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Abstract. Seasonal processes fundamentally shape forest
carbon uptake, yet their timing and sensitivity remain poorly
resolved. Using a 24-year eddy-covariance record from a ma-
turing beech forest (FR-Hes), we developed three annual eco-
physiological indicators (IRise, IPeak and IDrop) of gross
primary productivity (GPP) and assessed their environmental
controls using phenology-aligned sliding correlations across
multiple window lengths and start dates relative to the start of
season (SOS). This framework allowed us to identify precise
seasonal timeframes in which climate drivers exert dispro-
portionate influence on ecosystem productivity. Early-season
growth rate (IRise) emerged from the interaction between re-
serve availability, leaf ontogeny and early-spring (SOS+10
to SOS+31) light/temperature conditions. Peak productiv-
ity (IPeak) was strongly shaped by canopy structural de-
velopment and, critically, by a 1 week precipitation win-
dow around bud-set (SOS+56 to SOS+63) in the previ-
ous year, highlighting a developmental bottleneck that gov-
erns next-year canopy potential. Mid-season decline (IDrop)
was driven overwhelmingly by atmospheric demand: two
short VPD-sensitive windows (SOS+92 to SOS+106, corre-
sponding to stress buildup before drop onset, and SOS+107
to SOS+114, reflecting atmospheric stress after drop onset)
determined the intensity of the summer drop, with flash-
drought years exhibiting earlier and sharper declines when
these windows coincide with rapid early-summer warming.
Extreme summers produced a second striking pattern: when
soil water remained available, peak GPP increased propor-
tionally to temperature and radiation, suggesting active ac-
climation via thermotolerance, stomatal cooling and struc-
tural adjustments. Thinning effects, by contrast, were mod-

est and transient. These findings demonstrate that beech for-
est productivity is governed by brief, phenologically con-
strained time windows that integrate physiology, develop-
mental history and atmospheric forcing. By resolving these
windows, our approach provides a mechanistic foundation
for phenology-explicit carbon-cycle models and sharper pre-
dictions of forest responses under increasing climatic vari-
ability.

1 Introduction

Forest ecosystems are central to the regulation of the global
carbon cycle, acting as dynamic interfaces between the bio-
sphere and atmosphere (Houghton, 1996). Through their ca-
pacity for carbon assimilation and storage, forests influence
climate feedbacks and provide essential ecosystem services,
including biodiversity support and biogeochemical regula-
tion (Cieslik et al., 2013; Monks et al., 2009). As living
archives, trees encode past and present environmental vari-
ability in their growth rings, growth patterns and chemical
composition (Anchukaitis, 2017; Binda et al., 2021; Dou-
glass, 1925; Sheppard, 2010). However, the increasing fre-
quency and severity of droughts and extreme weather events
pose significant threats to forest resilience, particularly in Eu-
ropean deciduous stands (Geßler et al., 2007; Latte et al.,
2015; Prislan et al., 2019). Understanding forest responses to
climate change requires a multidisciplinary approach that in-
tegrates plant physiology, which examines internal processes
such as photosynthesis, transpiration and respiration; biogeo-
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chemistry, which tracks carbon and nutrient fluxes between
soil, vegetation and the atmosphere; and phenology, which
investigates the timing of biological events in relation to envi-
ronmental change. Together, these disciplines provide a com-
prehensive view of how forests both respond to and influence
environmental conditions across spatial and temporal scales
(Bonan, 2015). Effectively combining biological processes,
phenological data and nutrient dynamics with carbon flux
measurements improves the accuracy of ecosystem-scale as-
sessments and enhances model predictions of carbon seques-
tration (Campioli et al., 2013; Fang et al., 2020; Migliavacca
et al., 2015).

Despite methodological advances, many studies still em-
phasize short-term climatic drivers of forest carbon ex-
changes, often overlooking internal ecosystem processes
such as phenological stage, tree age or carbon reserve dy-
namics, which are more difficult to monitor (Delpierre et al.,
2012; Moreaux et al., 2020; Shao et al., 2015; Stagakis et
al., 2022). Experimental setups using juvenile trees or con-
trolled environments offer high temporal resolution but lack
ecological realism (Hesse et al., 2023; Tognetti et al., 1995),
while large-scale field experiments are constrained by cost,
duration and replication (Wullschleger and Hanson, 2006).
Chronosequences and gradient studies approximate long-
term studies by substituting time for space, but often iden-
tify phenotypic adjustments and miss site-specific responses
to environmental fluctuations (Meier and Leuschner, 2008).
Together, these approaches each capture only part of forest
temporal dynamics and face practical or conceptual limita-
tions for sustained monitoring. As a result, long-term, high-
resolution insights from forest stands remain scarce (Kan-
nenberg et al., 2020; Wankmüller et al., 2024; Yu et al.,
2022).

To address these limitations, long-term eddy covariance
datasets offer a unique opportunity to investigate forest
carbon dynamics under real-world conditions (Ulrich and
Grossiord, 2023; Verbeeck et al., 2008). These datasets pro-
vide continuous measurements essential for capturing both
immediate and delayed ecosystem responses to environmen-
tal change (Fu et al., 2015; Schimming et al., 2010). How-
ever, interpreting such data requires analytical tools capa-
ble of disentangling seasonal phases of carbon dynamics and
identifying legacy effects or structural changes due to forest
management (Farley et al., 2018). Without these advanced
data-processing techniques, many studies overlook the influ-
ence of past stress events, such as droughts (Yu et al., 2022).
This gap in understanding delayed mechanisms limits the
ability of models to represent physiological processes (Kan-
nenberg et al., 2020).

