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Abstract

Increasingly frequent summer droughts are intensifying stem dehydration across European forests, constraining tree
growth and resilience. Even mild water-related stress can inhibit tree growth, although its impact is species-specific. Tree
water deficit (TWD), a measure deduced from radial stem contraction during drought, reflects stem water status and can
be used as a proxy for the physiological drought stress experienced by trees. Using high-resolution dendrometer measure-
ments representing 29 tree species from 130 forest sites across Europe from 2003 to 2018, we examined how the length
of TWD periods during summer is related to their recurrence within the same year, to TWD intensity, to climate factors,
and to wood type (i.e., tracheid-based coniferous, ring-porous or diffuse-porous anatomy). A greater degree of incomplete
rehydration, indicated by highest minimum TWD during TWD periods (70% increase of expected response for conifers
and ring-porous species, 42% increase of expected response for diffuse-porous), together with warmer temperature (44%
increase of expected response for all wood types) and stronger drought, prolonged the length of TWD periods. However,
the recurrence of TWD periods only increased the length of the subsequent TWD period within the same year for diffuse-
porous tree species (12% increase of expected response). Our results show that wood type and its associated functional
traits influence tree responses to recurring stem dehydration periods. The greater sensitivity of diffuse-porous species to
recurring TWD periods suggests that wood type anatomy may play an important role in determining how tree species
cope with increasingly frequent summer droughts.
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Introduction

Climate change has increased the occurrence of droughts
and other disturbances in forest ecosystems worldwide
(Seidl et al. 2017; Senf et al. 2020), leading to a global
increase in drought-induced tree mortality (McDowell et al.
2022). Droughts can occur due to a lack of rain alone or
in combination with increased temperature. Both are likely
to become more frequent in Europe (Spinoni et al. 2018;
Manning et al. 2019), exacerbating drought stress in forests.
Drought stress can reduce tree productivity (Kannenberg et
al. 2019), defence against pests and diseases (Stephenson
et al. 2019), and increase the susceptibility to forest fires
(Whitman et al. 2019). In addition to extreme droughts, the
increased frequency of mild drought events can also sig-
nificantly reduce the growth and the carbon sink strength of
forests (Brzostek et al. 2014; Bose et al. 2025). The lowered
yield and increased susceptibility to disturbances may cause
significant economic losses to the forest industry, and a gen-
eral reduction of ecosystem services, such as carbon storage
(Thom and Seidl 2016).

Many studies on tree growth responses to drought stress
use tree-ring width data with a yearly resolution (Lloret et
al. 2011; Camarero et al. 2018), making it challenging to
observe the seasonal behaviour of trees and the impact of
frequent drought-stress periods within a growing season.
Automated dendrometers enable a feasible way to record
stem diameter changes at a high temporal resolution, and
on a micrometre scale. There are two physiological pro-
cesses behind the changes in stem diameter: firstly, irre-
versible expansion caused by the accumulation of new cells
(wood and bark), and secondly, reversible expansion and
contraction caused by the replenishment and depletion of
stem water (Zweifel and Hésler 2001). At the sub-daily time
scale, stems contract and expand following the atmospheric
evaporative demand buffering the temporal imbalance
between canopy transpiration and root water uptake. Conse-
quently, stems often contract during the daytime (Zweifel et
al. 2001; De Schepper et al. 2012; Steppe et al. 2015), when
canopy transpiration exceeds root water uptake, and expand
in the evening and nighttime, when vapour pressure deficit
(VPD) decreases and water loss is minimal (Zweifel et al.
2021a, b; Peters et al. 2023; Feuer et al. 2025), resulting
in the refilling of stem water pools. Thus, we can observe
tree dehydration and rehydration dynamics on a sub-daily
scale (Peters et al. 2023, 2025a), which can improve the
mechanistic understanding of the impacts of drought-stress
on trees (Sevanto 2025).

