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Summary

� Understanding the effects of temperature and moisture on radial growth is vital for assess-

ing the impacts of climate change on carbon and water cycles. However, studies observing

growth at sub-daily temporal scales remain scarce.
� We analysed sub-daily growth dynamics and its climatic drivers recorded by point den-

drometers for 35 trees of three temperate broadleaved species during the years 2015–2020.
We isolated irreversible growth driven by cambial activity from the dendrometer records.

Next, we compared the intra-annual growth patterns among species and delimited their cli-

matic optima.
� The growth of all species peaked at air temperatures between 12 and 16°C and vapour

pressure deficit (VPD) below 0.1 kPa. Acer pseudoplatanus and Fagus sylvatica, both diffuse-

porous, sustained growth under suboptimal VPD. Ring-porous Quercus robur experienced a

steep decline of growth rates with reduced air humidity. This resulted in multiple irregular

growth peaks of Q. robur during the year. By contrast, the growth patterns of the diffuse-

porous species were always right-skewed unimodal with a peak in June between day of the

year 150–170.
� Intra-annual growth patterns are shaped more by VPD than temperature. The different sen-

sitivity of radial growth to VPD is responsible for unimodal growth patterns in both diffuse-

porous species and multimodal growth pattern inQ. robur.

Introduction

Woody plants respond to climate change by alteration of physio-
logical processes at various temporal scales (Becklin et al., 2016).
The unprecedented pace of climate change might exceed the
species-specific capacity for physiological adjustments, leading to
the disruption of long-standing ecological patterns of niche dis-
tribution, climate–growth interaction and natural selection
(Körner, 2018). The existence of feedback mechanisms between
plant physiology and the climatic system (Peñuelas et al., 2009)
increases the need for a mechanistic understanding of
environmental effects on plant growth. For instance, variations in
intra-annual cambial activity, specifically the production and
maturation of new xylem and phloem cells, exert control over the
carbon sequestration capacity of the entire ecosystems dominated
by woody species (Pan et al., 2011; Cuny et al., 2015). Although
shifting climatic limitation of annual growth rates has recently
been described using tree-ring widths across space (Babst et al.,
2019; Cook et al., 2020) and over time (Wilmking et al., 2020),

the understanding of high-frequency variability in sub-daily
growth rates is limited (but see Zweifel et al., 2021).

The radial growth rate is assumed to reflect the variability of
the most limiting climatic factor during a specific part of the
growing season (Vaganov et al., 2006). The onset and kinetics
of cambial activity in cold environments tend to follow the
intra-annual pattern of air temperature and photoperiod (Des-
lauriers et al., 2008; Rossi et al., 2016; Huang et al., 2020).
Indeed, boreal and mountain forests show a single distinct peak
of growth rates around the summer solstice (Rossi et al., 2003).
In dry ecosystems, by contrast, tree-ring formation might be
restricted to discontinuous windows with sufficient moisture
availability (Ziaco & Biondi, 2018; Güney et al., 2020).
Consequently, bimodal or multimodal intra-annual growth
patterns predominate in Mediterranean biomes (Cherubini
et al., 2003; Campelo et al., 2018) and semi-arid environments
(Wu et al., 2020; Morino et al., 2021). Joint control of and
periodic switching between dominant effects of temperature and
moisture availability during the year can be assumed in mesic
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environments such as European broadleaved temperate forests
(Siegmund et al., 2016).

Moreover, radial growth patterns might vary between the
species inhabiting this ecosystem owing to marked between-species
differences in drought susceptibility (Lévesque et al., 2013; Van-
hellemont et al., 2019; Grossiord et al., 2020). However, species’
sensitivity to drought possibly differs with respect to considered
temporal scale of drought effects (annual vs sub-daily). Ring-
porous broadleaves with large differences in wood anatomy
between earlywood and latewood experience a longer growing sea-
son, so they can form the earlywood part of the annual tree-ring in
early spring, with a low probability of drought stress (Sass-
Klaassen et al., 2011; Pérez-de-Lis et al., 2016). By contrast, the
annual growth rate of diffuse-porous species with a homogeneous
wood structure is more dependent on the summer dry season as a
result of a delayed cambial activity onset (Prislan et al., 2013).
Consequently, greater sensitivity of annual growth rates to drought
has repeatedly been reported for diffuse- compared to ring-porous
species (Scharnweber et al., 2011; Vanhellemont et al., 2019). On
a sub-daily scale, however, ring-porous broadleaves with large con-
duits are more prone to cavitation-induced embolism which might
limit radial growth during days with strong negative water poten-
tial (Pallardy, 2008; Sperry et al., 2008). Diffuse-porous
broadleaves prevent cavitation by closing their stomata early,
which might also restrict radial growth during dry periods through
a drop in photosynthetic rates or even carbon starvation (Backes
& Leuschner, 2000; Scherrer et al., 2011; Walthert et al., 2021).
Probably as a result of this, an analysis of hourly growth rates on
diurnal scale revealed similar and robust growth responses to
drought with indistinct deviations between species regardless of
the type of wood anatomy (Zweifel et al., 2021).

