (low resolution) or
more limited (high resolution) part of the tree ring (Jacquin et al., 2017).

In Fig. 4, we quantified the strength of the MXD ~ T (period May-
July) relationship for different XuCT resolutions (20, 60 and 110 um).
At all three resolutions, this relationship is significant, but the effect of
temperature is most pronounced when based on low-resolution scans.
Daily temperature data also show that the strongest climate association
of MXD is observed at low resolution (Fig. 5a,b). However, the opposite
effect is observed in conifer trees (Bjorklund et al., 2019). To accurately
capture MXD in conifer trees, commonly done at temperature-limited
sites (Alpine or boreal climates), high measurement resolution is
essential, as the MXD-variable may be a function of a few latewood cells
within an annual ring (Vaganov et al., 2006). Then, especially for nar-
row tree rings, a low scanning resolution might lead to a weaker rela-
tionship between MXD and summer temperature due to a systematic
underestimation (bias) of MXD (Bjorklund et al., 2019).

Because little research has been done on MXD in hardwoods and
diffuse-porous species in particular (van der Maaten et al., 2012; Bon-
temps et al., 2013), it is not known whether high-resolution scans for
beech are also required or informative. Fig. 4 indicates that a high XuCT
resolution is not necessarily essential when trying to quantify and
optimize the climate-growth relationship. We hypothesize that due to
the longer growing season, and hence wider rings, for beech trees in
lowland Flanders, compared to conifers in boreal or Alpine climates,
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MXD at high resolution, representing a small part of the latewood, does
not capture the climatic signal properly, compared to MXD at lower
resolution, which is representative for a larger part of the latewood (for
further discussion we refer to the next section).

We observe that the Rbar of MXD is higher for 110 um than for
60 um, which is on its turn higher than the one at 20 pm. We have also
tested the approach as explained in Bjorklund et al. (2019) by taking the
highest value pixels (e.g. fibres-only) and then the climate signal dis-
appears for the 20 um resolution. Both observations hint at the impor-
tance of vessels in the MXD signal: at 20 ym the MXD value is really at
the end of the tree ring, where hardly any vessels are present. Of course,
more work is needed to fully unravel the MXD signal (see further).
Therefore, the 110 pm approach (Fig. 4) shows the highest correlation,
whereas for the 20 um a possible explanation would be that only fibres
are measured, which have a limited effect on the density profile (Peters
et al.,, 2020). More detailed investigations on the anatomy-density
relationship are needed, and one possible opportunity is the use of
higher-resolution scans (Van den Bulcke et al., 2019).

Our results thus clearly show that XuCT resolution affects the
strength of the climate association of MXD. The highest temperature-
sensitivity is in fact observed at MXD-values derived from the XuCT
scans with the lowest resolution of 110 um. This is further confirmed in
Fig. 5, where daily temperature data are used, that generated a smaller
area of significant correlations for the 20 um data (Fig. 5a).

4.3. Studying intra-annual wood density variations can reveal climatic
influences on wood formation

Analysis of WD has developed into a valuable dendroecological tool
for studying the relationship between WD and TRW, cambial age,
different environmental factors or silvicultural practices, especially for
conifer species (Diaconu et al., 2016). WD variations of diffuse-porous
tree species have rarely been analyzed (Bontemps et al., 2013; Bour-
iaud et al., 2004; Skomarkova et al., 2006; Zhang, 1995). We studied
intra-annual WD variations in beech trees, by dividing every tree-ring
into 4 equal sectors, to try to better understand climatic forcings on
wood formation.

Previous studies showed that local environmental conditions play a
key-role on WD variability in beech trees. Although Bouriaud et al.
(2004) did not find an effect of soil water deficit on mean annual WD, a
strong temperature influence on WD was observed during the last part of
the growing season, corresponding to the latewood, where MXD is
recorded. Bouriaud et al. (2004) concluded that WD variations of
diffuse-porous trees are a response on climatic fluctuations similar as in
conifer trees, however the magnitude of the response is far weaker.
Similarly, 7’Graggen (1992), Skomarkova et al. (2006) and Meinardus
et al. (2012) found that MXD in beech is mostly explained by climate.
Skomarkova et al. (2006) and Peters et al. (2020) also reported that WD
variations in beech are mainly determined by variations in vessel
properties and not by fibre properties. WD is positively related to water
stress through the direct effect of cell turgor as well as by changes in
hormonal balances and carbohydrate reserves (van der Maaten et al.,
2012). van der Maaten et al. (2012) studied intra-annual WD variations
in beech trees, and also illustrated that climatic forcings can be found
during a major part of the growing season, thus not only restricted to the
latewood. Diaconu et al. (2016) stressed the impact of water stress on
wood formation as well. However, a lower mean annual WD was ob-
tained at drier sites, even though the difference with moist sites is small,
indicating an opposite effect as the one reported by van der Maaten et al.
(2012). Lower WD on dry sites could be explained because earlywood
vessels are grouped in more and larger clusters in narrow rings
compared to moist sites with larger rings, which may indicate a higher
vessel area within a single tree-ring on dry sites and consequently a
lower WD (von Arx et al., 2013, 2020). This explanation directly links to
the resolution discussion in the previous section. Due to ‘scattering’ of
the vessels, MXD values might be more variable. Peters et al. (2020)