Tree water deficit (TWD), defined as the difference
between the current stem radius and the preceding maxi-
mum radius (Zweifel et al. 2016), is caused by reversible
stem contraction due to dehydration. It is related to the water
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content of the living tissues in the stem bark (Herzog et al.
1995), and is primarily driven by the evaporative demand of
the atmosphere and the soil water status (Zweifel et al. 2005;
Brito et al. 2017). Therefore, it is proposed as a good indica-
tor of drought-stress in trees (Hinckley et al. 1978; Zweifel
et al. 2005; Dietrich et al. 2018; Peters et al. 2025a). TWD
can be calculated from the changes in stem diameter mea-
surements after accounting for stem growth (Zweifel et al.
2016; Peters et al. 2025a). When the atmospheric evapora-
tive demand increases and soil water availability decreases,
trees may no longer be able to fully replenish their stem-
water reserves and TWD remains positive (Zweifel et al.
2001). During these TWD (stem contraction) periods, very
little or no growth is possible according to the zero-growth
concept (Zweifel et al. 2016). During a prolonged drought,
TWD can remain positive for several days, weeks or even
months, indicating a continuous stress for a tree, thereby
limiting temporal windows for growth. Furthermore, TWD
dynamics are also linked to stomatal regulation, with insuf-
ficient nocturnal rehydration leading to diurnal stomatal clo-
sure (Peters et al. 2025b). This, in turn, can reduce carbon
assimilation and may eventually lead to carbon depletion if
stomata remain closed over extended periods (McDowell et
al. 2008, 2022). Identifying the factors that prolong TWD
periods is therefore essential for understanding the persis-
tence of drought-induced stem dehydration and its potential
consequences for tree-atmosphere gas exchange and stem
growth.

Tree species differ in their phenology and therefore in
the timing and duration of the growing season (Delpierre
et al. 2016; Etzold et al. 2022; D’Orangeville et al. 2022).
Moreover, tree responses to drought-stress are species-spe-
cific, according to their hydraulic strategy and architecture.
Based on their wood anatomy, tree species can be divided
into conifers, which have xylem consisting of tracheids, and
broadleaved species with vessels, fibres and living paren-
chyma (Pfautsch 2016). Broadleaves are further divided into
ring-porous species and diffuse-porous species, based on the
distribution and size of their water-conducting elements, the
xylem vessels (Zanne et al. 2010). These three wood types
differ in their absolute water transport capacities, which
depend partly on their belowground water uptake capacity
(Walthert et al. 2024). The extent and reversibility of TWD
are also closely linked to their xylem hydraulic properties.
Especially in mature trees, xylem properties can influence
the species’ capacity to rehydrate and therefore reduce
TWD during the night, with observed differences between
ring-porous, diffuse-porous, and coniferous species (Peters
etal. 2023).

Recent years have seen a remarkable advancement in
our understanding of TWD drivers and their relationships
to physiological functions and properties (Zweifel et al.
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2021a, b; Preisler et al. 2021; Salomoén et al. 2022, 2025;
Peters et al. 2023, 2025a, b; Ziegler et al. 2024; Salomoén
and Camarero 2025; Feuer et al. 2025). However, the length
and recurrence of the TWD periods and how those may vary
between the different wood types remain less studied.

The duration of a TWD period reflects the period of neg-
ative water balance and thus also the phase during which a
tree is unable to grow due to reduced water potentials and
turgor pressures, for example in the cambium (Zweifel et
al. 2016). Different tree species have different minimum
water potentials that they can reach without suffering dam-
age (Tyree and Zimmerman 2002, Choat et al. 2012). In
combination with species-specific water transport conduc-
tivities (Tyree and Zimmerman 2002), this results in vary-
ing temporal patterns regarding whether and how quickly
tree species recover from TWD periods. Consequently, the
duration and intensity of TWD periods are directly related
to the ability of tree species to cope with drought stress.
In this study, we investigate whether the duration of indi-
vidual TWD periods provides insight into the dynamics
with which different tree species cope with dry periods and
their rehydration. This approach is novel and differs from
the standard method, which analyses the cumulative num-
ber of days with positive TWD over a growing season and
thus does not consider the timing of TWD periods within
a season. Our approach allows us to investigate whether
the recurrence of TWD phases—i.e. the reappearance of a
TWD phase following a recovery within the same growing
season—influences subsequent TWD development and, for
example, prolongs it. An understanding of how the duration
of TWD phases differs between trees of different species,
and how the response varies depending on the recurrence of
water deficit phases and climatic conditions, would provide
valuable information on the primary factors governing the
seasonal water balance of trees.