European beech (Fagus sylvatica L.), a dominant species
in Central European forests, is particularly well-suited for
long-term ecophysiological studies due to its ecological
importance, physiological sensitivity and documented re-
sponses to climate variability (Chiesi et al., 2016). Beech
stands exhibit pronounced phenological patterns (Fig. 1),

which influence carbon uptake and allocation throughout the
growing season (Bednářová et al., 2014; Skvareninova et al.,
2024; Stagakis et al., 2022). However, these patterns are in-
creasingly disrupted by the rising frequency of extreme cli-
matic events, leading to measurable declines in forest car-
bon assimilation (Gennaretti et al., 2020). To understand how
beech responds to such pressures in terms of carbon up-
take dynamics and physiological functioning, it is essential
to examine not only net carbon exchange but also the sea-
sonal structure of its productivity. Gross primary productiv-
ity (GPP), the total carbon assimilated through photosynthe-
sis, varies markedly across the growing season and is shaped
by both external climatic drivers and internal physiological
processes (Delpierre et al., 2012). Phenological timing, such
as the onset of leaf development or the timing of summer de-
cline, plays a critical role in modulating GPP, yet remains un-
derrepresented in many flux-based studies (Wu et al., 2013).

To address these gaps, we investigate the seasonal dynam-
ics of GPP in a beech-dominated temperate forest using a
24-year eddy covariance record from the Integrated Carbon
Observation System (ICOS) Hesse site (FR-Hes) in north-
eastern France. The overall objective is to clarify how beech
ecophysiological processes shape photosynthetic dynamics
at the ecosystem scale, with a focus on seasonal variability in
GPP. By developing three ecophysiological indicators (IRise,
IPeak and IDrop), we quantify the rate of early-season GPP
increase, the magnitude of peak assimilation and the inten-
sity of mid-season decline. These indicators are used to ex-
amine how environmental drivers, forest structure and legacy
effects influence carbon uptake across years. Specifically, we
aim to: (1) characterize intra-annual GPP dynamics in rela-
tion to beech phenology by segmenting fluxes into key de-
velopmental stages; (2) identify the dominant environmental
GPP driving variables for each stage, including relevant tem-
poral timescales and legacy effects; (3) link each phenolog-
ical phase to underlying physiological processes and evalu-
ate their environmental sensitivity; and (4) connect leaf-level
mechanisms to canopy-scale photosynthetic behavior to as-
sess their scalability. This approach aims to bridge the gap
between phenology, physiology and ecosystem-scale mod-
eling, ultimately improving the understanding of photosyn-
thetic processes in beech forest stands.

2 Methods

2.1 Study site

The Hesse Forest is a temperate broadleaf deciduous for-
est located in northeastern France, on a relatively flat ter-
rain (slope < 5 %) at an elevation of 310 m above sea level.
The site experiences a mean annual temperature of 10 °C
and receives 880 mm of precipitation annually. As of 2005,
the 40-year forest stand was composed of 90 % European
beech (Fagus sylvatica L.), naturally regenerated following
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Figure 1. Schematic view of phenological processes affecting beech ecophysiology. References: [1] Barbaroux and Bréda (2002); [2] Bed-
nářová et al. (2014); [3] Čufar et al. (2008); [4] Lebourgeois et al. (2005); [5] Luo et al. (2024); [6] Noyer et al. (2023); [7] Roloff (1987);
[8] Teissier du Cros (1981); [9] Thiébaut and Puech (1984); [10] Urban et al. (2014). Figure created using BioRender (2026).

the clear-cutting of a mature beech forest in 1965. The main
accompanying species include hornbeam (Carpinus betulus
L.) and sessile oak (Quercus petraea (Matt) Liebl.) along
with other Quercus species. Due to high canopy closure, un-
derstory vegetation is sparse. The stand is managed through
regular thinning operations conducted every 5 to 6 years.
By 2020, successive thinning had reduced the proportion of
beech in the vicinity of the flux tower to 75 % of the total
basal area, with oak and hornbeam each representing approx-
imately 10 %. The soil is classified as intermediate between a
luvisol and a stagnic luvisol. Clay content ranges from 25 %
to 35 % within the top 100 cm of the soil profile, increasing
to about 40 % below 100 cm. This deep clay layer facilitates
the formation of a perched water table during wet winters.
Tree roots extend to depths of up to 150 cm, with the highest
root density observed in the upper 40 cm. A more detailed
description of the site can be found in Granier et al. (2008)
and Campioli et al. (2011).

2.2 Fluxes and environmental variables

Since 1996, an eddy covariance (EC) tower (48.6741° N,
7.0647° E) has continuously measured carbon dioxide
(CO2), water vapor, air temperature and wind speed above
the forest canopy. From these measurements, 30 min fluxes
of sensible heat (H ), latent heat (LE) and net ecosystem ex-
change of CO2 (NEE) were calculated using standard pro-
cedures described in Aubinet et al. (2012). NEE was fur-
ther partitioned into its two components: ecosystem respi-
ration (Reco), representing carbon emissions, and gross pri-
mary productivity (GPP), representing carbon assimilation.
This partitioning was performed using the nighttime-based
algorithm implemented in the standard REddyProc routine
(Wutzler et al., 2018).

Twenty-four years of flux data were used for this study,
spanning from January 1997 to October 2020. We combined
PI-processed data from 1997 to 2014 with ICOS-processed
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records for 2014–2020 (Cuntz et al., 2022). During the 24-
year period, a major storm in December 1999 necessitated
the replacement of the original tower. As the forest canopy
continued to grow, it reached approximately 5 m below the
EC sensors by 2013 (Bernard Longdoz, personal communi-
cation, 2024). To maintain accurate flux measurements above
the canopy, a third tower was installed and became fully oper-
ational the same year. Footprint analyses indicate that at least
80 % of the flux data collected across all towers originated
from the beech-dominated proportion of the forest (Campioli
et al., 2011; Göckede et al., 2008; Matthias Cuntz, personal
communication, 2024). Two major data gaps occurred due to
instrument failures: one from December 1999 to April 2000
and another covering the entire year of 2004.