Reliable information about high-frequency variability of the
stem radius and its climatic drivers can be provided by point den-
drometers (Drew & Downes, 2009). Dendrometer data can be
used to assess the effects of recent unprecedented climatic condi-
tions on radial growth patterns (Campelo et al., 2018; Scharnwe-
ber et al., 2020; Krejza et al., 2021) and to link them with current
shifts in biochemical cycles and the health status of forest ecosys-
tems (Ciais et al., 2005; Camarero et al., 2015; Anderegg et al.,
2016). However, linking stem radius variability recorded by den-
drometers with climatic conditions is not straightforward. The sig-
nal of the radial stem growth – i.e. irreversible stem radial variation
– in dendrometer records is masked by additional processes
reversibly altering the instant stem radius. For instance, stem
shrinkage caused by variable tree-water deficit (Zweifel et al.,
2005; Güney et al., 2020) or winter freezing–thawing cycles of
intercellular water (Zweifel & Häsler, 2000) often accounts for the
largest part of stem radius variability. Because water availability
affects both reversible and irreversible radial stem changes, actual
growth needs to be isolated from total variability before its climatic
drivers can be assessed (Zweifel et al., 2016).

In this study, we used six years of radial growth data with 30-
min resolution for three coexisting broadleaved temperate species
(Quercus robur L., Fagus sylvatica L., Acer pseudoplatanus L.) to
identify the interacting effect of moisture availability and tempera-
ture on their radial stem growth. We isolated the part of radial

stem variability attributable to irreversible growth (Zweifel et al.,
2016) and analysed its intra-annual pattern. We calculated skew-
ness, kurtosis, and employed Hartingan’s and Silverman’s
bimodality tests to distinguish trees, species and years with uni-
modal and multimodal patterns of growth rates during the grow-
ing season. In addition, we fitted linear mixed-effects models to
quantify the contribution of the main climatic variables and vari-
ous sources of random variability for intra-annual growth rates of
each species. We hypothesized that growth rates variability can be
statistically predicted by a combination of climatic variables related
to air temperature and moisture availability (Zweifel et al., 2021).
In addition, we assumed that Q. robur, owing to its larger conduits
prone to cavitation (Sperry et al., 2008), will show a greater
dependence of growth on moisture availability and a stronger ten-
dency towards drought-induced growth multimodality compared
to A. pseudoplatanus and F. sylvatica with small conduits.

Materials and Methods

Study area and experimental design

We analysed data from three permanent ecological monitoring
plots which form part of the LTER-D network situated in north-
eastern Germany near the town of Greifswald (54.077°N,
13.455°E; Fig. 1a). The climate in the study area is temperate
humid with a long-term mean annual temperature of 8.5°C and
mean annual precipitation of 580 mm (DWD Greifswald meteo-
rological station). Monitoring of stem radius was initiated
between 2013 and 2016 and has been performed continuously
since that time (van der Maaten et al., 2018; Scharnweber et al.,
2020). The dendrometers Type DR1 (Ecomatik, Dachau/
Munich, Germany) connected to a CR1000 logger in Full Bridge
configuration are used to record stem radius variability in a 5-
min timestamp for Q. robur (13 trees), F. sylvatica (15 trees) and
A. pseudoplatanus (seven trees). Each individual tree has its own
logger in two of the inland plots and one logger records five den-
drometers (maximum cable length of 20 m) in a centralized
setup at the Vilm island plot (Fig. 1a). For this study, we sub-
sampled the time series to 30-min resolution. The outermost
layer of Q. robur bark was removed before installing the den-
drometers to minimize the distortion of the growth signal by the
hygroscopic shrinking and swelling of the bark tissue. In addition
to dendrometer data, in situ recordings of micrometeorological
and soil moisture variables were performed using HC2S3 and
CS655 sensors (Campbell Scientific, Logan, UT, USA) (Fig. 1b).
Although the distance between plots is c. 30 km and plots differ
in soil conditions and management history, radial growth
dynamics are very similar among the sites (Scharnweber et al.,
2020). We therefore pooled the data from different plots together
and treated them as a single dataset.

Separation of irreversible growth and reversible variability
in stem radius dynamics

In the initial step, we performed a visual quality check of all
datasets and removed apparently incorrect data resulting from
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temporary sensor failures. As we focused on the effect of weather
conditions on irreversible radial growth, we primarily had to filter
out reversible stem radial dynamics driven mainly by variation in
the amount and state of internal stem water (Zweifel & Häsler,
2000; Deslauriers et al., 2007; King et al., 2013). To do so, we fol-
lowed the ‘zero-growth approach’ to distinguish between reversible
and irreversible processes affecting the stem radius (Zweifel et al.,
2016). We ascribed the entire variability in stem radius below the
previous stem radius maximum to reversible shrinking and
swelling driven by tree-water deficit, while all the variability
exceeding the previous stem radius maximum was regarded as irre-
versible growth due to cambial activity (GRO rate):

GRO ratet;m

¼ 0, if Rt ;m ≤ max Rt ;1;Rt ; m�1ð Þ
Rt ;m � max Rt ;1;Rt ; m�1ð Þ, if Rt ;m > max Rt ;1;Rt ; m�1ð Þ

(

Eqn 1

where R indicates the stem radius recorded by the dendrometer, t
indicates a tree, and m indicates the order of 30-min timestamps.
The GRO rate captured by dendrometers is driven mainly by
processes of cambial cells’ division and radial lumen enlargement
but does not reflect cell wall lignification and maturation (Cuny

et al., 2015). To filter out unrealistic observations possibly caused
by sensor artefacts, we removed all timestamps with GRO rates
greater than 100 µm per 30 min. However, this affected only 64
of > 4 000 000 timestamps.