Because response patterns among different wood types
may not be apparent in site-level studies, analyses based on
large-scale datasets encompassing multiple tree species and
sites across diverse environmental conditions are needed.
Here, we investigate whether different wood types, namely
conifers, ring-porous, and diffuse-porous species, exhibit
consistent responses to climatic conditions and to the recur-
rence of TWD periods within a growing season. To do this,
we utilise a large European data set including several species
within each wood type and sites across different environ-
mental conditions, allowing us to identify wood-type-spe-
cific patterns at a continental scale. Our aim is to answer the
following questions: (a) How does wood type influence the
response of TWD period length to climatic conditions? and
(b) Does the recurrence of TWD periods increase the TWD
period length for the different wood types? We hypothesize
that (a) warmer and drier conditions would increase the

length of TWD periods for all wood types but in different
magnitude with conifers having the strongest response, and
(b) that TWD recurrence would further increase the length
of TWD periods. To our knowledge, this is the first attempt
to analyse the length of TWD periods, their recurrence and
the effect of wood type on a large spatial (continental) scale.

Materials and methods
Data collection and processing

We used tree-specific point- and band dendrometer mea-
surements from 132 monitoring plots across Europe, con-
sisting of measurements of 766 trees from 29 species with a
temporal resolution of 5 to 60 min (Online Resource Table
S1). The dendrometers represented 10 different brands and
14 different models. The length of the measurement peri-
ods varied between sites with the longest being 16 years
(2003-2018) and the shortest being one year. The data origi-
nated from the COST DenDrought2018 initiative (Salomoén
et al. 2022). Metadata of the sites are available in the Online
Resource Table S1.

Each species was assigned to its respective wood type
based on the literature (Online Resource Table 2). From
each site, we used daily temperature data from the E-OBS
dataset (Cornes et al. 2018) and Monthly Standardized
Precipitation Evapotranspiration Index (SPEI) calculated
from the SPEIbase (Vicente-Serrano et al. 2010; Begueria
et al. 2010, 2014). We chose the E-OBS derived temper-
ature instead of site measured temperatures to ensure the
consistency of measurement conditions and the coverage
of the whole time series. We rescaled both data sets with a
0.1-degree horizontal resolution to the site coordinates. The
temperature was corrected for elevation by calculating the
difference between the elevation of E-OBS and the actual
site elevation, multiplying it by a fixed temperature lapse
rate of 0.65° per 100 m (Stone and Carlson 1979), which
was then added to the E-OBS temperature. VPD was cal-
culated based on the E-OBS derived temperature and rela-
tive humidity (Cornes et al. 2018) using plantecophys R
package version 1.4.6 (Duursma 2015). The distributions
of mean and maximum temperature and mean SPEI dur-
ing the analysed TWD periods are presented in the Online
Resource Figures S1-S3. Afterwards, we standardised the
temperature to a mean of zero and a standard deviation of
one (z-transformation) prior to analyses to facilitate the
comparison between the sites (Online Resource Figure S4).

Stem diameter variation (stem AD) time series were pro-
cessed with freenetproc R package version 0.1.4 (Haeni et
al. 2020; Kniisel et al. 2021), which computed a growth-
and a water-related component (TWD), following the
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zero-growth concept of Zweifel et al. (2016). The sub-hourly
data was averaged into hourly values, and the temporal res-
olution of the dendrometer data being further analysed was
based on hourly values, using the common time resolution
of all available time series. All stem AD time series were
visually checked, and time series with measurement errors
such as artefactual jumps or seemingly dying trees with
negative stem diameter trends over the entire season were
excluded. This led to the removal of 31 trees from the data
set. To ensure that the data only reflected TWD caused by
dryness-related water stress and excluded freezing-thawing
cycles, we limited the analysis to the summer (June, July
and August), as many sites experienced freezing tempera-
tures below zero during May and September. This led to the
exclusion of 42 trees that did not experience TWD periods
fulfilling the criteria from 23 sites and 11 countries. There-
fore, the data used for the analysis consisted of 130 sites and
693 trees, including 387 coniferous (consisting of 10 spe-
cies), 123 diffuse-porous (consisting of 9 species), and 183
ring-porous (consisting of 10 species) trees (Fig. 1a). The
sites covered biomes across southern woodland shrublands,
temperate and alpine (boreal) forests (Fig. 1b).

