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Detecting the intra-annual dynamics and courses of secondary tree growth

enables the accurate identification of crucial steps in the forming of a new

tree ring. Furthermore, comparing the high-resolution recordings of tree

growth with environmental conditions allows assessment of the influence

of weather on wood formation processes. This study investigates the intra-

annual growth performance of conifer species and European beech at two

high- and two low-elevation sites in Bavaria, southeast Germany. We measured

stem circumference changes with electronic band dendrometers and cambial

dynamics by collecting microcores at biweekly intervals. We analyzed growth

variations between the consecutive years 2020 and 2021, which showed

distinct climatic differences during the growing seasons. While warm and

dry conditions prevailed in spring and summer in 2020, spring in 2021 was

comparatively cold, and summer precipitation was high. Different tree growth

patterns were observed in the contrasting years 2020 and 2021. Distinct growth

reductions occurred in the drier year 2020 for most of the studied tree

species, while trees showed wider tree rings in 2021 despite of low growth

rates at the beginning of the growing season. Climate-growth correlations

exposed the intraseasonal influence of climatic conditions, particularly available

soil water, water vapor pressure deficit, and soil temperature, on short-term

tree responses. Wood anatomical analysis and daily stem diameter variations

proved to be valid monitoring methods to assess individual wood formation

processes and to identify species-specific tree responses to the influence of

climatic conditions. However, combining both methods represents the most

reliable approach due to the mutual ability to compensate for each other’s

deficiencies. While dendrometers provided a very accurate and high-resolution

record of intra-annual tree growth, wood anatomical analyses were more

reliable in determining the exact onset and cessation of wood formation. For this

reason, combining both is recommended for assessing prospective tree growth

performance in the context of climate change.
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1 Introduction

Annual tree-ring analysis is effective for examining long-
term climate-growth relationships but cannot capture intra-
annual growth variations. To detect short-term tree responses
to climate, measuring tree circumference changes with electronic
band dendrometers and wood anatomical analysis of microcores
are useful approaches (Deslauriers et al., 2007; Drew and Downes,
2009; Rossi et al., 2016; De Micco et al., 2019). High-resolution
monitoring methods can detect the formation of new xylem
cells and their contribution to stem radial increments, allowing
for detailed observations of tree responses to current weather
conditions (Deslauriers et al., 2003; Čufar et al., 2008a; Häusser
et al., 2021; Jevšenak et al., 2021). The process of cell division in
the cambium zone and the subsequent differentiation of the newly
formed xylem cells during a growing season define the formation
of a new tree ring (Vaganov et al., 1996; Rathgeber et al., 2016).
Mainly controlled by intrinsic factors and modified by feedback
effects, climatic and environmental conditions also influence the
cambial production rate and its temporal variability (Deslauriers
et al., 2003; Drew and Downes, 2009; Bräuning et al., 2016; Cartenì
et al., 2018; De Micco et al., 2019; Huang et al., 2020). Temperature
is the initial driver for cambial reactivation after the dormant
season in temperate climates (Gričar et al., 2006; Rossi et al., 2008;
Begum et al., 2013). At the same time, water availability represents
one of the most important environmental factors for xylem cell
production since it affects both the rate of cambial cell division
and the cell expansion of newly formed xylem elements (Vaganov
et al., 2011; Cuny et al., 2015; Hartmann and Trumbore, 2016; De
Micco et al., 2019; Peters et al., 2021). Photosynthesis produces
carbohydrates and depends on irradiation, nutritional status, water
availability, and their complex interactions (De Micco et al.,
2019). On the one hand, wood anatomical analyses of regularly
collected microcore samples can reveal both the production and
wall thickening of new xylem cells and their enlargement. Wood
anatomical thin sections of microcore samples can quantify the
numbers of newly formed xylem cells and the various phases of
xylogenesis throughout the growing season. On the other hand,
recording high-frequency stem circumference variations (SCVs)
using electronic band dendrometers enables the monitoring of
individual tree growth dynamics during the growing season with
a very high resolution of up to a few minutes. A number of studies
detected intra-annual tree growth, applying either the anatomical
analysis of regularly collected microcores (Rossi et al., 2016; Cuny
et al., 2019; Marchand et al., 2021) or the analysis of dendrometer
measurements (Mencuccini et al., 2017; van der Maaten et al.,
2018; Martínez-Sancho et al., 2021). However, both approaches
involve certain limitations and disadvantages, such as a time-
consuming and data-intensive application regarding microcore
analysis and possible inaccuracy in dendrometer measurements
due to the indistinguishability between hydrological stem diameter
fluctuations and radial tree growth (De Swaef et al., 2015; Zweifel,
2016). A combination of both methods, however, revealed in part
distinct divergences in tree growth patterns and timings (i.e.,
onset and cessation) (Mäkinen et al., 2008; Michelot et al., 2012;
Cocozza et al., 2016; Stangler et al., 2021). Thus, the present
study applies both methods while comparing the intra-annual tree
growth dynamics of different tree species in two consecutive years.

This approach allows a detailed method comparison and reveals the
individual strengths and deficiencies of the respective technique.
Since the exact impact of climatic factors on radial growth could
not yet be clarified (Rossi et al., 2014; Ortega, 2017; Cartenì et al.,
2018; De Micco et al., 2019), this study additionally focuses on
the influence of short-term weather conditions (2-week periods)
on wood production in two climatically contrasting growing
seasons. By monitoring intra-annual growth of three different tree
species (both broadleaved and coniferous) along altitudinal and
longitudinal gradients in two consecutive growing seasons using
both dendrometer measurements and wood anatomical analysis of
microcores, the following hypotheses are examined:

1. Intra-annual growth patterns significantly differ between the
species studied, but trees at low-elevation sites are more susceptible
to dry and hot summer conditions.