In addition to the continuous GRO rate variable, we defined a
GRO occurrence binary variable, which for each 30-min timestamp
indicates whether growth occurred (i.e. GRO rate > 0 µm h−1) or
not (i.e. GRO rate = 0 µm h−1). Moreover, we standardized GRO
rate at each timestamp by the cumulative annual GRO rate of a
specific tree during the main part of the growing season to determine
the relative GRO contribution of each timestamp to annual growth.
The main growing season was defined as the period between day of
the year (DOY) 80 and 320 (late March to mid-September). The
main growing season excludes winter months when the stem dia-
meter can be significantly affected by freezing–thawing cycles of internal
water (Zweifel & Häsler, 2000) but covers the entire period of radial
growth expected in our study region (van der Maaten et al., 2018).

Visualization and statistical analysis of intra-annual growth
patterns

The time series of GRO variables were used to visualize intra-
annual and diurnal patterns of radial growth and to assess their

(a)

(b)

Fig. 1 Location of monitoring plots in north-
eastern Germany (a). Codes next to each plot
indicate numbers of monitored individuals of
Fagus sylvatica (F),Quercus robur (Q), and
Acer pseudoplatanus (A). The forest extent is
according to CORINE Land Cover data.
Mean intra-annual variability of air
temperature (red), volumetric soil water
content at 0.2 m depth (blue), relative air
humidity (green) and vapour pressure deficit
(orange) during 2015–2020 averaged for all
sites (b). The buffer indicates � 0.5 ×
standard deviation among individual years
for the given day of the year (DOY).
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variability between years, species and trees. We aggregated GRO
variables from 30-min resolution to a daily scale for each species
and year. Specifically, we determined the mean daily GRO rate
and the proportion of trees which experienced at least one times-
tamp with GRO occurrence during the day (i.e. at least one 30-
min timestamp during the day with GRO rate > 0 µm h−1) for
each species and year. To highlight the overall intra-annual pat-
tern of daily GRO rates, we smoothed the variability using a
spline with 25 degrees of freedom. In addition to describing
intra-annual variability of daily-resolved GRO variables, we also
assessed diurnal (00:00–23:59) pattern of 30-min-resolved GRO
rates. To do so, we averaged GRO rate for each half-hourly seg-
ment of the diurnal cycle across different days of the year for each
species.

To quantify deviations of the intra-annual growth patterns
from a theoretical symmetrical distribution with a single domi-
nant peak (Rossi et al., 2003), we calculated skewness and kurto-
sis of smoothed daily GRO rates during the main growing season
for each species and year. Low values of kurtosis indicate a flat
distribution with a marginal peak, while positive (negative) values
of skewness indicate shifting of the peak to the early (late) part of
the growing season. The distribution multimodality of smoothed
GRO rates during the main growing season was tested for each
species and year using Hartingan’s dip test (Kang & Noh, 2019)
and Silverman’s critical bandwidth test (Silwerman, 1981).
Hartingan’s dip test evaluates the hypothesis that the given data
have more than one mode in the distribution (multimodal distri-
bution) employing the ‘dip’ statistic, which represents the maxi-
mum difference between the empirical distribution and its
optimal theoretical unimodal approximation. Silverman’s band-
width test is based on the minimal size of the bandwidth required
to observe one mode in the distribution smoothed by the Gaus-
sian kernel function. In addition to testing the distribution multi-
modality of the mean GRO rate for each species and year, we
also tested the multimodality of the mean GRO rates for each
tree.

Climate–radial growth interaction

We employed different statistical and visual approaches to high-
light and quantify the independent and combined effects of envi-
ronmental factors on GRO variables. The analysis included the
following environmental variables, which were measured in situ
with 30-min resolution: air temperature (°C) and relative air
humidity (%) at 2 m height, and the volumetric water content at
0.2 m depth (%). In addition, we calculated the time series of
vapour pressure deficit (VPD; kPa) in 30-min resolution from
relative air humidity and temperature using the approach
described in Duursma (2015).

All statistics described later were calculated for data with 30-
min resolution at the level of individual trees and, afterwards,
summarized at the species level (using the mean and/or standard
deviation of statistics between trees). Initially, we correlated
GRO rates with environmental variables during the respective
30-min interval. To reveal an intra-annual pattern, we calculated
correlations separately for each calendar month. Next, we

converted continuous environmental variables into categorial
variables to ascertain mean values of GRO variables during speci-
fic intervals of environmental conditions over the main growing
season (DOY 80–320) for each species. Individual intervals of
environmental variables had a step of 2°C (temperature), 0.1 kPa
(VPD) and 2.5% (air humidity and soil moisture). We calculated
the mean GRO rates, the proportions of timestamps with GRO
occurrence out of the total number of timestamps with growth,
and the cumulative GRO contribution to total annual growth for
each interval of environmental variables. We compared the pro-
portions of GRO occurrence and contribution for each interval
with frequency of specific environmental conditions to highlight
intervals with growth below or above the frequency of such con-
ditions. Finally, we plotted two-dimensional frequency scatter-
plots showing the mean GRO rate, occurrence and contribution
per each specific combination of the two most influential envi-
ronmental variables. Because both the correlation analysis and
histograms pointed to joint dominant growth control by air tem-
perature and VPD, we used this pair of variables in all scatter-
plots.