In addition to flux measurements, the towers are equipped
with sensors for continuous monitoring of meteorological
variables. Four key variables were recorded at the canopy
level throughout the study period: incoming solar radiation
(Rg) from which the daily light exposure duration (DL) was
derived, precipitation (P ), air temperature (Tair) and air hu-
midity, used to calculate vapor pressure deficit (VPD). Wa-
ter availability for plant uptake was assessed using relative
extractable water (REW) (Granier et al., 2008). Due to the
absence of soil moisture measurements during the first ten
years of the study, REW was modelled using the BILJOU
water balance model, specifically parametrized for the Hesse
site (Granier et al., 1999).

To characterize drought conditions at the Hesse site,
we computed drought indices following the approach of
Granier et al. (1999), incorporating both the intensity and
duration of stress events. Three stress-specific indices were
created based on physiological thresholds: REW< 0.4 for
edaphic drought, VPD> 12 hPa for atmospheric drought and
Tair> 25 °C for heat stress. For each stress day, the intensity
was calculated as the absolute difference between the daily
average observed value and its threshold, normalized by the
maximum deviation observed (fixed to 0.4 for REW). Annual
severity indices were obtained by summing these normalized
intensities across all stress days. Equations (1)–(3) illustrate
the computation for non-bissextile years y.

IREW(y)=

∑365
i=1max(0,0.4−REWi)

0.4
(1)

IVPD(y)=
∑365
i=1max(0,VPDi − 12)

max(VPD− 12)
(2)

ITair(y)=
∑365

i=1max(0,Tair,i − 25)
max(Tair− 25)

(3)

To provide an integrated measure for identifying years ex-
periencing the strongest overall drought stress, the three in-
dices were combined into a normalized drought index (nDI).
Each index was standardized (mean-centered and scaled by
its standard deviation) and the standardized values were

summed for each year as:

nDI(y)=
IREW(y)−〈IREW〉

σREW
+

IVPD(y)−〈IVPD〉
σVPD

+
ITair(y)−〈ITair〉

σTair

(4)

where 〈〉 denotes the interannual mean and σ the standard
deviation. The nDI thus reflects the severity of drought con-
ditions across multiple stress types.

Further details on data processing choices and corrections
are provided in Sect. S1 of the Supplement.

2.3 Physiological and phenological data

2.3.1 Biomass

Physiological measurements at the Hesse site have been rel-
atively limited over the 24-year study period. Among the
available data, tree circumference at breast height was man-
ually measured twice annually, before and after the rapid
growing phase, on a 0.12 ha subplot surrounding the flux
tower. Previous studies have demonstrated that this subplot is
representative of the broader forest stand due to its structural
homogeneity (Granier et al., 2008). Due to technical issues,
pre-growth season measurements were not collected in 2019
and 2020.

Circumference values (circ, cm) were converted into total
tree biomass, including aboveground and belowground com-
ponents (B, kg) using an on-site calibrated allometric equa-
tion based on Le Goff and Ottorini (2001) and later revised
by Ottorini (2012, unpublished dataset):

B = 0.0165 · circ2.32 (5)

The applicability of this relationship is further supported by
comparison with independent allometric equations for beech
(Henry et al., 2013). Details are provided in Sect. S2 and
Fig. S2 in the Supplement.

Annual tree carbon storage (Sg) in gC m−2 was then cal-
culated as the difference between successive biomass entries
normalized by the subplot area and multiplied by a mean
carbon concentration ratio of 0.475 (Bernard Longdoz, per-
sonal communication, 2025; Barbaroux et al., 2003; Pret-
zsch, 2009). Due to missing 2019 and 2020 pre-growth data,
Sg for 2018–2020 were replaced by the mean annual carbon
storage over this period.

To investigate intra-annual dynamics of biomass accumu-
lation, automatic dendrometers were installed on 15 trees,
recording circumference growth at 30 min intervals from
2000 to 2020. Two metrics were derived from these values:

1. Median daily growth proportion (gpct), computed by
dividing daily growth by the annual growth range ac-
cording to Eq. (6) and taking the median across trees.
The annual growth range (AGR) was defined as the
difference between median circumference values after
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(October–December) and before (January–March) the
rapid growth phase.

gpct (d)=
circ(d)− circ(d − 1)

AGR
(6)

2. Daily carbon allocation to biomass (Sb), calculated as
the product of the above proportion and Sg , divided by
daily GPP:

Sb =
gpct · Sg

GPPd
(7)

A daily time-step was chosen to reflect the close-
coupling between growth and recent photoassimilates
(Keel et al., 2007; Tang et al., 2022), and to align with
common practices in carbon allocation modeling (Mer-
ganičová et al., 2019).

2.3.2 LAI and canopy conductance

Leaf area index (LAI), defined as the one-sided area of leaves
per unit ground area (Meier and Leuschner, 2008), was as-
sessed annually until 2012 using two methods: litter traps
and a site-calibrated LAI-2000 Plant Canopy Analyzer (LI-
COR, Inc., Lincoln, NE, USA). Both methods yielded sim-
ilar dynamics (r = 0.55, p = 0.026), though discrepancies
were observed following drought years and the 1999 storm.
These differences stem from the spatial sampling: LAI2000
estimates are based on one measurement above the canopy
and a broad set below, while litter traps are confined to the
0.12 ha plot. Consequently LAI-2000 was considered more
representative of the forest and preferred for analysis.