2. Although dendrometer measurements and wood anatomical
analyses differ in their temporal resolution and methodological
concepts, both are able to capture aspects of intra-annual growth
dynamics and show similar intra-annual growth patterns. However,
we expect that the results of both methods partly differ, particularly
in determining the initiation and cessation of radial tree growth,
with dendrometer measurements recording an earlier onset and
later growth stop.

2 Materials and methods

2.1 Study sites and climate

The study region is located in northern Bavaria, southeast
Germany. The four studied forests characterize two pairs of
locations involving one comparatively high- and one low-elevation
site to examine the response of trees at varying altitudes and growth
regions. Furthermore, the western part of the study area has a rather
oceanic climate with mild and wet winters, whereas the eastern part
of Bavaria is more continental, with colder winters. In northwestern
Bavaria, the high-elevation study site is located in the Rhoen
Mountains (High-West, HW) at the area of the Bavarian Forest
Ecosystem Monitoring Station (WKS) “Bad Brückenau” [according
to the International Co-operative Programme on Assessment and
Monitoring of Air Pollution Effects on Forests (ICP Forests) Level
II plot: 903]. The corresponding low-elevation site is near the WKS
“Würzburg” (ICP Forests Level II plot: 921), in the basin of the river
Main (Low-West, LW). The second high-elevation site is in the
Fichtel Mountains (High-East, HE) in northeastern Bavaria, close
to the WKS “Goldkronach” (ICP Forests Level II plot: 909), and the
corresponding low-elevation site is in the Middle Franconian basin
north of the city of Nürnberg (Low-East, LE) (Figure 1). All study
sites are part of the dendroecological network of the “BayTreeNet”
project as part of the Bavarian Climate Research Network (bayklif).
For further details on the site conditions, see Debel et al. (2021).

Five dominant trees of one broadleaved and coniferous tree
species at each site were examined in the consecutive growing
seasons of 2020 and 2021. The conifer species at high- and low-
elevation sites were Norway spruce (Picea abies L.) and Scots
pine (Pinus sylvestris L.), respectively, whereas European beech
(Fagus sylvatica L.) was the studied broadleaved species occurring
at all sites. Climate data from the climate station “Nürnberg”
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FIGURE 1

Locations of study sites and climate stations in northern Bavaria, southeastern Germany. The inset map illustrates the location of the study area
within Central Europe. The climate stations are close (<1 km) to the study sites, except for LE, with the climate station “Nürnberg.”

(11,0549◦/49,5030◦, 314.0 m asl), as the closest station to the
study site LE (distance: 6 km), were provided by the German
Weather Service (DWD) (DWD Climate Data Center, 2020). For
all other sites, the Bavarian State Institute of Forestry (LWF)
supplied climate variables from its forest climate stations near
the BayTreeNet study sites (distance <1 km) (Table 1). The
two consecutive years 2020 and 2021 revealed distinct contrasts
in climate variables, including precipitation, temperature, global
radiation, and vapor pressure deficit. For instance, the mean annual
precipitation (MAP) at LE in 2020 was >180 mm lower than that
in 2021, and at LW, it was even half that of 2021 (LWF). The
MAP was higher than in the Climate Normals in the mountain
ranges in 2021 (HW > 150 mm, HE > 80 mm). Water stress
in the summer of 2020, as reflected by the transpiration index
(Tactual/Tpotential) below 1 (Zierl, 2001), was especially severe at
the low-elevation sites. Compared to the Climate Normals, 1991–
2020, all sites showed higher precipitation totals in 2021, especially
in June and/or July. The mean annual temperature was >1.2◦C
colder at each site in 2021 than in 2020, at HE even by 1.7◦C.
At the beginning of the 2021 growing season (April and May),
temperatures were between 2 and 3◦C cooler than those of the
Climate Normals (Figure 2).

2.2 Microcore sampling, preparation, and
analysis

Microcores were collected from five similar-aged dominant
trees per species at each site in biweekly intervals from mid-April
to mid-October to monitor cambial activity during the growing
season (Table 1). Wood samples with a length of approximately
15 mm and a diameter of 2 mm were punched with a Trephor
borer at breast height (Rossi et al., 2006a). Throughout the season,
the samples were extracted following an ascending spiral pattern
to avoid wound effects (Deslauriers et al., 2003; Rossi et al., 2006b;
Michelot et al., 2012). First stored in a water:ethanol solution (1:1)

to prevent tissue deterioration, the cores were then cut with a
rotary microtome in transverse sections of ca. A total of 8–12 µm,
stained with safranine-red and astra-blue, and finally observed
under a light microscope with polarized light (Zeiss), following the
protocols by Rossi et al. (2006b) and Prislan et al. (2022). Wood
formation phases were discriminated according to Rossi et al.
(2006b) and Rathgeber et al. (2016) and measured with the software
ImageJ1.52o (Board of Regents of the University of Wisconsin-
Madison, Broad Institute of MIT and Harvard, and Max Planck
Institute of Molecular Cell Biology and Genetics (2009–2021). The
widths of three radial rows in the respective cell differentiation
phase were measured for all tree species as equivalent to the number
of cells per phase. In doing so, values for both broadleaved and
coniferous tree species can be compared. Unmeasurable samples,
e.g., due to cracks, were set as NA values. Since the percentage of NA
values was <5%, the results were not affected. The seasonal cambial
activity and the dynamics of xylem formation were analyzed with
the R package Caviar (Rathgeber et al., 2018) and fitted with a
Gompertz function (Rossi et al., 2003). After calculating the mean
cell widths per tree, the aggregated values were standardized with
the previous ring width (Rathgeber et al., 2018). Due to over-
or underestimated values after standardization in approximately
30% of the tree means, only their aggregated values were further
analyzed. Subsequently, the intra-annual progress of the average
width of cells in the enlargement, wall thickening, and mature zone
(EWMZ) for each species and site was compared between the 2020
and 2021 growing seasons. The onset and cessation of different
phenophases were defined according to Rathgeber et al. (2011).
Hence, the onset of the respective phenophases started when more
than 50% of the analyzed radial files of each tree per site and year
showed the first cell of the respective phenophase. Likewise, the
end of the enlarging and thickening phase was defined as the date
with less than 50% of the analyzed radial files showing the last
cell of that phenophase. Growth interruptions were defined as a
renewed formation of enlarging cells in 50% of the studied radial
files after an already ceased enlarging phase within one growing
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FIGURE 2

Daily mean temperature, precipitation, and transpiration index (the ratio Ta/Tp; values below 1 indicate drought stress) at all study sites in 2020 and
2021.