In this study, we defined a TWD period as the interval
during which TWD remained above zero for at least 120 h
(equivalent to five 24-hour intervals) (Fig. 2). This period
was chosen because short-term physiological responses

#Trees

® w0
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. 300

Wood type

50°N -

Lat

45°N - <4 Coniferous

X Ring-porous
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Fig. 1 The geographical extent of the study as illustrated by (a) the
location of sites in Europe, with size of the symbols indicating the
number of trees per site, and (b) the occurrence of the study trees
across biomes as proposed by Whittaker (1975) modified by Ricklefs
(2008), and displayed as a function of mean annual temperature and
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(e.g., changes in stomatal conductance or osmotic adjust-
ment across plant tissues) begin immediately with water
shortage (Traversari et al. 2018; Ziegler et al. 2024), while
other responses (e.g., embolism, cell wall collapse) may
occur several days after drought sets in (Abe et al. 2003).
This criterion helps to exclude very short periods that might
not significantly affect tree physiology. To check the robust-
ness of our results to the selected minimum duration of a
TWD period, we conducted a sensitivity analysis using
minimum durations of 72 and 168 h, during which TWD
remained above zero. To describe the intensity of the TWD
period, we calculated both daily TWD,,;;, and TWD,,, val-
ues. TWD,;, generally occurs at night and represents the
residual deficit after night-time rehydration; zero indicates
recovery to the previous maximum stem radius, whereas
positive values indicate incomplete recovery. TWD,,. gen-
erally occurs during the day and combines this nocturnal
residual deficit with additional diurnal shrinkage driven by
transpiration and atmospheric evaporative demand (Fig. 2a).
Therefore, the highest TWD,;, during the TWD period
describes the most insufficient level of recovery. An over-
view of the length and number of TWD periods per year,
for the different wood types, is given in Online Resource
Figure S5.
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Fig. 2 Illustrative example of
dendrometer-derived variables:
(a) dynamics of stem radius (SR,
grey) and daily maximum stem
radius (SR,,,,, black), occurrence
of stem radius growth (green) and
daily minimum (TWD,;,, blue)

6660

6640 4
SF?max

and maximum (TWD,,,, red)
tree water deficit across a few
days. (b) stem radius (SR, grey)
and daily maximum stem radius
(SR ,ax> black) across summer. (c)
daily minimum (TWD,;,, blue)
and maximum (TWD,,,, red)
tree water deficit across summer.
The x-axis shows the date of the
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i.e., five days). The dashed lines
indicate the start and end of the
summer season for the analysis of
TWD periods. The black arrows
point to the highest TWD,;, of

a TWD period, as a proxy of the
TWD intensity. The figure is
based on data from a beech tree

at the Guenterstal site, Germany
(see Online Resource Table S1)
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Statistical analysis

Standardizing TWD values facilitates comparisons among
different trees (Zweifel et al. 2005, 2007; Brinkmann et al.
2016). We standardised TWD for each tree with a z-score
transformation (mean=0 and standard deviation=1). We
aggregated the data by first calculating the daily minimum

01'.\A 07'.2& 05',()3 0%'.'\’3 03‘.2’3 09'_02

Date

PNTIPY

and maximum values for the standardised temperature and
standardised TWD, and second calculating the minimum
and maximum of the daily values of standardised tempera-
ture, SPEI, and standardised TWD for each detected TWD
period, which in turn were used for model fitting.

To investigate the driving factors of TWD period length,
we modelled the count of days using generalised linear
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mixed effects models (GLMM) with a log link, estimated
by maximum likelihood estimation (Laplace approxima-
tion). Because the model used a log link, the fixed-effect
coefficients were exponentiated and interpreted as incidence
rate ratios (IRR), which represent proportional changes in
the expected modelled response (here the length of TWD
period) with associated predictors. We included a random
effect for the individual tree nested within the measure-
ment site, and a crossed random effect for the measurement
year to account for spatial variation between sites and tree
individuals, as well as for the temporal variation between
years, respectively. Based on preliminary models (Online
Resource Tables S3 and S4, Online Resource Figures S6
and S7), the fixed effects included in the final model were
(1) highest TWD,;;, within the TWD period, (2) maximum
temperature within the TWD period (from here on tem-
perature), (3) minimum SPEI within the TWD period (from
here on SPEI), (4) wood type, and (5) the recurrence of the
TWD period within the summer season (e.g., the 1st, 2nd
or n period of the summer, starting at 1), and the inter-
actions amongst them (Online Resource Table S7). Among
the TWD-derived variables, the highest TWD, ;. during
each period was selected because it yielded the lowest AIC
and is biologically meaningful as an indicator of the great-
est deficit remaining after night-time rehydration. Because
VPD was strongly correlated with temperature (Spearman
r>0.82), and replacing temperature or SPEI by VPD did not
yield lower AIC values (Online Resource Table S4), VPD
was excluded from the models. To test for potential differ-
ences in the response slope among wood types we used the
emtrends function from the emmeans package in R (Lenth
and Piaskowski 2026).