To further characterize canopy function, stand-level sur-
face canopy conductance (gc) was estimated using the sim-
plified formulation (Bréda et al., 2006):

gc = RTair
E

VPD
(8)

where R is the molar gas constant and E is the water vapor
flux.

2.3.3 Phenological markers

As a deciduous species, beech exhibits strong seasonal vari-
ation in photosynthetic activity. Periods of active carbon as-
similation and leaf development define the growing season
(GS), which typically spans from April to October at Hesse
site. The boundaries of these periods are defined by the start
of season (SOS) and end of season (EOS) dates, which serve
as key phenological markers.

To estimate SOS, three canopy-related variables were
available:

1. Relative light transmission (RLT) through the canopy,
computed following Aubinet et al. (2018), using either

paired short-wave radiative sensors (above and below
canopy) or a network of 15 photosynthetically active ra-
diation (PAR) sensors at ground level paired with one
above the canopy.

2. Albedo, computed as the ratio of reflected to incom-
ing solar radiation, both measured by the above-canopy
short-wave radiative sensor.

3. NDVI, derived as the difference between near-infrared
and red reflectance divided by their sum, with both in-
coming and reflected radiation measured at the canopy
top using wavelength-specific sensors.

All metrics either sharply decrease (RLT) or increase
(Albedo and NDVI) at SOS. These metrics had varying
degrees of data completeness: 33.3 % and 62.5 % missing
data for RLT (shortwave and PAR, respectively), 16.7 % for
albedo and 58.3 % for NDVI. In 8.3 % years, none of the
three metrics were available. To ensure consistency, SOS
dates were primarily determined using GPP, which had com-
plete temporal coverage, and refined using additional vari-
ables when available. The following criteria were applied se-
quentially to identify a single date consistent with both struc-
tural and spectral canopy changes:

– A sharp increase in GPP, identified via a peak in wavelet
coefficients in the 5 to 7 d period band;

– A sharp decrease in RLT, using an 80 % threshold,
preferably computed from PAR sensors;

– An increase of at least 20 % in albedo and NDVI, indi-
cating canopy greening.

SOS dates computed using this approach correspond to the
onset of rapid greening, when buds have broken but leaves
remain unfolded. For the year 1997, the SOS date identi-
fied by our method matches the budburst timing reported by
Lebaube et al. (2000), providing independent support for the
correctness of our SOS detection.

EOS dates, less clearly marked in GPP, albedo and NDVI
signals, were estimated based on an increase in RLT, using a
20 % threshold. No gaps were present for EOS estimation.

2.4 GPP indicators

To investigate the ecophysiological functioning of the forest,
we analyzed the intra-annual dynamics of GPP, used here as
an integrative measure of canopy photosynthetic activity. Be-
cause GPP exhibits pronounced seasonal cycles, we defined
a set of indicators that enable consistent comparisons across
years. These indicators were derived using a wavelet-based
approach relying on the Wavelet Area Interpretation (WAI),
described in detail in the companion paper that forms the first
part of this study (Bitton et al., 2026). Briefly, WAI involves
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computing wavelet coefficients from the GPP time series us-
ing the continuous wavelet transform, whose general formu-
lation is:

W (a,b)=

∫
+∞

−∞

x (t)ψa,b (t)dt (9)

Equation (9) computes the area under the product curve of
a signal x (t) and a scaled and translated wavelet function
ψa,b (t), where a is the scale (related to period) and b is the
time location. The WAI consists in interpreting the resulting
wavelet coefficientW(a,b) by decomposing it into contribu-
tions from different parts of the signal.

Wavelet coefficients were computed at 30-minute intervals
using the 2nd derivative of Gaussian (DOG2, also known as
the “Mexican Hat”) wavelet across periods ranging from 3 to
7 months. Repeating peaks were consistently found in April,
June and November, corresponding to distinct phases of the
GS. These patterns informed the development of three GPP
indicators:

i. IRise, which captures the rate of increase in GPP at the
onset of the GS. It is derived from the 3-month April
peak using the DOG1 wavelet. Prior to wavelet decom-
position, GPP was normalized on a yearly basis by its
annual maximum (evaluated using a 30 d sliding mean),
ensuring comparability across years by removing am-
plitude differences.

ii. IPeak, which quantifies the magnitude of peak GPP dur-
ing early summer. It is extracted using a Gaussian win-
dow aligned with the GPP maximum, corresponding to
the right lobe of the 7-month April DOG1 peak.

iii. IDrop, which characterizes the relative intensity of the
mid-season decline in GPP, typically occurring in late
summer in response to increasing water and atmo-
spheric stress. It is calculated as the ratio between the
DOG2 June and November peaks at a 6-month pe-
riod. IDrop captures the magnitude of the decline fol-
lowing peak productivity, with higher values indicating
a stronger seasonal asymmetry between spring/early-
summer and late-summer/autumn GPP values.

Computation steps for the three indicators are illustrated in
Fig. S1 and a schematic representation in relation to the sea-
sonal GPP trajectory is provided in Fig. 4. Although indi-
cators retain the dimensionality of the original signal, they
represent wavelet-derived metrics and should be interpreted
comparatively rather than as absolute fluxes, as their values
depend on wavelet properties and normalization.

To mitigate edge effects, where high-period wavelets ex-
tend beyond the signal boundaries, GPP data were periodi-
cally padded at the signal edges (1997, 2020) as well as be-
fore and after gaps (2000, 2004). Nonetheless, indicators for
early 2000 and late 2020 were excluded due to partially miss-
ing data during the GS.