TABLE 1 Main site characteristics: diameter at breast height and age [mean (SD)] of the monitored tree species, site location (lon, lat, and altitude), and
location of the climate station (lon, lat, and altitude).

Site name
and
acronym

Species DBH [cm (SD)] Age [years
(SD)]

Location Climate
station/MAP

and MAT
(1991–2020)

Geology/soil
type

Bad Brückenau
(HW)

P. abies 51 (4) 50 (3) 9.93◦E 50.35◦N,
810 m asl

WKS “Bad
Brückenau” 9.92◦E
50.35◦N, 774 m asl

947 mm, 6.3◦C

Basalt/Cambisol

F. sylvatica 44 (5) 142 (7)

Wunsiedel (HE) P. abies 36 (2) 50 (2) 11.80◦E 49.97◦N,
795 m asl

WKS “Goldkronach”
11.81◦E 49.98◦N,

835 m asl 1236 mm,
5.5◦C

Sandstone/Cambisol
(podsolic)

F. sylvatica 31 (4) 53 (5)

Würzburg (LW) P. sylvestris 47 (4) 76 (3) 9.88◦E 49.73◦N,
335 m asl

WKS “Würzburg”
9.89◦E 49.73◦N,

337 m asl 622 mm,
9.3◦C

Limestone/ Cambisol
and Luvisol

F. sylvatica 58 (12) 124 (27)

Tennenlohe
(LE)

P. sylvestris 34 (4) 80 (1) 11.03◦E 49.55◦N,
300 m asl

11.05◦E 49.5◦N,
314 m as l601 mm,

9.7◦C

Sand/Cambisol and
Podsol

F. sylvatica 31 (4) 82 (4)

season. Maximum and average growth rates were calculated from
the Gompertz functions. Accordingly, the average and maximum
growth rates (µm/day) were calculated between the time at which
the respective Gompertz function reached 5 and 95% of the final
tree-ring width (Rathgeber et al., 2018).

2.3 Dendrometer measurements

High-resolution electronic band dendrometers (DRL26, EMS
Brno, Czechia) were installed at breast height on the same trees
sampled for microcores (Table 1). The outer part of the bark of
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TABLE 2 Onset, cessation, average and maximum growth rates [µm/day], number of days with growth, and growth interruptions observed using wood
anatomical analysis of micro sections (Xylog) and dendrometer data (Diam) for (a) Norway spruce, (b) scots pine, and (c) European beech.

Site Year Method Onset
[DOY
(SD)]

Cessation
[DOY
(SD)]

Av.
growth
rates [µ
m/day]

Max.
growth
rates [µ
m/day]

Nb of days
with

growth
(SD)

Growth
interruptions

[DOY–
DOY]

(a) Norway spruce

HW 2020 Xylog 126 280* 31.1 51.8* – –

2020 Diam 122 (0)* 281 (4)* 15.3* 48.6* 87 (19) 247–270

2021 Xylog 138 264 22.3 37.8 – –

2021 Diam 144 (4.4) 236 (4.2) 20.7 54.7 93 (8.8) –

HE 2020 Xylog 134 261 24.3 40.5* – –

2020 Diam 127 (3.5)* 294 (5.2)* 8.5* 22* 76 (2.3) 247–279

2021 Xylog 145 230 12.2 15.7 – –

2021 Diam 134 (3.1) 235 (0.4) 12.2 29.3 70 (4.3) –

(b) Scots pine

LW 2020 Xylog 112 211* 10.3 17 – –

2020 Diam 118 (0.8)* 204 (29.2)* 5.9 27.4 53 (21.9)* 172–187 + 201–
226

2021 Xylog 124 264 9 13.2 – –

2021 Diam 125 (1.7) 275 (10.8) 8.7 22.8 75 (18.2) –

LE 2020 Xylog 128 282 7.8 12.9 – 212–253

2020 Diam 118 (0.8)* 204 (29.5) 10.3* 26.3* 38 (10.8) 175–242

2021 Xylog 132 271 5.6 9.3 – –

2021 Diam 127 (4.3) 252 (37.2) 5.5 15 51 (18.6) 202–216

(c) European beech

HW 2020 Xylog 154 224* 13.5* 17* – –

2020 Diam 130 (4.9)* 258 (9.1) 6.5* 16.8* 97 (19.1)* –

2021 Xylog 152 236 22.5 37.5 – –

2021 Diam 159 (8.3) 261 (9.4) 10.5 32.2 121 (10.6) –

HE 2020 Xylog 147 232 9.1 15.2 – –

2020 Diam 130 (3.7)* 274 (18.0)* 5.8* 11.3* 107 (36.2) –

2021 Xylog 145 243 10.6 13 – –

2021 Diam 160 (7.9) 234 (3.2) 11.9 29.7 118 (16.2) –

LW 2020 Xylog 140* 196* 6.5 10.7 – –

2020 Diam 122 (1.0)* 289 (8.1)* 2.5* 10.1* 78 (13.9)* 201–242 + 248–
269

2021 Xylog 124 264 10.3 16.1 – –

2021 Diam 155 (7.2) 263 (19.8) 6.9 21.6 111 (17.4) –

LE 2020 Xylog 142 198 10.8* 17.9* – –

2020 Diam 125 (4.2)* 260 (21.8)* 3.7* 13.5* 96 (14.9) 201–226 + 249–
269

2021 Xylog 146 230 25 42 – –

2021 Diam 150 (6.4) 231 (7.8) 9.3 23.7 109 (16.4) –

Significant differences (paired t-test, p < 0.05) between the two study years are marked with an asterisk in the year 2020. * Indicates significant differences.