We initially fitted Poisson GLMMs and assessed the
temporal autocorrelation of residuals, homoscedasticity
and normality of the residuals, and overdispersion using
the DHARMa R package (Hartig 2025). The model did not
show temporal autocorrelation of residuals, but residual
diagnostics indicated substantial overdispersion. To address
this, we tested alternative specifications, including a Pois-
son model with an observation-level random effect, and a
zero-inflated Poisson model (Harrison et al. 2018). Both
approaches reduced but did not fully resolve overdispersion.
Therefore, we adopted negative binomial GLMMs (nbi-
nom?2 family), which provided an appropriate fit for the data
(Online Resource Figure S8). Model selection was based
on AIC and residual diagnostics (Online Resource Table 5),
and the final model was fitted using the glmmTMB pack-
age (Brooks et al. 2017). We used the tidyverse package for
the data processing (Wickham et al. 2019) and the ggeffects
package (Liidecke 2018) for model illustration. All analyses
were conducted in R (R Core Team 2025).
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As the dataset was collected using 14 different dendrom-
eter models (see Online Resource Table S1), we assessed
the potential confounding effect of different sensor sensitiv-
ity by first modelling the TWD period length as a function
of dendrometer model only, and then refitting the statistical
model including dendrometer model as a fixed effect. We
furthermore analysed a potential sampling bias: as many of
the sites with ring-porous species and conifers were located
in Mediterranean sites located south of 45° N (from Spain
and the south of France), we tested whether the inclusion
of these notably warmer and drier sites would influence the
results. For this, we ran the model without sites below 45°
latitude and compared the outcomes with those of the full
model. In addition, we evaluated whether the recurrence of
TWD periods was associated with seasonal timing by test-
ing the correlation between TWD period recurrence and the
calendar month in which the TWD period started separately
for each wood type.

Results

The length of the TWD period was best explained by the
highest TWD,;, during the TWD period, followed by
temperature, the wood type, and the interaction between
temperature and SPEI (Online Resource Table S7). Under
reference conditions (i.e., when model predictors are 0), the
expected length of a single TWD period for conifers was
7.46 days (95% CI: 7.07-7.91; p<0.01). For ring-porous
species, it was 16% lower than that of conifers (IRR~0.84;
p<0.05), while for diffuse-porous species, it was 33% lower
relative to conifers (IRR~0.67; p<0.01) (Fig. 3a, Online
Resource Table S7) and 26% lower than for ring-porous
species (IRR~1.26; p<0.05). Note that IRRs represent pro-
portional differences in the expected response and should
not be interpreted as additive or subtractive changes rela-
tive to the reference baseline. The interaction between stan-
dardized TWD,;, and wood type was significant (p<0.01;
Fig. 3b): a unit increase in standardized TWD,;,, increased
the expected response of TWD period length by 70% for
conifers and ring-porous species (IRR~1.70), and by 42%
for diffuse-porous species (IRR~1.42). Thus, a higher stan-
dardized TWD,,;, resulted in significantly longer TWD
periods for coniferous and ring-porous species compared
to diffuse-porous ones (p<0.01; Fig. 3b), while the dif-
ference between conifers and ring-porous species was not
significant.

Aunit increase of standardized temperature increased the
expected TWD period length on average by 44% (p<0.01;
IRR~1.44; Fig. 3c), with no significant difference between
wood types. While the SPEI value alone was not statistically
significant, its interaction with temperature was negative
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Fig.3 The predicted effects showing the predicted value and 95% con-
fidence interval of (a) wood type, (b) TWD,,, (¢) temperature and
(d) recurrence of TWD period within the season on the length of the
TWD period. Colours indicate the wood type with orange =coniferous,

and significant (p<0.001). This indicates that with wetter
conditions (i.e., higher SPEI), the effect of temperature on
the TWD length is lower (Fig. 4) and vice versa, denoting
that dry and hot conditions increase the length of TWD
periods.

The recurrence of TWD periods within the summer sea-
son did not influence the length of the TWD period over-
all (p>0.05). However, the interaction between wood type
and the recurrence of the TWD period was significant, with
diffuse-porous species experiencing longer TWD periods
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indicate whether the pairwise comparison of the slopes was significant,
with *¥**_ ** ‘and * indicating the p-values below 0.001, 0.01, and 0.05
respectively. Note that the y-axis scales differ in each panel

with an increasing recurrence of TWD periods (IRR=1.12;
p<0.01; Fig. 3d). This effect was especially evident under
hotter and drier conditions (Online Resource Figure S9).
Overall, the fixed factors explained 40.1% of the variation
in TWD period length, and the full model explained 53.5%.