As a final addition to phenological markers, we used the
WAI to define mid-season drop dates (MSD), which capture
the timing of the summer decline in photosynthetic activity.
MSD was derived from the June peak of the DOG2 wavelet
by identifying its second zero-crossing, which marks the on-
set of the mid-season drop.

2.5 Statistical analysis

To assess the influence of environmental drivers on the three
GPP indicators, we computed Pearson correlation coeffi-
cients (r) across multiple timescales and time steps. This cor-
relation approach was chosen for its ability to visually high-
light periods of influence, combining statistical significance
with ecological relevance. Pearson (linear) correlations were
preferred over Spearman (rank) correlations, as both yielded
similar results, but Pearson’s approach offers more direct in-
terpretability and straightforward extension to partial corre-
lation for continuous variables. In addition, Pearson correla-
tions, by operating on raw values rather than ranks, facilitate
the identification of specific years exhibiting outlying behav-
ior, which was a key aspect of the analysis.

For each environmental variable, we computed local-
ized yearly averages using sliding time windows of varying
lengths, from one week up to the full growing season (using
1 week steps), and different starting dates (using 1 d steps)
spanning the entire year. To account for interannual vari-
ability in beech phenology (Capdevielle-Vargas et al., 2015),
window start dates were aligned relative to SOS for each
year. This phenology-based alignment ensures that driver ef-
fects are assessed across consistent biological stages rather
than fixed calendar dates.

This approach produced one average value per year for
each window configuration (e.g. one VPD value for a 1 week
window starting at SOS+0, another for a 1 week window
starting at SOS+1, etc.). These values were then correlated
with the corresponding annual indicator values over the 24-
year period. The resulting matrix of correlation coefficients,
with each entry corresponding to a specific window length
and start date, was visualized using correlograms, which
highlight how correlation strength and timing vary across the
season (Fig. 2). To explore potential legacy effects, the same
analysis was repeated using the previous-year environmental
variables correlated with current-year indicator values.

To analyze these graphs, we used a data-driven, pattern-
based approach aimed at identifying periods of consistent
and ecophysiologically meaningful correlations for each in-
dicator. The procedure combines visual pattern recognition
and statistical selection and can be summarized in four steps:

– Identification of regions of influence. Regions of consis-
tent and significant correlations were first identified vi-
sually in the correlograms, as clusters of contiguous sig-
nificant values across both dimensions (window length
and starting date). These regions were interpreted as pe-
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Figure 2. Correlogram showing the relationship between IRise and last-year precipitation averaged over different window sizes (y-axis,
in weeks) and starting dates (x-axis, in days relative to SOS). Average calendar dates (across all years) at which each month begins are
indicated in green. Correlations were computed on a 1 week× 1 d grid and lightly smoothed using an anisotropic Gaussian filter (σx = 0.8 d,
σy = 1.3 d) for clarity. Statistical significance, computed on the unsmoothed correlations, is represented by markers whose size, opacity
and color saturation scale with p-value. Colors indicate correlation sign and magnitude (red= positive; blue= negative). The strongest
correlation occurs for a 6 week window, which can be decomposed into two shorter windows of influence: one at 3 weeks (SOS+94 d) and
one at 2 weeks (SOS+120 d).

riods during which a variable showed a consistent rela-
tionship with the indicator.

– Extraction of characteristic windows. Within each re-
gion, local maxima were identified to represent char-
acteristic windows of influence. To avoid redundancy,
maxima were required to be separated by at least one
week in window length and 5 d in start date. Long-
scale correlations (several weeks) were systematically
decomposed into shorter-scale components by identify-
ing local maxima within the same region (see Fig. 2).

– Grouping of overlapping windows across variables. To
identify sets of variables potentially associated with the
same underlying process, characteristic windows were
grouped across environmental variables when they over-
lapped in time. Overlapping windows were defined as
windows sharing at least five common days. Long-
scale windows were systematically grouped together,
as they represent broad seasonal controls, while short-
scale windows typically formed distinct subgroups cor-
responding to more localized processes.

– Identification of dominant variables. Within each group
of overlapping windows, partial correlations were used
to identify the most influential variables. Following
a classical regression-based variable selection proce-
dure, a variable was considered dominant if it ren-
dered all others non-significant when controlled for. If
several variables remained significant, they were inter-
preted as co-dominant influences. This selection strat-
egy prioritizes parsimony while retaining ecophysio-
logically meaningful variables, rather than enforcing a
strict single-variable selection.

Given the large number of tested correlations and their in-
terdependence, statistical significance was used as a screen-
ing criterion rather than a strict inferential threshold. Only
correlation patterns showing temporal coherence within vari-
ables and consistency across overlapping variables were re-
tained. All correlations were further evaluated using scatter

plots to ensure that relationships were not driven by a small
number of years and were supported by sufficient variability
in the data. In cases where specific years disproportionately
influenced the results or obscured relationships, e.g. during
extreme weather or thinning events, they were temporarily
excluded to assess their impact on correlations. Overall, this
approach helps identify robust relationships while reducing
the likelihood of spurious correlations.

To evaluate the influence of thinning events on GPP in-
dicators, we calculated the mean residuals of linear mod-
els across all significant correlations. This helped identify
whether forest behavior (according to each indicator) devi-
ated from expected responses to environmental conditions.
In cases where specific years had a disproportionate influence
on indicators, they were excluded to isolate thinning-related
impacts.