conifers was carefully removed to minimize the influence of bark
swelling and shrinking (Michelot et al., 2012). The electronic band
dendrometers recorded stem circumference variations (SCVs) and
temperature every 30 min during the 2020 and 2021 growing

seasons. The raw dendrometer data were processed with the R
package treenetproc (Knüsel et al., 2021). Outliers and jumps
were detected by calculating the first and fourth quartiles of
the first-order differences (also adjusted) plus the median of
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the absolute deviations multiplied by defined parameters as a
tolerance value (Knüsel et al., 2021). Finally, the processed data
distinguished between growth-induced irreversible stem expansion
(GRO) and tree water deficit (TWD) (values and times) following
the zero-growth approach (Zweifel et al., 2016). Consequently, the
species’ non-reversible growth (GRO) was compared with EWMZ
measurements between the growing seasons of 2020 and 2021,
while both tree responses (GRO and TWD) were correlated with
climate variables. Furthermore, the daily average values of the radial
increment and the tree water deficit, the average and highest growth
rate, the number of days with growth, and growth interruptions
were calculated from the GRO series. The onset and cessation of
tree growth were defined as the 5 and 95% thresholds, respectively,
of the final average tree-ring width for a given species, site, and year.
After determining the 14-day period with the highest cumulative
GRO, the highest growth rate was calculated by downscaling the
14-day increment into a daily growth rate. The number of days
with growth corresponds to the days when GRO > 0. Growth
interruptions are defined as periods with >15 days of GRO = 0 for
all five trees per site and species.

Differences in the timing, duration, and rates between the two
study years were compared with a paired t-test (Wilcoxon test) and
between species and sites with the analysis of variance (Welch-
ANOVA) or a t-text (Wilcoxon test) in R. Before, all parameters
were tested for normality and equality of variance (Quinn and
Keough, 2002).

2.4 Soil water model

The available soil water in 40 cm, the available soil water in
the root zone, and the transpiration rate in the form of an index
were provided by the Bavarian State Institute of Forestry (LWF) and
derived from the Bavarian Forest Ecosystem Monitoring Stations
“Bad Brückenau,” “Würzburg,” and “Goldkronach” for the study
sites HW, LW, and HE (Table 1). The soil data were modeled
with the LWF-BROOK90 model (Hammel and Kennel, 2001;
Schmidt-Walter et al., 2019), a processed-based, one-dimensional
soil-vegetation-atmosphere-transport model modified from the
BROOK90 hydrological model (Federer et al., 2003; Federer,
2021). However, for the study site LE, the soil properties were
modeled with the LWF-BROOK90 model in R (LWFBrook90R)
using climate data (daily precipitation, relative humidity, global
solar radiation, mean, minimum, and maximum air temperature,
average vapor pressure, and average wind speed) from the climate
station “Nürnberg” (DWD Climate Data Center, 2020) as model
input. The soil physical properties (texture, bulk density, and coarse
fragments) and the vegetation parameters were directly recorded at
the study site and, if necessary, analyzed in the laboratory following
the methods described by Schmidt-Walter et al. (2019).

2.5 Climate-growth relationships

The resulting high-resolution tree responses (GRO and TWD)
were compared to daily resolved environmental data, such
as relative humidity, daily precipitation, mean, minimum and
maximum temperature, solar radiation, water vapor pressure

deficit, and available soil water (0–40 cm and the entire root zone),
to detect the influence of environmental factors (Čufar et al., 2008b;
De Micco et al., 2016). The calculated values for GRO (growth-
induced irreversible stem expansion) and TWD (tree water deficit)
according to Zweifel et al. (2016) were correlated with climate data
over the complete growing season as well as for 14-day intervals by
calculating moving correlations. For seasonal climate correlations,
the growth period was consistently defined for all species, sites,
and years (2020/2021) to enable universal comparison. The
earliest date of the radial increment (DOY 113/112) defined the
beginning, and the date when the last tree completed 100% of
the final tree ring (DOY 323/312) defined the end of the growing
season. Then, Spearman’s and Pearson’s correlation coefficients
were calculated for the common period between GRO/TWD
and standard climate variables with the R package correlation
(Makowski et al., 2020). Since the values were not normally
distributed, Spearman’s correlation coefficients were presented.
However, figures illustrating the Pearson’s correlation coefficients
are shown in the Supplementary material. The independence of
the correlated climate variables was tested by applying the Holm’s-
Bonferroni’s approach (Holm, 1979), and the thresholds for the
significance levels (p < 0.05, p < 0.01, and p < 0.001) were
accordingly adapted. For moving correlations, the growth periods
were aligned to DOY 112 until 312 as a common period. The values
were correlated using a 14-day moving window with an offset of
1 day. Furthermore, the GRO variable was modified to a daily GRO
increment. Moving correlations were calculated by applying the R
package zoo (Zeileis and Grothendieck, 2005).

3 Results

3.1 Tree growth phenology

The tree ring formation of Norway spruce in 2020 at the
high-elevation sites began between early and mid-May and
ended between mid-September and mid-October (Table 2a and
Figure 3A). At both sites, dendrometer data revealed growth
interruptions between early September and early October 2020. In
2021, the growth onset was significantly later (mid-to-late May)
compared to 2020 and ceased significantly earlier, particularly at
HE (>4 weeks earlier) (Table 2a). However, the date of growth
cessation varied for up to 4 weeks at both sites between the two
methods. The dendrometers recorded a later growth cessation at
HE in 2020, while at HW in 2021, new xylem cells were still formed,
although no radial increment was measured (Table 2a). Generally,
tree rings formed in 2021 were significantly wider (HW) or showed
only small differences between 2020 and 2021 (HE) (Figure 3A).
In contrast, higher temporal variations occurred in the individual
phenophases between 2020 and 2021 for spruce at HE, while the
onset and cessation of the enlarging, wall thickening, and mature
phases were similar for spruce at HW in the two subsequent years
(S1).