We employed generalized linear mixed-effects models to quan-
tify the relative contributions of the environmental variables and
various sources of independent variability on GRO rate, GRO
occurrence and GRO contribution to annual growth. The mod-
els were fit for the 30-min timestamps from the main part of the
growing season (DOY 80–320). The model structure tested for
various sources of temporal and between-tree variability in GRO
variables, specifically (1) direct effects of temperature and VPD
on GRO variables; (2) between-tree differences in mean GRO
variables and in sensitivity to temperature and VPD; and (3)
between-year differences in mean GRO variables. The model
structure was as follows:

GRO ratet;m;y

GRO occurt;m;y

GRO contribt;m;y

9>=
>;¼β0þβ1 �Tempmþβ2 �VPDmþU 0aðt Þ

þU 1ðt Þ�TempmþU 2ðt Þ�VPDmþU 0b yð Þ
Eqn2

where β0 represents a fixed intercept, β1-2 represent fixed slopes
of environmental variables, U0a-0b represent random intercepts
for each tree and year, U1-2 represent random slopes of environ-
mental variables for each tree, t stands for a tree, m stands for
timestamp with 30-min resolution, and y stands for a year. The
models were fit separately with the same structure for each species
(i.e. three response variables × three species = nine models were
fit in total). The same structure of the model was applied for all
response variables accounting for their different distribution
(Gaussian for GRO rate and contribution, and binomial for
GRO occurrence). The quality of the models was assessed by
marginal (R2m) and conditional (R2c) pseudo-R2 statistics (Naka-
gawa & Schielzeth, 2013). During the model interpretation, we
specifically focused on the following five questions: Q1: What is
the level of temporal and between-tree heterogeneity in GRO
variables in comparison to the direct climatic forcing? (i.e.
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comparison of R2c and R2m); Q2: Is the combined effect of tem-
perature and VPD on GRO variables positive or negative? (i.e.
are β1 + U1 and β2 + U2 positive or negative?); Q3: Is the level
of temporal heterogeneity higher compared to between-tree
heterogeneity? (i.e. comparison of random variances accounted
for by U0a and U0b); Q4: Is the between-tree heterogeneity of
GRO variables greater in response to temperature compared to
VPD? (i.e. comparison of random variances accounted for by U1

and U2); Q5: Which years experienced suboptimal conditions for
GRO? (i.e. which years have negative U0b?).

All analyses were based on the period from 1 January 2015
to 31 December 2020 to maximize the number of trees with
available observations. All steps of the data processing, statisti-
cal analyses and visualization were performed in R (R Core
Team, 2020), utilizing the packages ‘LMER’ (mixed-effects mod-
els; Bates et al., 2015), ‘MULTIMODE’ (modality tests;
Ameijeiras-Alonso et al., 2021), ‘PLANTECOPHYS’ (VPD calcula-
tion; Duursma, 2015) and ‘GGPLOT2’ (charts’ plotting; Wick-
ham, 2009).

Results

The intra-annual patterns of daily GRO rates varied both among
species and years (Fig. 2). The highest GRO rate peaks were doc-
umented for A. pseudoplantanus whereas Q. robur experienced the
lowest growth rates. Mean daily GRO rates of Q. robur exhibited
the lowest kurtosis of all the species each year, suggesting a lesser
dominance of the global optimum and spread across the longest
duration of the growing season. By contrast, high values of both
skewness and kurtosis reflected the existence of a single peak
around DOY 150–170 in both diffuse-porous species. Both
bimodality tests confirmed a unimodal distribution for the
diffuse-porous species in most years. The tests, however, failed to
identify a clear peak in the daily GRO rate distribution in five of
the six years for Q. robur. Only in 2020, the existence of the sin-
gle global maximum in the distribution was confirmed statisti-
cally; however, the GRO rate pattern visually showed the
existence of additional local maxima in the distribution. The
tree-specific intra-annual growth patterns of Q. robur had the

Fig. 2 Mean daily growth rates determined
by the zero-growth approach (red lines),
their overall intra-annual pattern estimated
as a spline with 25 degrees of freedom (bold
red lines) and proportions of trees that
experienced growth during specific day of
the year (DOY) (grey bars). The dots indicate
significance levels of Hartingan’s dip tests/
Silverman’s bandwidth tests of distribution
multimodality (empty dot (○) = P > 0.05,
single full dot (●) = P < 0.05, double full dot
(●●) = P < 0.01). The γ1 and γ2 are
distribution skewness and kurtosis,
respectively.
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lowest mean kurtosis and skewness, and most of them were sig-
nificantly multimodal according to both tests (Supporting Infor-
mation Table S1). In addition, only Silverman’s test pointed
towards frequent bimodality of individual F. sylvatica trees. The
daily proportions of trees with GRO occurrence experienced
rather continuous shifts during the growing season in diffuse-
porous broadleaves (increasing mainly before DOY 150, stable
high during DOY 150–180 and declining afterwards with
marked intra-annual variability of those phases). By contrast, the
proportion of growing trees was greatly variable from day to day
in Q. robur (Fig. 2).