For clarity, only the selected variables identified through
this methodology are presented in the Results section, with
variations noted when specific years strongly influenced in-
dicator values. Nonetheless, all correlograms and numerical
values of the highest significant correlations are available in
Figs. S4–S8 and Tables S1–S5. Results and figures were pro-
duced using Matlab R2022a (The MathWorks Inc, 2022).

3 Results

3.1 Temporal dynamics

3.1.1 Fluxes and phenological/physiological variables

Over the 24-year study period, the Hesse forest consistently
acted as a carbon sink, except for 1998, which showed a pos-
itive NEE (Table 1; Fig. S3). Interannual variability in GPP
and Reco was substantial, with notable respiration peaks
in 1998, 2014, 2018, 2019 and 2020. The peaks in 1998
and 2014 occurred late in the season (post-September, not
shown), suggesting delayed carbon release dynamics.
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Table 1. Overview of carbon fluxes, physiological and phenological variables collected or derived from the Hesse forest site over the 24-year
study period. Carbon fluxes: NEE= net ecosystem exchange, GPP= gross primary productivity, Reco= ecosystem respiration; Phenology:
SOS= start of season, MSD=mid-season drop, EOS= end of season; Physiology: LAI= leaf area index, BG= annual biomass growth,
BTh= biomass thinned, NbTh= number of shoots removed, RBRI= relative biomass removal index (mean biomass of removed trees
divided by mean biomass of all trees on the stand); Environmental stress: nDI= normalized drought index.

Year NEE GPP Reco SOS MSD EOS LAI BG BTh NbTh RBRI nDI
(gC m−2) (gC m−2) (gC m−2) (DOY) (DOY) (DOY) (m2 m−2) (gC m−2) (gC m−2) (–) (–) (–)

1997 −167 1566 1399 120 221 – 5 625 – – – −2.9
1998 39 1577 1617 119 215 – 6.45 479 – – – −0.9
1999 −252 1683 1430 117 220 – 5.39 633 1652 128 0.96 −2.9
2000 −550 1731 1201 112 – 308 4.83 583 – – – −2.8
2001 −543 1806 1263 120 217 314 7.34 540 – – – −0.8
2002 −539 1784 1245 114 214 303 7.7 620 – – – −2.2
2003 −442 1561 1119 113 202 316 7.73 487 – – – 8.4
2004 −356 1254 897 114 – 306 8.14 360 – – – 0
2005 −269 1533 1264 117 218 309 5.11 462 2193 64 1.53 −0.1
2006 −386 1741 1355 116 215 320 6.47 511 – – – 0.2
2007 −460 2020 1560 105 207 312 7.64 679 – – – −2.2
2008 −566 1905 1339 116 214 304 8.6 501 – – – −2.4
2009 −493 1885 1392 103 212 309 8.38 584 – – – −2
2010 −361 1736 1375 114 222 308 6.3 485 1468 32 1.59 −1.2
2011 −601 1968 1368 100 202 310 7.56 472 – – – −1.9
2012 −502 1808 1307 118 220 320 7.64 506 – – – −0.6
2013 −601 1979 1377 112 221 298 – 423 – – – −0.4
2014 −522 2218 1696 99 209 312 – 357 – – – −1.5
2015 −344 1623 1279 109 208 310 – 274 – – – 4.5
2016 −327 1736 1409 109 228 313 – 379 1692 37 1.26 0.2
2017 −444 1822 1378 118 224 305 – 291 – – – 0.4
2018 −378 2049 1671 107 204 314 – 352 – – – 4.2
2019 −295 1957 1662 109 217 325 – 352 – – – 4.5
2020 −423 2043 1620 102 – – – 352 – – – 2.4

Phenological trends revealed a significant advancement in
the SOS at a rate of −0.51 d yr−1 (p = 0.004), while nei-
ther the EOS nor MSD exhibited significant trends. Conse-
quently, the GS lengthened over time. The mid-season GPP
drop occurred on average 103± 0.6 d after SOS, with 2003
standing out as an exceptionally early drop year.

LAI was strongly affected by thinning events. The most
intense thinning occurred in 2005, involving the removal of
a large proportion of dominant trees (biomass 53 % larger
than the average tree, see Table 1) and resulting in a 37 %
reduction in LAI. Thinnings in 1999, 2010 and 2016 were
less intense but still led to measurable LAI reductions (16 %
in 1999 and 25 % in 2010). The 1999 thinning, although tar-
geting small-sized individuals, also resulted in a substantial
biomass reduction due to the high number of individuals re-
moved.

3.1.2 Temporal trends and relationships among GPP
indicators

IRise showed a slight but significant negative trend
(slope=−0.0065 yr−1, p = 0.03) over the study period
(Fig. 3). In contrast, IPeak exhibited a strong positive trend
(slope= 108.53 gC m−2 yr−1, p< 0.001), with extreme val-

ues observed in 2013, 2014, 2018, 2019 and 2020. IDrop
showed no significant long-term trend (slope= 0.088 yr−1,
p= 0.4). High values were observed in 2003, 2015, 2018
and 2019, all associated with elevated drought indices (Ta-
ble 1). Other years showed relatively stable IDrop values,
with dampened interannual variability.

A negative correlation was observed between IRise and
IPeak (r =−0.42, p= 0.05), which became stronger when
thinning years were excluded (r =−0.7, p= 0.001). Ex-
treme IPeak years had a significant effect on this relationship
(Fig. S4). This suggests that years with rapid early-season
GPP development tend to have lower peak productivity, pos-
sibly due to earlier saturation or stress onset, but may also
reflect structural or phenological trade-offs (e.g. canopy de-
velopment or forest maturation effects). In contrast, IDrop
showed no correlation with either IRise or IPeak, indicating
that mid-season declines are governed by distinct processes.