The radial growth of Scots pine at low-elevation sites started
in 2020 between the end of April and early May. Pine at LW
was the earliest to form the first xylem cells in 2020 compared
to all studied tree species. Radial growth ceased in late July,
but pine at HE restarted cambial activity in mid-September for
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FIGURE 3

Gompertz model and GRO with confidence intervals of the growing seasons 2020 and 2021 for (A) conifers (P. abies at HW and HE, and P. sylvestris
at LW and LE) and (B) European beech (F. sylvatica) at the two high- and low-elevation sites.

approximately 3 weeks, as observed by both methods. At LW,
only dendrometer data showed growth interruptions (Table 2b).
In 2021, the formation of new xylem cells began a few days
later but lasted longer than in 2020 and ceased by the end

of September, which was also reflected in a higher number of
latewood cells. However, dendrometer data showed that pine at
LE had stopped increasing by the end of August (Table 2b).
The individual phenophases showed no distinct patterns in either
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growing season but a longer-lasting enlarging phase compared to
2020 (S1). Nevertheless, only pine in LW showed significantly wider
tree rings in 2021 (Figure 3A).

European beech at high-elevation sites formed their first xylem
cells between the end of May and the beginning of June, with
growth ceasing in mid-August 2020. Dendrometer measurements
indicated that the diameter increase began as early as May
and stopped around mid-September (Table 2c). At low-elevation
sites in 2020, beech formed their first xylem cells in mid-to-
late May, while the diameter had already increased by early
May. The last newly formed cells appeared in mid-July, but the
diameter increase halted between late September and mid-October.
According to dendrometer data, beech at both low-elevation sites
experienced growth interruptions between mid-July and mid-
September (Table 2c). In 2021, beech growth at high-elevation sites
started around the same time as in 2020. However, dendrometer
measurements showed that the diameter increase lagged behind
the first visible appearance of new xylem cells by several days.
Radial growth ceased in late August, except for beech at HW,
where dendrometers detected radial growth until mid-September
(Figure 3B).

Beech at low-elevation sites started radial growth in 2021 by the
end of May, even though the first xylem cells had already formed in
early May. Tree growth ceased in mid-August at LE and more than
4 weeks later at LW (Figure 3B). The cell wall thickening phase
of beech in 2021 was longer at all sites, with a later onset at high-
elevation sites and an earlier onset at low-elevation sites compared
to 2020. The mature phase began around the same time in 2020 and
2021, except for beech at LW, where the first mature cells occurred
significantly later in 2021 than in 2020 (S2).

3.2 Tree growth kinetics

At both high-elevation sites, the highest growth rates for
Norway spruce appeared in 2020 between June and early July,
followed by a significant decrease or even a growth stop for several
days. Spruce at HW revealed significantly higher maximum and
average growth rates as well as more actual growth days (87,
SD = 19) compared to spruce at HE (76, SD = 2.3) (Table 2a). In
2021, tree growth began very slowly, but spruce grew very rapidly
until the end of August (Figure 3A), with the highest growth
rates occurring between mid-June and the end of July. The average
and maximum growth rates, as measured with dendrometers, were
higher in 2021 than in 2020. In contrast to dendrometer records,
cell formation revealed higher growth rates in 2020.

Scots pine at the low-elevation sites revealed maximum growth
rates between early May and mid-June in both years, but the average
(at LE) and maximum growth rates (at LW + LE) were higher in
2020. However, in 2020, pine significantly decreased its growth rate
around July or even stopped radial growth (Figure 3B), resulting in
only a low number of actual growth days (LW: 53, SD = 21.9, LE:
38, SD = 10.8). Despite lower growth rates at the beginning of the
season in 2021, no tree stopped growing, but continuous accretion
occurred from May until September, resulting in up to 20 more
actual growth days in 2021 (Table 2b).

The maximum growth rate of beech at both low- and high-
elevation sites occurred between early and mid-June 2020. In

2021, beech at high-elevation sites exhibited maximum rates
approximately 2 weeks later than in 2020, while the period of
maximum growth lasted several days longer for beech at low-
elevation sites (Figure 4A). The number of days with growth was
higher at every site in 2021, especially at LW. Similarly, beech
displayed higher average and maximum growth rates in 2021,
except for xylogenesis measurements at HE, which showed higher
maximum values in 2020 (Table 2c).

3.3 Climate-GRO response

In the growing season of 2020 (DOY 113–323), the calculated
growth-induced irreversible stem expansion (GRO) correlated
positively (p < 0.001) with relative humidity and negatively with
global radiation and vapor pressure deficit at all study sites,
except for pine at LE. Furthermore, pine at LE showed a highly
significant positive correlation with daily mean, maximum, and
minimum temperatures, while all other sites revealed negative
correlations to temperature in 2020. Soil temperature at a depth
of 20 cm correlated positively with GRO, except for spruce at
HW (Figure 4A). In the growing season of 2021 (DOY 112–313),
similar to 2020, GRO showed positive correlations with relative
humidity and negative correlations with vapor pressure deficit and
global radiation, except for the study site LE. Unlike in 2020, a
slightly negative correlation with temperature solely remained at
the low-elevation sites (Figure 4A).

Similar to the positive correlation between GRO and relative
humidity for all tree species at the high- and low-elevation sites
for the entire growing season in 2020 (Figure 4A), a positive
relationship between these two variables also appeared in the
moving correlations (Figures 5A, B). In 2021, however, the
correlating phases were shorter and switched at low-elevation
sites in autumn to negative values. The correlation between GRO
and precipitation did not show a significant correlation over the
complete growing season (Figure 4A), but the moving correlations
revealed time windows in which precipitation positively influenced
GRO (Figures 5A, B). The correlation with soil temperature
revealed short periods of positive relations but sometimes even
negative ones. However, since no actual growth occurred in several
periods in either 2020 or 2021, GRO was zero and could not be
correlated (Figures 5A, B).