The sensitivity analysis using minimum TWD period
durations of 72 and 168 h showed highly consistent results
with those obtained using the main 120 h threshold (Online
Resource Table S8, Online Resource Figure S10). As
expected, the 72-h threshold resulted in more TWD periods
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Fig. 4 The interaction effect of standardised maximum daily tempera-
ture and SPEI on the length of the TWD period for all wood types
combined. The length of TWD periods was greatest under conditions
of high temperature and low SPEI, and the temperature x SPEI inter-
action was significant (»p<0.001). Colours indicate the magnitude of
SPEI with reddish brown being very dry (SPEI = — 2), light brown
average condition (SPEI=0) and blue very wet (SPEI=2)

within a season (maximum number of periods=12, median
number of periods=3) than the 120-h (maximum number
of periods=8, median number of periods=2), and 168-h
(maximum number of periods=6, median number of peri-
ods=2) thresholds. Despite this difference, model estimates
remained largely unchanged.

When modelling dendrometer model alone as an explan-
atory variable for a TWD period length, only one model
(TOMST) used in four sites and on 30 trees had signifi-
cantly shorter TWD period length (p<0.05). The dendrom-
eter model-related variation did not meaningfully affect
the results: when the dendrometer model was included as a
fixed effect in the full model, the change in model estimates
was small: including the dendrometer model increased the
estimate of the intercept by 0.12 and the upper 95% CI
limit by 0.26 while the lower boundary remained the same.
Including the dendrometer model increased the estimates of
wood types by 0.05 or less, while the 95% CI were almost
identical. Estimates of other variables changed only by 0.01.
Similarly, when testing the effect of potential sampling bias
caused by the sites in the Mediterranean region (below 45°
latitude), we observed no notable changes in model esti-
mates: the greatest change in model estimates was 0.06
and 0.08 in 95% ClIs. Finally, the correlation between the
recurrence of TWD periods and the calendar month of
TWD onset varied among wood types, ranging from weak
in diffuse-porous species (#=0.34) to moderate in ring-
porous (#=0.58) and coniferous species (r=0.55), indicat-
ing that recurrence and seasonal timing were only partially
associated.

@ Springer

Discussion

We analysed how temperature, water availability and evap-
orative demand (SPEI), TWD intensity, wood type and
the recurrence of TWD periods within the summer sea-
son affected the length of TWD periods based on a Euro-
pean-wide dendrometer dataset. Our results showed that a
higher TWD,;,, i.e., lower level of rehydration, during a
TWD period increased its length, but the reaction differed
between the wood types with conifers and ring-porous spe-
cies having longer TWD periods than diffuse-porous spe-
cies. The results furthermore supported our first hypothesis
that warmer and drier conditions do increase the length of
TWD periods for all wood types. The length of TWD peri-
ods did increase with period recurrence for diffuse-porous
species but not for conifers and ring-porous species, which
contrasted in part with our second hypothesis.

The effect of stem contraction and climatic factors
on the length of a TWD period

The highest TWD,;, during the TWD period had the great-
est effect on the length of the period when compared to the
other explanatory variables for all wood types, but with
less-pronounced effects on diffuse-porous species (Fig. 3b).
The TWD,;, reflects the capacity of trees to rehydrate their
stem water reserves overnight, with high TWD,;, values
indicating limited levels of rehydration and therefore a
higher level of drought stress on a daily and seasonal tem-
poral scale. Thus, the results suggest that the longer TWD
periods can be also more severe in terms of stem contraction
than shorter ones. The more the stem contracts, the more
stem-water reserves are depleted, and this advances with the
depletion of soil water reserves (e.g., Peters et al. 2023).