The results of the correlation analysis between the GRO rate
and environmental variables at 30-min resolution were similar
among the species (Fig. 3). The strongest correlations occurred
between the GRO rate and May-August relative air humidity
(positive) and May–August VPD (negative). In addition, the
GRO rate correlated negatively with air temperature during the
June–July period. In contrast to variables related to water vapour
and temperature, the correlations with volumetric soil moisture
content were weak. The only remarkable difference between the
species was related to stronger positive May correlations with
temperature and weaker negative correlations with May moisture
availability for Q. robur compared to other species. The mean
GRO rate was the highest in the intervals of air temperature of
10–20°C, VPD of 0–0.1 kPa and relative air humidity of 97.5–
100% (Fig. 4a). The distribution of days with GRO occurrence
and GRO contribution to annual growth mirrored the pattern of
GRO rates, with additional remarkable peak for A. pseudopla-
tanus in the interval of soil moisture content of 0–5% (Fig. 4b,c).
The difference between GRO contribution to annual growth and
the air temperature distribution was the highest for the interval of
12–18°C. Whereas temperatures fell within this interval at 41%
of timestamps, cumulative growth during those conditions repre-
sented between 64% (Q. robur) and 78% (A. pseudoplatanus) of
the total growth during the 2015–2020 period. In addition, the
GRO contribution to the annual growth of Q. robur largely
lagged the frequency of timestamps for intervals with low relative

air humidity and high VPD. Specifically, whereas diffuse-porous
species produced 48–53% of annual cumulative growth in condi-
tions with VPD > 0.1 kPa, this interval contributed only 32%
for Q. robur. All GRO variables quickly dropped with increasing
VPD above 0.1 kPa for all species, but mainly Q. robur, and
became marginal above 0.5 kPa.

All species experienced the highest GRO rates, occurrence and
contribution to total growth in the cases of 30-min intervals with
temperatures close to 12–16°C and VPD ≤ 0.1 kPa (Fig. 5). All
GRO variables tended to decline towards both higher and lower
temperatures as well as towards higher VPD. The observed distri-
bution of GRO variables across temperature–VPD space showed
only marginal variability between the species and over time
(Fig. S1–S3). The GRO rate of all the species peaked mostly at
night (between 20:00–6:00) but was limited during the day (Fig.
S4).

Conditional R2, R2c, of mixed-effects models explaining GRO
variables at 30-min resolution spanned the ranges 0.58–0.70,
0.58–0.93 and 0.40–0.53 for models of GRO rate, GRO occur-
rence and GRO contribution, respectively (Table 1). For all the
models, R2c significantly exceeded marginal R2, R2m, (0.01–
0.24) indicating strong between-tree and temporal variability in
GRO response to the climate (a priori defined Q1 tested by the
model). The combined effects (fixed + random effects between
trees) on all GRO variables were always negative in the case of
VPD but positive in the case of temperature (Table S2). This
indicates a negative response of growth to increasing VPD but an
overall positive response to increasing temperature. Specifically,
GRO rates dropped between −0.14 and −1.09 µm h−1 kPa−1

but rose between 0.005 and 0.055 µm h−1 °C−1, respectively
(Q2). Negative random intercepts for years highlighted subopti-
mal GRO rates in 2019 and 2020 for all species and in 2016 for
A. pseudoplatanus and F. sylvatica (Table S3; Q5). Random vari-
ance of the intercept was greater between trees compared to
between years in 56% of models (=5/9), suggesting that GRO
variability among trees slightly outweighs variability over time
(Q3). The variance between trees in VPD slope was always

Fig. 3 Correlation coefficients between
climatic conditions and radial growth rates of
30-min timestamps during specific calendar
months. Points represent mean values of
correlation coefficients of all trees; error lines
show � standard deviation of individual trees
correlations. Colours indicate Acer
pseudoplatanus (red), Fagus sylvatica
(green) andQuercus robur (blue).
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(a)

(b)

(c)

Fig. 4 Mean radial growth rates (a, top row), the proportion of timestamps with growth occurrence out of the total number of timestamps with growth
(b, middle row), and the proportion of cumulative growth on total cumulative growth (c, bottom row) during specific intervals of environmental
conditions. Black lines in bar charts indicate the frequency distribution of 30-min timestamps with specific environmental conditions. Colours indicate Acer
pseudoplatanus (red), Fagus sylvatica (green) andQuercus robur (blue).

(a)

(b)

(c)

Fig. 5 Scatterplots of air temperatures and
vapour pressure deficits for the period 2015–
2020. The size of dots indicates the
frequency of 30-min timestamps per tree and
year with specific climatic conditions. The
colour scale indicates a mean rate of radial
growth (a), the proportion of timestamps
with growth occurrence out of the total
number of timestamps with growth (b), and
contribution of growth to total cumulative
growth (c) during specific climatic conditions.
Individual points represent 1°C × 0.1 kPa
intervals. Note the different unit scale applied
in (a).
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greater than the variance in temperature slope, indicating
stronger tree-specific sensitivity to VPD compared to tempera-
ture (Q4).

Discussion

Although intra-annual growth dynamics of coexisting
broadleaved species respond to the same environmental variables
of temperature and VPD, the overall intra-annual growth pat-
terns largely differ between species. The radial increment of all
three species is driven mainly by highly effective growth close to
temperatures and VPD values of around 14°C and ≤ 0.1 kPa,
respectively (Figs 4, 5). Both radial growth rates and occurrence
of days with radial growth peak inside this climatic optimum
and, consequently, growth during this optimum contributes the
most to annual ring width. Fagus sylvatica and A. pseudoplatanus
were adapted to partly sustain radial growth also in conditions
with suboptimal VPD and contributed significantly to annual
growth also during VPD > 0.1 kPa (Fig. 4). By contrast, growth
during VPD > 0.1 kPa was considerably lower for Q. robur.
This was reflected in prominent differences in intra-annual radial
growth patterns between unimodal with a single peak of growth
rates in both diffuse-porous broadleaves and flat multimodal in
the ring-porous Q. robur (Fig. 2).