3.4 Climate-TWD response

In the growing season of 2020, correlations between TWD
and climate variables were stronger and more frequent than
correlations with GRO. TWD correlated positively to vapor
pressure deficit (VPD) and negatively to the available soil water
(mostly both AWAT and AWAT40), precipitation, and relative
humidity (RH) at each study site. Furthermore, daily mean
and maximum temperatures showed positive correlations to
TWD for all studied tree species, except for spruce at HW.
Higher global radiation increased the TWD of both tree species
at LE and LW and beech at HE and HW (Figure 4B). In
2021, precipitation and the available soil water also significantly
influenced TWD. However, the available water at 40 cm showed
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FIGURE 4

Correlations between (A) GRO and the climate variables temperature [Temp mean (mn), max, min], relative humidity (RH), vapor pressure deficit
(VPD), global radiation (Glob.Rad), precipitation (Prec), and soil temperature at 20 cm, measured on open area (Temp sl 20) and (B) TWD and the
climate variables temperature [Temp mean (mn), max, min], relative humidity (RH), vapor pressure deficit (VPD), global radiation (Glob.Rad),
precipitation (Prec), available soil water in root zone (AWAT), and 40 cm (AWAT40) in a daily resolution, within the growing seasons of 2020 and
2021. Color intensity indicates the significance level: p < 0.001 = dark, p < 0.01 = medium, p < 0.05 = faded). Gray bars indicate NA values.

higher correlations than the available water in the root zone at
most sites. The positive correlation to temperature, such as in
2020, only persisted for pine at LE. Similarly, the correlations
to RH, VPD and global radiation in 2021 were mostly lower

than in 2020 and occurred only at several sites (Figure 4B). The
moving correlations between TWD and VPD showed long periods
of significantly positive correlations in both years, although the
complete seasonal correlation only revealed significant values for
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FIGURE 5

Moving correlations between GRO and soil temperature at 20 cm (Tsoil), relative humidity (RH), and precipitation (Prec), as well as between TWD
and vapor pressure deficit (VPD) and available soil water in 40 cm (AWAT40), in the growing season of 2020 and 2021 of (A) conifers (P. abies at
high-elevation sites HW and HE, and P. sylvestris at low-elevation sites LW and LE) and (B) European beech (F. sylvatica). Gray bars indicate NA values.

spruce at HW and pine at LW and LE in 2021. Likewise, the
moving correlations with available soil water were predominantly
negative. Nevertheless, in 2021, the negative correlations between

TWD and AWAT40 occasionally shifted for short periods to a
positive correlation, especially for beech at low-elevation sites
(Figures 5A, B).
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4 Discussion

4.1 Comparison of growth patterns

Our results confirmed that all tree species adapted their
growth patterns to prevailing weather conditions but with different
intensities and manifestations (Martinez del Castillo et al., 2018;
Chen et al., 2022). The altered growth responses of each species
at every site were clearly visible in the climatically contrasting
growing seasons of 2020 and 2021 (Figure 2). Warm temperatures
in spring 2020 caused an earlier onset of radial increment and a
higher growth rate at the beginning of the season for all studied
species. However, dry conditions in early summer 2020 caused
an early growth stop and partial growth interruptions at low-
elevation sites (Figures 3A, B). The warm temperatures in spring
affected cambial activity intensively, which confirms the findings
of Rossi et al. (2014), who found that warmer spring temperatures
cause earlier cambial resumption. However, the subsequent dry
summer with soil water shortage annihilated the positive effects
of the warm spring. Although trees have various long- and short-
term physiological and morphological strategies to adapt to water
shortage, the first response of pine and spruce to a drought period
in the current growing year is stomatal closure to avoid xylem
cavitation (Martínez-Vilalta et al., 2009; Pretzsch et al., 2014; Choat
et al., 2018). In particular, pine at low-elevation sites showed
this precautionary response in 2020. As beech reveals a strong
dependency on water availability in June–July (Scharnweber et al.,
2011), the low precipitation amounts and warm temperatures in
2020 caused growth cessation around July. Accordingly, beech
revealed a shorter growing season (significant at HW and LW) and
narrower tree-ring widths than in 2021 (significant at HW, LW,
and LE). Even beech at high-elevation sites revealed a decrease
in growth rates or a cessation of wood formation by the end
of July. Since xylem growth in diffuse-porous species occurs
later than in conifers and ring-porous species, it often coincides
with seasonal maxima in evapotranspiration and water deficit
(D’Orangeville et al., 2022). Therefore, the difference between these
two consecutive years was more pronounced for beech than for
the studied conifers. In conclusion, the formation of new xylem
cells ended prematurely in 2020 due to limited water availability.
In contrast, at the more humid and cold high-elevation site HE,
spruce formed slightly more xylem cells in 2020 because warmer
weather conditions implied a prolonged growing season length for
conifers (Menzel and Fabian, 1999; Deslauriers et al., 2008; Rossi
et al., 2013). In contrast to the warm and dry weather conditions
in 2020, the spring of 2021 revealed temperatures in April and
May more than 2◦C colder than the Climate Normals. Due to
these cold temperatures at the beginning of the growing season,
the growth rate of the studied tree species was slower than that
in 2020 (Figures 3A, B). Nonetheless, most trees built larger tree
rings in 2021. Since the average precipitation amount throughout
the summer months was higher than that in the Climate Normals
at all study sites, the available soil water was scarcely limited, and
no water stress occurred (Figure 2). Therefore, a longer growing
season length accompanied by the continuous formation of new
xylem cells resulted in significantly larger tree rings according to
the dendrometer measurements, except for spruce at HE and pine
at LE (Peters et al., 2021). Indeed, pine at LE showed similar tree