Among the assessed climatic variables, the maximum
temperature during a TWD period best explained its length,
with a uniform response from all wood types (Fig. 3c;
Online Resource Table S6). This denotes the primary role
of atmospheric drivers as causal factors for stem contrac-
tion and tree stress. Extreme temperatures alone cause heat
stress and may lead to decreased growth, foliar damage and
changes in resource allocation (Teskey et al. 2015; Still et
al. 2023). The effect of air temperature was exacerbated
by drier climatic conditions as denoted by the interaction
between SPEI and temperature (Fig. 4). Lower SPEI val-
ues reflect a climatic water deficit, which may reduce soil
water availability and consequently constrain root water
uptake, and thus stem rehydration. These results add to the
evidence provided by previous studies, where TWD inten-
sity was shown to depend on both the soil water availability
and evaporative demand (Zweifel et al. 2005; Brinkmann et
al. 2016).
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The consequence of the length and recurrence of TWD
periods on tree stem growth depends on the timing of the
TWD periods, mainly whether and when they occur dur-
ing the time of wood formation (Lempereur et al. 2015;
Etzold et al. 2022; Lauriks et al. 2022; Krejza et al. 2022).
Tree stem diameter growth takes place in relatively short
time windows (Steppe et al. 2015; Etzold et al. 2022) and is
highly sensitive to water deficits (Zweifel et al. 2016). This
is particularly relevant for species in drought-prone regions
(Lempereur et al. 2015; Salomén and Camarero 2025).
Therefore, long or frequently occurring TWD periods dur-
ing the growing season commonly lead to major reductions
in annual stem growth. However, if the adverse environ-
mental conditions take place after or before tree stem diam-
eter growth has peaked at around the summer solstice, the
consequences in terms of cumulative annual growth are not
necessarily severe, at least during the same growing season
(D’Orangeville et al. 2018; Etzold et al. 2022). For example,
the 2018 summer heatwave was not as detrimental overall
to tree stem radial growth as feared, because it took place
substantially after the main growth season in most sites
(Salomén et al. 2022). Nevertheless, regional growth losses
could have been severe during (Krejza et al. 2021) or after
the heatwave due to legacy effects (Walthert et al. 2021). In
addition, stem biomass growth lags behind stem diameter
growth (Cuny et al. 2015), and might therefore show differ-
ent seasonal sensitivity to drought.

The effect of wood type on the length of a TWD
period

The three wood types showed different responses to TWD
intensity and recurrence, which influenced the predicted
TWD period length. As expected, conifers experienced
slightly longer periods than ring- or diffuse-porous species
(Fig. 3a, Online Resource Figure S5) because conifers have
large internal water storage in combination with a low water
conductance of the wood (Peters et al. 2023). With a similar
data set, Salomoén et al. (2022) observed that conifers had
less capacity to rehydrate overnight during the 2018 heat-
wave. Furthermore, the limited access to deep soil water
(Walthert et al. 2024) may limit the rate at which coniferous
trees refill their stem water reserves, which might lead to
prolonged TWD periods compared to broadleaved trees that
can more rapidly restore their stem water reserves. Previ-
ous studies have also shown that coniferous trees have the
highest standardized pre-dawn TWD (which corresponds to
our TWD,;,)) in response to a given decrease in soil water
potential (Peters et al. 2023) when compared with ring- and
diffuse-porous species. Unexpectedly, the response of ring-
porous species to increased TWD,;, was similar to that of
conifers. This pattern remained also when the drier and

warmer sites (below 45° N) were excluded from the data set
to test the robustness of the results, so that most TWD peri-
ods occurred at common European temperatures below 30°
C (Online Resource Figure S2). Peters et al. (2023) found
that ring-porous Quercus petraea had the lowest normal-
ized pre-dawn TWD in response to decreases in soil water
potential compared to conifers and diffuse-porous species.
This apparently contrasting finding could indicate that some
ring-porous species prioritise limiting the depletion of stem
water reserves under drought stress. Resolving the mecha-
nisms underlying these patterns will require species-specific
analyses with a more detailed dataset than was available
here, integrating rooting depth, stomatal regulation and
xylem vulnerability to embolism, which jointly regulate
stem water depletion and refilling.