Response of radial growth to climatic factors

The observed responses of growth rates to climatic conditions are
in line with existing experimental and empirical knowledge
(Ziaco & Biondi, 2018; Güney et al., 2020; Zweifel et al., 2021).
Most importantly, the growth rate peaked during periods of full
air moisture saturation (VPD = 0 kPa) and between 47% and
68% of the tree ring was formed under fully saturated or weakly
dry conditions (VPD < 0.1 kPa; Fig. 4). This reflects the pre-
dominant control of turgor pressure over radial growth (Zweifel
et al., 2005; Peters et al., 2021). Turgor affects radial growth
mainly through alterations of the rate of cambial cells’ division
(Cuny et al., 2015). The frequency of cambial cells division
depends on the speed of their radial growth and the level of cell
wall relaxation, which is mechanically forced by turgor pressure

(Vaganov et al., 2006; Cabon et al., 2020). Accordingly, the
‘zero-growth approach’ employed in this study assumes that
radial growth cannot be sustained if the tree water status is subop-
timal (Güney et al., 2020; Krejza et al., 2021), which was also
confirmed empirically (Zweifel et al., 2016). Consequently, the
growth rate peaked at timestamps with optimal or slightly subop-
timal VPD, mainly at night after replenishment of the stem water
content (Fig. S4; Zweifel et al., 2021).

We observed a stronger coupling of radial growth to relative
air humidity and VPD compared to soil moisture availability
(Fig. 3). This suggests a stronger dependence of the stem water
balance on moisture losses through transpiration compared to
the limitation of water uptake by the root system (Zweifel et al.,
2005; Oberhuber & Gruber, 2010; Siegmund et al., 2016). This
can translate into a direct response of xylogenesis to air but not to
soil humidity (Morino et al., 2021) leading to a limited capacity
of soil moisture to buffer the negative effects of increasing VPD
on tree growth (Grossiord et al., 2020). The overall dependency
of sub-daily growth rates on soil water potential is known to be
weak in broadleaves compared to conifers (Zweifel et al., 2021).
Moreover, the considerable growth of A. pseudoplatanus observed
under very dry soil conditions (Fig. 4b,c) confirms an indirect,
temporarily unstable and strongly nonlinear response of sub-
daily radial growth to soil water potential (Zweifel et al., 2021).

Radial growth rates showed an air temperature optimum
between 12 and 18°C with declining growth both for higher and
lower temperatures. Although cambial activity was sustained
through a wide temperature range between 0 and 40°C under
experimental conditions (Cabon et al., 2020), it became strongly
limited by a low rate of cambial cells division below 5–8°C
(Körner, 2012). A similar threshold of mean air temperature is
also required before spring cambial reactivation from dormancy
(Rossi et al., 2008b; Prislan et al., 2013) and represents the mini-
mum mean growing season temperature required for tree survival
(Körner, 2012). Indeed, we observed a drop in all growth vari-
ables below 10°C (Fig. 4). Cumulative growth below this thresh-
old contributed less to total annual growth than was the
proportion of 30-min timestamps with temperatures below
10°C. The dominant contribution of growth around 14°C to
total annual growth is in accordance with process-based

Table 1 Results of mixed-effects models predicting the occurrence, contribution and rate of radial growth.

Species GRO independent variable

Fixed effects estimates Random effects variance

R2m R2cInt Temp VPD Int|Tree VPD|Tree Temp|Tree Int|Year Residual

Acer Occurrence (−) −3.667 0.181 −5.782 0.247 5.536 0.002 0.332 0.24 0.58
Rate (µm h−1) −0.065 0.031 −0.582 0.956 0.984 0.004 0.841 0.656 0.01 0.68
Contribution (× 10–4) 0.158 0.177 −4.111 0.034 > 0.001 > 0.001 0.001 0.016 0.01 0.47

Fagus Occurrence (−) −2.900 0.159 −6.682 2.169 2.963 0.002 0.474 0.07 0.93
Rate (µm h−1) 0.013 0.020 −0.411 0.164 0.040 > 0.001 0.286 0.328 0.02 0.58
Contribution (× 10–4) −0.233 0.181 −4.011 0.001 > 0.001 > 0.001 0.014 0.013 0.01 0.53

Quercus Occurrence (−) −2.588 0.127 −7.389 1.224 2.276 0.002 0.164 0.13 0.89
Rate (µm h−1) 0.031 0.020 −0.464 0.677 0.416 0.002 0.400 0.369 0.01 0.70
Contribution (× 10–4) 0.050 0.153 −4.048 0.002 0.002 > 0.001 0.005 0.008 0.01 0.40

Note that residual variance was not calculated for response variable with binary distribution (GRO occurrence).
Int, intercept.
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modelling studies, which calibrated lower margins of the temper-
ature optimum for European woody species between 11 and
16°C (Touchan et al., 2012; Tumajer et al., 2017; Jevšenak
et al., 2021; Kašpar et al., 2021), and empirical observations of a
decoupling or inverting of temperature–growth correlations
above 13–13.5°C (Carrer et al., 1998; Sidor et al., 2015).