ring widths in 2020 and 2021, although water availability in 2021
was better than that in 2020 (Figure 2). One reason might be that
a dry growing season, as in 2020, also has a higher impact on the
radial growth of pine in the following year at this site, as found by
Debel et al. (2021). Rossi et al. (2016) assumed that the mean annual
temperature determines radial growth in conifers at cool-temperate
sites; hence, higher temperatures induce a longer growing season.
However, our results show that the mean annual temperature only
results in a prolonged growth period if the soil water availability is
sufficient in summer. This is confirmed by findings of Peters et al.
(2021), who related a decreased growth rate to turgor limitation in
warmer and drier summers. For instance, spruce at HE benefitted
from warmer annual temperatures in 2020 because no water deficit
occurred at this site. Accordingly, all other sites showed larger tree
rings in 2021 (significant for beech at each site, spruce at HW, and
pine at LW) due to a higher number of days with actual growth
(significant for beech at HW, LW and pine at LW). These findings
support the conclusions by Michelot et al. (2012), who found that
tree ring widths were influenced by the number of growth days
rather than by the growth rate.

4.2 GRO and TWD response to climate

Correlations between climate variables and growth-induced
irreversible stem expansion (GRO) revealed that relative humidity
had the main positive influence on radial growth, whereas global
radiation and vapor pressure deficit minimized the growth of
all species at almost each site. The significantly high negative
correlations between tree radial growth (GRO) and temperatures
of the hot year 2020 underline the adverse effects of increasing
temperatures on tree growth. The hot summer of 2020 was
detrimental to tree growth even at the studied high-elevation
sites. Heat does not only provoke rising evapotranspiration
and vapor pressure deficits (Grossiord et al., 2020; Gazol and
Camarero, 2022; Haberstroh et al., 2022) but also can directly
harm several tree species, e.g., Norway spruce (Kunert, 2020).
Hence, vitality loss and mortality of the studied tree species
are likely to increase in the future since increased drought and
heat periods are predicted for the study region (Spathelf et al.,
2014; Sedlmeier et al., 2018; Hammond et al., 2022). On the
contrary, pine at LE revealed positive correlations to minimum,
mean, and maximum temperatures in 2020. A reason might be
that pine’s actual growth time (days with GRO > 0) was very
short within the 2020 growing season, with the highest growth
rates between early May and mid-June. Thus, temperature, besides
the photoperiod, was a dominant environmental driver for wood
formation (Huang et al., 2020). Furthermore, as practically no
GRO happened during the summer months, correlating GRO
to temperature was impossible. Regarding (soil) temperature,
Spearman’s and Pearson’s correlations showed divergent results.
While no significant correlation occurred between GRO and
soil temperature according to Spearman’s method, Pearson’s
correlations revealed a positive correlation, especially in 2021
(S3A). Since the soil temperature influences growth onset (Jochner
et al., 2018; Huang et al., 2020; Leeper et al., 2021) and spring
temperatures in 2021 were comparatively low (Figure 2), warmer
soil temperatures positively affected tree growth. The tree water
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deficit (TWD) correlated positively with vapor pressure deficit
(VPD) and global radiation and negatively with relative humidity
(RH) and precipitation at all sites. Hereby, the correlation
coefficients were mostly higher in 2020 than in 2021 (Figure 4B).
According to Zweifel et al. (2016), VPD and soil water potential
mainly explain the TWD. Due to the delayed stem response,
however, the TWD reacts with a time lag on changing VPD.
Since a high VPD aggravates the refilling of stem cells, the
turgidity also decreases, and the threshold of turgor pressure for
cell division and enlargement cannot be reached (Steppe et al.,
2006; Knüsel et al., 2021; Peters et al., 2021). Consequently, no
stem expansion occurred. In addition, TWD of each studied tree
species was positively correlated with temperature in 2020. Higher
temperatures induce stronger evapotranspiration and thus higher
water deficits in soils and plants (Choat et al., 2018; Gharun et al.,
2020). Due to higher precipitation amounts and lower temperatures
in spring 2021, only pine at LE showed positive correlations with
TWD in 2021. Precipitation and the available soil water negatively
influenced TWD at all sites and in both study years. However,
higher correlation coefficients occurred in the drier year 2020.
These results confirm that the soil water, especially in deeper
layers, was sufficient for tree growth in 2021 (Figure 4B). Moving
correlations with a 14-day window and a 1-day offset provided
more detailed insights into short-term tree responses than seasonal
correlations. Although the moving correlations predominantly
confirmed the seasonal correlations to the various climate variables
(Figures 5A, B), the high-resolution approach exposed time
windows in which the correlations with climate variables were
specifically high or showed no or opposite relations. Hence, climate
conditions can affect tree growth differently, depending on timing
during the season (Deslauriers and Morin, 2005). However, the
high-resolution (2 weeks) observation of the influence of climate
variables on GRO and TWD could be too short for specific
climate variables (e.g., soil temperature and available soil water).
Consequently, the response of trees might not immediately reflect
weather changes but rather react with a temporal offset and to
longer-lasting weather tendencies. Therefore, a lower resolution of
up to 4 weeks might be favorable for variables related to a delayed
tree response.

4.3 Comparison of methods

Both growth phenology and kinetics differed between the two
methods applied, e.g., beech at HW (Figure 3B). Since different
growth parameters (diameter variations and xylem cell formation)
were observed, sometimes significantly diverging results for critical
dates emerged, e.g., HW, 2020 (Table 2b). Discrepancies between
the two approaches was also observed in other studies (e.g.,
Mäkinen et al., 2008; Cocozza et al., 2016; Stangler et al., 2021).
However, in this study, the total annual radial increment differed
even at 37% of tree means between the two methods. Nevertheless,
each method has advantages and disadvantages, but both applied
techniques convince with a high temporal resolution of growth
observations. However, depending on the frequency of sample
collection, xylogenesis has a resolution of 1 or 2 weeks, while
dendrometer measurements of wood formation can even display
the intra-annual growth of trees with a precision of several minutes
(Michelot et al., 2012; Poljanšek et al., 2019).