The recurrence of TWD periods within a season resulted
in wood type-specific responses with a significant increase
in the length of TWD periods for diffuse-porous species,
especially with warmer temperature and lower SPEI val-
ues (Fig. 4d, Online Resource Figure S1, S3 and, S9). This
pattern may reflect cumulative impairment of stem hydrau-
lic integrity, progressively constraining stem rehydration.
However, and contrary to our hypothesis, TWD length
in coniferous and ring-porous broadleaved trees did not
respond to TWD recurrence. For conifer species, the lower
capacity for rehydration (Salomon et al. 2022; Peters et al.
2023) likely contributes to their lack of clear response to
recurrent TWD periods, as the low overnight rehydration
leads to longer TWD periods in general and changes with
recurring periods are less prominent. For ring-porous spe-
cies, we expected to see a greater sensitivity to recurrent
TWD periods, due to predominant embolism of large early-
wood vessels (Lobo et al. 2018), which can affect recovery
capacity after recurrent droughts. The observed difference
between ring- and diffuse-porous species may relate to their
wood phenology and potential consequences on their stoma-
tal regulation. Diffuse-porous species have a delayed wood
phenology relative to ring-porous species, as earlywood
vessels in diffuse-porous species are formed after leaf flush
(Barbaroux and Breda 2002). Therefore, their peak growth
takes place later in the season under which more severe
water deficits may occur more frequently (D’Orangeville
et al. 2022). Thus, some diffuse-porous species might have
less conservative stomatal behaviour later in the season to
maintain carbon assimilation and stem growth, even at the
risk of stem hydraulic failure and dehydration (Von Allmen
et al. 2015; Ouyang et al. 2017). However, the correlation
between TWD period recurrence and the calendar month of
TWD onset was relatively weak for diffuse-porous species
(r=0.34), indicating that recurrence and seasonal timing
represented only partly overlapping sources of variation.
This suggests that the observed recurrence effect is unlikely
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to be explained solely by the tendency of diffuse-porous
species to experience TWD periods later in the growing sea-
son. Instead, repeated TWD periods may have cumulative
effects on stem water relations that extend beyond seasonal
progression alone. Eventually, this higher sensitivity may
contribute to the observed anomalies in community-level
mortality rates associated with drought in diffuse-porous
species (Anderegg et al. 2016). Nevertheless, it should be
noted that the dataset was unbalanced regarding the recur-
rence of TWD periods, with most trees experiencing less
than four TWD periods during the summer season. Conse-
quently, predictions of the TWD length at higher recurrence
levels were more uncertain.

In addition to wood type, there are many tree traits influ-
encing stem dehydration, e.g., stomatal regulation, resis-
tance to embolism or rooting depth (Nardini et al. 2016;
D’Orangeville et al. 2022). Therefore, species with the same
wood anatomy may have very different responses to drought
stress (Giliney et al. 2020) according to their water use econ-
omy and physiological adaptations to local conditions. For
example, the diffuse-porous Fagus sylvatica is highly vul-
nerable to tree water deficits (Walthert et al. 2021), whereas
another diffuse-porous species, Sorbus torminalis, well-
adapted to warm climates (Thomas 2017), is more resistant
to periods of water deficit (Peters et al. 2025a). Similarly,
the specific site conditions may influence the tree species
responses to drought stress due to differences in e.g., soil
type and slope of the site. Our analysis on site-specific
responses was limited due to the data availability on site
characteristics. However, we could include more trees, spe-
cies, sites and environmental conditions than would have
been possible in a more site-specific study. This allowed
us to identify broad wood-type-specific patterns, while
still counting the site-specific variability in responses with
mixed-effect modelling. Further studies could test potential
differences among hydraulic strategies in different site con-
ditions to better understand the full tree response to water
deficit and whether the reaction of different tree species to
changes in TWD is similar. Promising new approaches are
shown in e.g., Peters et al. (2025a), who validated the use of
anovel TWD index, with measurements of leaf water poten-
tial, stomatal conductance, and critical hydraulic thresholds,
and Salomon et al. (2025), who were able to report differ-
ences in the sequence of stomatal closure, stem dehydration
and xylem embolism across species.

Conclusion
In this study, we used a European dataset encompassing

diverse tree species and environmental conditions to inves-
tigate the factors controlling the length of TWD periods.

@ Springer

The strongest predictor of TWD period length was the high-
est TWD, ., indicating that the severity of stem dehydration
influences the duration of tree stress. In addition, hotter and
drier conditions, reflected by the interaction between high
temperature and low SPEI, substantially prolonged TWD
periods, highlighting the combined importance of atmo-
spheric drivers in regulating tree water status.

Wood type influenced both the baseline length of TWD
periods and their response to stem dehydration. Coniferous
and ring-porous species showed stronger increases in TWD
period length with increasing TWD,;, than diffuse-porous
species, whereas diffuse-porous species responded more
strongly to the recurrence of TWD periods. These findings
suggest that wood type may play an important role in deter-
mining how tree species respond to increasingly hot and dry
summers. Determining the exact mechanisms behind TWD
period length requires more specific studies. As droughts
intensify under climate change, wood-type-specific dif-
ferences in stem dehydration and recovery may influence
forest growth, resilience and ecosystem functioning across
European forests.
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