Differences in the climate–radial growth interaction and
growth patterns between species

While the overall pattern of temperature and VPD limitation of
radial growth was similar for all the species, with a growth peak
under warm and wet conditions, we observed a steeper reduction
of growth rates with declining humidity for Q. robur compared
to A. pseudoplatanus and F. sylvatica (Figs 4a, 5a). Anisohydric
oaks can maintain transpiration during more negative water
potentials (Scherrer et al., 2011). However, they probably experi-
ence more intensive radial shrinking of the stem caused by a tree
water deficit and might therefore not be able to grow under
increased VPD. A large vessel lumen area prioritizing water con-
ductivity results in lower cavitation resistance under drought
stress in ring-porous species (Pallardy, 2008; Sperry et al., 2008).
Moreover, the cessation of radial growth caused by summer
drought stress might be more detrimental for oaks compared to
beech, because oaks are less able to refill large cavitated vessels
and to reactivate cambial growth during wetter autumn periods
(van der Werf et al., 2007).

Alternatively, the observed differences between species in
growth across the range of environmental conditions (Fig. 4c)
might mirror differences in leaf and cambial phenology. Ring-
porous species partly compensate for their sensitivity to VPD by
an early onset of cambial activity (D’Orangeville et al., 2021).
The formation of the first xylem layers occurs before leaf unfold-
ing in Q. robur (Sass-Klaassen et al., 2011) when the stem water
content is not negatively affected by stomatal transpiration.
Indeed, growth rates tend to respond positively to increasing tem-
perature and show weak dependence on VPD during early spring
in Q. robur, but not in diffuse-porous species under study (Fig.
3). This might contribute to a lower proportion of growth under
VPD > 0.1 kPa in Q. robur compared to diffuse-porous species
and explain different correlations with May climatic conditions.
An early onset of cambial activity might offset the negative effects
of the Q. robur sensitivity to summer VPD on annual tree ring
width. Indeed, dendrochronological studies from our study
region have found a significantly stronger drought limitation of
annual radial growth for F. sylvatica compared to Q. robur
(Scharnweber et al., 2011; Vanhellemont et al., 2019).

Visually as well statistically, both diffuse-porous species
always experienced a unimodal growth pattern with a single
peak mostly during June. By contrast, the growth dynamics of
Q. robur statistically lacked the single global peak in five of the
six years, and a flat multimodal distribution with a single global
peak and multiple local peaks only occurred in 2020 (Fig. 2).
The kurtosis and skewness of intra-annual growth rates were
always lowest for Q. robur, suggesting a flat distribution with an
indistinct global maximum around the middle of the growing

season. In addition, the proportions of growing trees showed
mostly continuous trends over the growing season for F. sylvat-
ica and A. pseudoplatanus whereas abrupt day-to-day oscillations
occurred in the case of Q. robur. We suggest that the different
intra-annual growth patterns of coexisting species reflect their
different VPD sensitivity. The great contribution of intervals of
optimal VPD to total growth and very low growth rates under
suboptimal VPD (0.1–0.5 kPa) of Q. robur (Fig. 4) result in
the more frequent abrupt reductions or even cessations of cam-
bial activity during dry parts of the growing season compared to
diffuse-porous broadleaves. Consequently, the intra-annual
growth pattern of Q. robur becomes flat, frequently discontinu-
ous and very ‘spiky’.

Species-specific growth dynamics during the growing season
might challenge the appropriateness of some statistics frequently
employed for analysis of dendrometer data. For instance,
detrending of the dendrometer data using the so-called ‘daily’
approach assumes steady growth during the entire growing
season, which can be approximated using the Gompertz equa-
tion (van der Maaten et al., 2016) or generalized additive models
(Cuny et al., 2013). Although the intra-annual pattern of tree-
ring formation does not differ in the case of ‘zero growth’ and
‘daily’ approaches applied to our dataset (Fig. S5), steadily
increasing functions might fail to reflect growth variability in the
Mediterranean and semi-arid regions with prolonged periods of
growth cessation (Campelo et al., 2018; Ziaco & Biondi, 2018).
Similarly, steadily increasing functions seem to be more suitable
growth models for A. pseudoplatanus and F. sylvatica compared to
Q. robur coexisting in temperate mixed forests.

Radial growth variability among trees

Very low values of marginal (R2m) compared to conditional
(R2c) pseudo-R2 in mixed-effects models suggested large differ-
ences in climatic sensitivity of individual trees. For instance,
according to combined tree-specific slopes (fixed + random), an
increase of VPD of 0.1 kPa can trigger a drop in growth rates of
between −0.014 and −0.109 µm h−1, depending on the tree
individual. Between-tree variability in climate–growth response
in mixed uneven-aged stands might be a reflection of plant onto-
genetic development (Rossi et al., 2008a; Konter et al., 2016),
tree morphology (Trouillier et al., 2019) or social status (Mérian
& Lebourgeois, 2011). The prominent difference in climatic sen-
sitivity at a sub-daily scale could then partly explain diverging
multidecadal growth trends of coexisting trees in response to the
same climate change (Buras et al., 2016). In the case of our
dataset, the between-tree variability in climatic sensitivity might
be partly given by the heterogeneity of soil conditions between
the three monitoring plots (Scharnweber et al., 2020), which
might alter radial growth through the availability of soil moisture
(van der Werf et al., 2007). According to random intercepts of
mixed-effects models, trees at the Vilm island site tend to grow at
a lower pace compared to both inland sites (Table S4). However,
performing individual analyses separately for each of the three
monitoring sites yielded virtually homogenous results in terms of
climate–growth interaction (not shown), confirming the
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robustness of the observed VPD control over radial growth
(Güney et al., 2020; Zweifel et al., 2021).