Band dendrometer data integrate stem size variations over
the complete stem circumference, while microcores can only
illustrate cell formation, particularly at the part of the stem
where the core was punched. As a result, significant variations
in cell production and growth processes can occur during
xylogenesis due to non-circular and irregular growth around the
tree stem. Furthermore, standardization with the previous ring
may cause discrepancies due to its differing cell numbers. Indeed,
the modeling of xylogenesis with the Gompertz function can
reliably illustrate the accumulative wood formation during one
growing season, especially in temperate climates (Rossi et al.,
2003; Rathgeber et al., 2018), but the calculation is sometimes
inaccurate due to NA values or non-circular growth. Hence, intra-
annual growth dynamics cannot be resolved accurately (Cuny
et al., 2013; Häusser et al., 2023). Moreover, Gompertz models are
not capable of plotting growth interruptions at all. Fitting GAMs
(Generalized Additive Models) to the xylogenesis data revealed
similar inaccuracies compared to the Gompertz models. Although
more flexible GAMs are suitable for displaying growth variations
very well, these models still insufficiently reflect intra-annual
growth dynamics compared to dendrometer data. Furthermore,
the accuracy of the models depends on the raw anatomical data
(EWMZ-width). Since the widths of the forming rings significantly
varied according to the sampled dates for several trees and
did not reflect steady growth, GAMs partly plotted even more
inadequate growth patterns than Gompertz models. In the same
way, GAMs generated different final tree-ring widths than those
measured with dendrometers. Nevertheless, growth models are
very convenient for comparing species and sites since growth
progression is immediately recognizable at first glance. In addition,
with the Gompertz model, key biological parameters are easily and
consistently calculated (Cuny et al., 2013).

Additionally, band dendrometers measure complete circular
stem growth but include shrinking, swelling, and other structural
processes of tree tissue, e.g., contraction and expansion of dead
conducting xylem elements and phloem and thermal expansion
and contraction of the stem (Daudet et al., 2005; Deslauriers
et al., 2007). There are several R packages helping to clean
raw dendrometer data to obtain radial growth only (van der
Maaten et al., 2016; Aryal et al., 2020; Knüsel et al., 2021).
Nevertheless, non-growth-related processes cannot be completely
excluded from dendrometer data (Knüsel et al., 2021). For instance,
the growth cessation of European beech at LW and LE, measured
with dendrometer data, lagged xylogenesis measurements by
several weeks. Xylem and phloem swelling instead of irreversible
growth might have caused the radial increment. In contrast,
xylem cells may even form, although the stem circumference
shrinks (Cruz-García et al., 2019). However, dendrometer data
provide a general overview of radial growth during the growing
season.

Hence, defining growth onset and cessation on the anatomical
level showed more reliable values. In particular, swelling and
water storage processes could have induced the radial increase
in part, which the applied R package could not discard (Knüsel
et al., 2021). Likewise, average and maximum growth rates
calculated with the Gompertz function were more accurate since
the growing periods, defined between 5 and 95% of the final
tree ring, were solely oriented to cellular processes. At the same
time, the intra-annual course of GRO best reflected individual
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growth patterns. The high resolution allowed observation of growth
processes from day to day (or even shorter), displaying each short-
term environmental influence. Therefore, climate correlations
with dendrometer data are more suitable for climate correlations
because the circumference changes are available at daily resolution
or even at sub-daily resolution (e.g., 30 min), while the widths of
newly formed xylem cells were only available at biweekly resolution.
Especially for the calculation of moving correlations, data at a
daily resolution are a prerequisite. Therefore, climate correlations
of data calculated with the Gompertz model or GAM provided less
precise results, especially for moving correlations, since the models
consist of calculated values independent of daily environmental
influences.

5 Conclusion

The year 2020 was the third year in a sequence of dry and
hot summers in North Bavaria (Boeing et al., 2022; Thonfeld
et al., 2022). As an adaptation to water limitation in summer,
all tree species showed a premature growth stop or a reduced
growth rate in summer. Consequently, tree rings built in 2020
were predominantly smaller than those built in 2021, even though
spring temperatures in 2021 were low and caused low growth rates
at the beginning of the vegetation period. These results suggest
that the number of growth days, meaning the number of days
with actual growth, favors total annual radial growth more than
the growth rate. Both seasonal and moving climate correlations
significantly reflected the influence of climatic conditions on trees,
e.g., the available soil water and the vapor pressure deficit in
2020 with tree water deficit (TWD) and the relative humidity in
2020 and 2021 with irreversible radial growth (GRO). Transferring
these findings to potential tree responses under future climate
conditions (Kosanic et al., 2019), especially under the expected
increasing frequency of drought during growing seasons such as
2020, all studied tree species will show lower growth performance.
In particular, European beech and Scots pine at low-elevation
sites revealed the lowest radial growth in the dry and warm
growing seasons, implying that climate change will lead to a
lower carbon sink capacity of these tree species. Therefore, we
accept our research hypothesis 1. Dendrometer measurements
and microcore analysis showed partly significant differences for
tree-growth processes, even in the general intra-annual growth
course and the final tree-ring width. Hence, we mainly agree
with our hypothesis 2 but reject the assumption of similar
growth patterns. Both methods showed specific uncertainties and
limitations, so combining both is required to achieve a more
robust analysis of the intra-annual wood formation. Xylogenesis
provides insight into cambial activity on an anatomical level and
defines the exact onset and cessation of wood formation processes.
Thus, xylogenesis can help to calibrate stem circumference
changes measured with dendrometers and to disentangle radial
growth from other stem physiological contraction-expansion
processes. On the opposite, dendrometer measurements involve
the radial growth of the entire stem and not only of a spatially
limited stem section. Therefore, our findings confirm that the
synthesis of both methods is suitable for analyzing climate-growth
relationships.
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