J. Bytebier et al.

showed the limited impact of fibres on WD. Here, when looking at the
different tree-ring sectors - Q1, Q2, Q3, Q4, we observe that the mean
density value of each sector (Fig. 6) is related to a decreasing vessel area
and/or grouping (cf. Miranda et al., 2022; Peters et al., 2020) and thus a
decrease in size and number of vessels and an increase in fibre propor-
tion towards the tree ring boundary. Fibre wall variation and vessel
area/grouping were not measured in this study but further studies to
disentangle the density profile are needed.

We found that in each of the 4 intra-annual ring sectors, WD is
significantly affected by climatic conditions (Table 1). This implies that
wood formation throughout the entire growing season is influenced by
external factors. The influence of T, P and/or SPEI, however, is not a
constant factor nor stable throughout the growing season. WD in the first
two sectors is mainly driven by water availability in April-May. The
more water is available during this period, the higher meanQ; and
meanQ,. However, in the last two sectors temperature - during the
period May-June and May-July respectively for third and last sector -
becomes the dominant environmental factor. The influence of P and
SPEI on WD fades, and temperature is the only variable having a sig-
nificant correlation with meanQs, meanQ4 and maxQ4 (Table 1). Thus,
water availability mainly affects WD in the beginning of the growing
season, while the effect of temperature increases towards the end of the
growing season. Daily climate data (daily T and P) is an added value in
determining the periods with the highest influence. It showed that
meanQ; is mainly influenced by precipitation in March and April,
whereas meanQ also seems to be affected by precipitation in beginning
of May. This is another indication that the earlier wood is formed, the
more it is affected by conditions early in the growing season. Daily data
also confirmed that July temperatures only seem to affect WD in the last
sector.

Besides using scan resolution as a proxy for the integration zone in
the latewood (Figs. 4 & 5), we also opted to directly vary the integration
zone to determine WD. This was accomplished by constructing a chro-
nology for maxQ4 and meanQy in the last sector (Table 1). MaxQ4 is
determined by the pixel with the highest density and is equal to MXD at
20 pm, whereas meanQy is an integration over the entire last sector
(Fig. 1a). For conifer trees, we would expect higher correlations between
maxQ4 (MXD) and temperature, compared to meanQ4, as the MXD-
variable can be a function of a few latewood cells within an annual
ring (Vaganov et al., 2006). In this study we observed the opposite, as
the correlation between meanQs and temperature is the largest
(Table 1). To maximize the climatic signals in latewood density for
beech trees included in this study, it seems that scanning at high reso-
lution, or thus integrating over a relative small part of the latewood, is
not essential. The highest correlations are observed when low resolution
XuCT scans (110 um) are used, or when density values are integrated
over a quarter of a tree-ring (which is in this study about 750 um wide on
average, with a range between 100 and 1750 um). Due to a relative long
growing season for beech trees in our lowland site (Lehnebach et al.,
2021), it seems that a relative large part of the latewood needs to be
taken into account to properly assess climate signals at the end of the
growing season. However, we do not recommend to integrate density
values over more than a quarter of a tree-ring, as meanQ4 shows a lower
temperature-sensitivity compared to MXD at 110 um (r = 0.347 vs.
r = 0.405, Fig. 4 & Table 1).

Exploring intra-annual WD variations of lowland beech in Flanders
by means of XuCT has added value in quantifying climatic influences on
wood formation. Water availability mainly drives wood formation at the
beginning of the growing season, whereas towards the end of the
growing season only temperature effects are observed. To maximize the
correlation with temperature at the end of the growing season, inte-
grating densities over a relatively wide part of the latewood seems to be
recommendable, yet further research is needed to relate WD variations
to the vessels, preferably for longer time-series and/or under contrasting
climatic conditions.
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5. Conclusions

Here, we showed that climatic variables have a significant influence
on wood formation (WD and TRW) in lowland beech, as observed by
XuCT. Despite short tree-ring series and a long growing season in a
temperate maritime climate zone, clear effects of water availability were
observed on radial growth. Our findings also bring new evidence
regarding environmental drivers of WD. A sector approach shows
changing climatic forcing on intra-annual WD throughout the growing
season: from a precipitation driven response in the early sectors to a
more temperature sensitive response in the last sectors of the growth
rings. This opens new perspectives for future research on MXD and intra-
annual WD variations in beech trees, or other diffuse-porous hardwoods,
in Western-Europe. We consider this to be essential because, despite the
promising results from this study, more research is needed concerning
climatic forcings on WD and linked anatomical characteristics.
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