Anticipated growth dynamics under ongoing climate
change and during climatically extreme years

The mean temperature and VPD during the main growing sea-
son at our site equalled 13.2°C and 0.29 kPa, respectively. In
light of our results, the mean temperature can be considered very
close to the climatic optimum with a peak of growth rates, occur-
rence and contribution to total growth for all the species (Fig. 5).
However, the mean VPD clearly represents suboptimal condi-
tions, allowing growth mainly at night (Fig. S4; Zweifel et al.,
2021). According to ensemble predictions, the region of the
Baltic coast is expected to be warmer by 3.5–4.5°C at the end of
the 21st century compared to 1970–1999 (Boé et al., 2020). The
forecasted increase of mean growing season temperature to about
16–18°C might not directly restrict tree growth, because this
temperature range still permits very effective radial growth (Fig.
4). By contrast, the associated increase of VPD triggered by
increasing evaporative demands (Grossiord et al., 2020) and sea-
sonal redistribution of precipitation (Boé et al., 2020) will proba-
bly further reinforce its control over radial growth dynamics.
Under the conditions of strong VPD limitation, the growth pat-
terns might be expected to further shift from unimodal to multi-
modal. Cambial phenology and the ability to shift growth into
periods with limited transpiration might become – similarly as in
the Mediterranean (Cherubini et al., 2003) – an important trait
codetermining species performance in mixed forest stands.

The leading role of moisture availability for the future growth
of broadleaved woodlands was further highlighted by the growth
response to the recent summer drought events. For instance, a
reduced rate of radial growth was observed for all species during
the dry 2019 growing season (Fig. 2; Table S3), when drought
stress was further amplified by legacy effects (e.g. depleted soil
water content) after the dry 2018 summer (Scharnweber et al.,
2020). Lowland temperate forests represent a transitional ecosys-
tem between cold-limited boreal or mountain forests and
drought-limited Mediterranean or steppe woodlands. This deter-
mines complex growth responses to the interaction of tempera-
ture and moisture availability (Tumajer et al., 2017; Cienciala
et al., 2018). In agreement with this, years of extreme growth
reductions observed across Central Europe were initiated by a
wide spectrum of climatic drivers; however, warm and dry condi-
tions seem to be the leading mechanism in the lowlands
(Neuwirth et al., 2007). Consequently, a mechanistic under-
standing of complex, nonlinear and possibly nonstationary inter-
actions between temperature, moisture and their legacy effects is
necessary to predict the response of intra-annual and diurnal
growth to current climatic extremes (Vaganov et al., 2006;
Zweifel et al., 2021).

Conclusions

The annual radial increment of the three temperate broadleaved
species under study is driven mainly by intensive growth in

periods with air temperatures of around 14°C and a VPD below
0.1 kPa. The reduction of radial growth rates caused by subopti-
mal moisture tends to be more pronounced in Q. robur com-
pared to A. pseudoplatanus and F. sylvatica. This shapes the
typical growth pattern during the growing season, which in the
case of Q. robur lacks a single peak during summer but rather
responds to individual events of high humidity. By contrast,
intra-annual growth rates of A. pseudoplatanus and F. sylvatica
show a distinct peak around DOY 150–170.

Although all the trees of all three species showed robust cli-
matic responses of growth rates, the slopes of these responses
indicated significant differences between individual trees. This
suggests that specific internal (ontogenetic development, mor-
phology), external (microsite) or legacy factors (preceding cli-
matic events) strongly modulate the effect of the macroclimate
on intra-annual growth dynamics. This challenges predictions of
future dynamics of European temperate broadleaved forests and
highlights the greater resilience of heterogeneous populations, as
individuals of the same species seem to be adapted to different
climatic niches. A large number of individuals with continuous
monitoring of radial growth or massive application of process-
based models capable of simulating intra-annual growth dynam-
ics will be required to decipher all sources of random variability
on growth dynamics at the landscape scale.
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Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 Scatterplots of mean growth rates across air temperatures
and vapour pressure deficits for specific years.

Fig. S2 Scatterplots of growth occurrence across air temperatures
and vapour pressure deficits for specific years.

Fig. S3 Scatterplots of growth contribution across air tempera-
tures and vapour pressure deficits for specific years.

Fig. S4 Mean growth rates for individual 30-min intervals dur-
ing the day.
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Fig. S5 Comparison of intra-annual patterns of increasing stem
radius estimated using the daily and zero-growth model.

Table S1 Proportions of trees per species with significant intra-
annual growth multimodality.

Table S2 Fixed, random, and combined effects of slopes of cli-
matic variables in the mixed-effects models for individual trees.

Table S3 Fixed and random effects on intercepts in the mixed-
effects models for individual years.

Table S4 Random effects on intercepts in the mixed-effects
models for individual trees.
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