3.1.3 Thinning effects on indicators

Analysis of mean residuals from significant indicator-driver
relationships (Fig. 3) revealed thinning effects on IPeak (af-
ter exclusion of extreme-summer years) and IDrop (after ex-
clusion of drought years). Although thinning years generally
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Figure 3. Left panels: Temporal trajectories of the three GPP phenological indicators (IRise, IPeak, IDrop) over the 24-year observation
period. Each panel shows the fitted linear regression (solid line) with its 95 % confidence interval (shaded area). Years during which thinning
operations were conducted are highlighted with yellow circles. Correlation coefficients are reported both for the full time series and for
the subset excluding thinning years. Statistical significance is denoted by one, two or three stars for p≤ 0.05, 0.01 and 0.001, respectively.
Indicators represent wavelet-derived metrics and should be interpreted comparatively. Right panels: Mean residuals obtained by averaging
residuals across all significant indicator–environmental driver regressions. Residuals represent deviations from expected forest functional
responses based on these relationships. Thinning years are shown as yellow bars. Years are ordered by decreasing mean residual importance.
Extreme years for IPeak (2013, 2014, 2018, 2019, 2020) and IDrop (2003, 2015, 2018, 2020) were removed prior to computing residual
means.

exhibited reduced IRise, these reductions did not scale with
thinning intensity (Table 1). This mismatch is particularly ev-
ident in 2010, a low-intensity thinning year that nevertheless
showed the strongest decline in IRise.

Thinning effects were most apparent for IPeak, particu-
larly in 2005, where the intense thinning led to a marked
reduction in IPeak relative to other years. The substantial
biomass removal that year produced an IPeak value lower
than expected from environmental drivers alone, indicating
a direct impact on canopy productive capacity. In 1999, al-
though the total biomass removed was smaller, the thinning
affected a similar proportion of the stand (about 23 % in 1999
compared to 26 % in 2005). However, its impact on IPeak
was more limited, with residuals remaining within the ex-
pected range, likely reflecting the lower dominance of the
extracted trees (biomass 4 % lower than the stand average,

see Table 1). Thinnings in 2010 and 2016 produced minimal
effects, consistent with the small number of trees removed
(32 and 37, respectively) and their modest contribution to to-
tal biomass (about 17 % each), despite the presence of some
dominant individuals.

Thinning impacts on IDrop were variable and did not show
a consistent relationship with thinning intensity. In 1999, the
decline in GPP was smaller than expected. Conversely, 2005
exhibited a larger-than-expected decline. This contrast likely
reflects a methodological artefact arising when excluding
drought years: in doing so, the strongest (2005) and weakest
(1999) GPP declines were removed from the dataset, mean-
ing the observed patterns may partly reflect dataset composi-
tion rather than thinning effects alone.
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3.2 Environmental drivers of IRise

Correlations between IRise and environmental variables re-
vealed two distinct regions of influence (Fig. 4): one associ-
ated with the current GS and another with the previous year’s
GS.

3.2.1 Current-year influences

The first region covers the early GS, particularly from
SOS+9 to SOS+31, a period corresponding to rapid LAI de-
velopment in beech. During this phase, IRise was positively
correlated with Rg , Tair and VPD, and negatively correlated
with REW and P (Fig. S5; Table S1). Partial correlation anal-
ysis identified Rg and Tair as co-dominant drivers of early-
season GPP increase, with the apparent effects of P and VPD
largely mediated by their co-variation with these two vari-
ables. In contrast, the negative correlation with REW (Ta-
ble S1) likely reflects a mechanistic link: faster GPP devel-
opment implies accelerated vegetative growth and increased
root water uptake. DL showed limited influence compared
to Rg , suggesting that light intensity is more influential than
photoperiod during this 4 week phase.

Two short-term windows were identified within this pe-
riod: a 1 week interval (SOS+9 to SOS+17) during which
IRise correlated with Tair,10–17 and DL9–16 and a subsequent
2 week interval (SOS+15 to SOS+30) in which Rg,15–29 ex-
erted the strongest influence on IRise. During this latter win-
dow, short-term correlations with meteorological variables
reached their highest values.

3.2.2 Previous-year influences

The second region of influence was in the middle of the
previous GS. During this period, environmental drivers dis-
played correlation patterns opposite to those observed for the
current-year GS (Fig. S6; Table S2). Among them, P95–137
emerged as the dominant driver, with the influence of other
variables becoming non-significant after partial correlation
adjustment. Based on the direction of these correlations, P
appears to act as an integrator of concurrent climatic condi-
tions: increased cloud cover reduces Rg and Tair, while water
inputs raise REW and lower VPD.

This precipitation window coincides with the end of an-
nual biomass accumulation, occurring after approximately
90 % of the median yearly growth in beech (Fig. 5a). It
marks a breakpoint in biomass storage, where the slope of
accumulation decreases sharply (from 0.91 % d−1 between
SOS+57 and SOS+95 to 0.28 % d−1between SOS+95 and
SOS+120). Remaining annual storage was significantly in-
fluenced by P95–137 (r = 0.62, p= 0.003), reaching up to
27 % in wetter years. Over the same period, P95–137 was
negatively correlated with IDrop (r =−0.51, p= 0.019), in-
dicating that wetter conditions buffer mid-season GPP de-
clines. Together, these observations link P95–137 to enhanced

biomass storage and reduced stress sensitivity. However, the
proportion of GPP allocated to biomass during this window
was low (Fig. 5b), implying that other physiological pro-
cesses, potentially related to carbon allocation or reserve for-
mation, may also respond to precipitation and contribute to
higher IRise in the following year.

In addition to this long-term influence, three short-term
precipitation windows were identified between SOS+77 and
SOS+134, each corresponding to key phenological transi-
tions. The first (P77–84) occurs directly after the summer sol-
stice when radiation is maximal; the second (P94–115) centers
on the mid-season GPP drop and coincides with peak tem-
peratures; the third (P120–134) follows the drop and may re-
flect recovery dynamics. These windows suggest that precip-
itation interacts with transitional phases of the GS to shape
next-year early-season productivity.

3.3 Environmental drivers of IPeak

3.3.1 Current-year influences

Correlations between IPeak and environmental variables re-
vealed distinct periods of influence during the current GS
(Fig. 4). Two long-term correlation windows were identi-
fied. The first, associated with Rg,55–125, spans the period
of peak GPP; the second, linked to Tair,95–200, extends be-
yond the IPeak computation interval (SOS to SOS+120).
At shorter timescales, the strongest correlation occurred with
VPD96–103 in early August, immediately preceding the mid-
season GPP decline. A significant correlation was also ob-
served with Rg,70–77 in early July, shortly after the average
date of the summer solstice. These two short-term windows
are linked to key environmental cues: maximum incident ra-
diation (on average at SOS+61) and maximum air temper-
atures (on average at SOS+100). The approx. 40 d lag be-
tween these two peaks aligns with the offset observed be-
tween the long-term correlation windows.

A third correlation window, with Rg,151–158, was detected
at the end of the GS (Fig. S6; Table S2). Its correlation
with Rg,70–77 (r = 0.51, p= 0.015) and Tair,95–200 (r = 0.69,
p< 0.001) suggests continuity in radiation effects, which
may explain why the effect of Tair,95–200 extends beyond the
IPeak computation window. This window was therefore not
retained for further analysis.

Scatter plots of the strongest correlations (Fig. 6) revealed
a threshold-type response, whereby only particularly high
values of Rg , Tair and VPD within their respective windows
exerted a significant influence on IPeak. Approximate daily
mean threshold values were observed around 250 W m−2 for
Rg , 16 °C for Tair and 10 hPa for VPD. The year 2003 stood
out as an outlier, as its premature GPP decline disrupted the
expected IPeak response (see Sect. 3.4.1).

Extreme years (2013, 2014, 2018, 2019 and 2020) were
concentrated at the end of the time series and dispropor-
tionately strengthened several correlations. This temporal
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Figure 4. Influence of environmental drivers on GPP seasonal dynamics. The upper panel shows modelled GPP (following Bitton et al., 2026)
for the previous and current year, together with a schematic representation of the three seasonal indicators. The lower panels depict, for each
indicator and its modified variants (IPeak* excluding thinning and extreme-summer years; IDrop* excluding the exceptional 2003 drought
year), the time windows during which each environmental driver is most strongly correlated with the indicator. Windows are presented in
chronological order, with long-scale effects (filled bars) displayed above short-scale effects (hatched bars). Window boundaries are expressed
in days relative to SOS. Colors represent the different drivers and correlation coefficients with their significance levels (stars indicating
p≤ 0.05, p≤ 0.01 and p≤ 0.001) are shown next to each bar. Previous-year effects appear to the left of the vertical divider and current-year
effects to the right.

clustering created artificially elevated correlations between
IPeak and previous-year GS variables, as consecutive ex-
treme conditions reinforced statistical associations. Although
these correlations were statistically significant, they were not
interpreted further due to their redundancy and their limited
explanatory value relative to current-year variables, which
more directly reflect physiological controls.

Despite the absence of long-term measurements of phys-
iological processes such as masting, fine root production
and carbon reserve dynamics, available data nonetheless
provide insight into mechanisms underlying IPeak variabil-
ity. Tree-growth records (Table 1) indicate no increase in
stored biomass during extreme years, despite the stand be-
ing in a growth phase. Instead, biomass accumulation de-
clined from 2013 onward, coinciding with the onset of ex-
treme conditions. Although autotrophic respiration was not
measured, ecosystem respiration was elevated between SOS

and SOS+120 in 2018–2020 (Fig. 7) and an additional late-
season peak was observed in 2014 (data not shown). In con-
trast, respiration levels in 2013 were comparable to non-
extreme years. Estimated canopy conductance was generally
elevated during extreme years, with particularly high values
in 2013, 2014 and 2018 (Fig. 7), suggesting physiological
adjustments to stress or resource availability.

3.3.2 Exclusion of extreme and thinning years

In the subset of years unaffected by extreme summer stress
or thinning events, representing approximately 60 % of the
dataset, environmental controls on IPeak were generally
weak (Figs. 4; S7; Table S3). Only two windows of influence
were identified: one in the current year for Tair,22–43 and one
in the previous year for P57–120. Within this second period,
a short but dominant window (P56–63) emerged, coinciding
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Figure 5. Effect of precipitation on tree physiological responses.
Vertical dashed lines indicate the long-term correlation windows
for P with IPeak (SOS+57 to SOS+120, light blue) and IRise
(SOS+95 to SOS+137, dark blue). Average calendar dates mark-
ing the start of each month (computed across all years) are shown
in green. (a) Temporal evolution of median daily biomass accumu-
lation expressed as a proportion of total annual storage. Individ-
ual yearly trajectories are shown in grey and the multi-year median
is shown in green. (b) Daily fraction of GPP allocated to biomass
storage (light green) versus other metabolic or structural processes
(dark gray).

with a tipping point in biomass allocation (Fig. 5b) mark-
ing the transition from stem growth to a diversification of
physiological activities. Given the short duration of this win-
dow and the reduced sample size (12 years), we performed a
leave-one-out sensitivity analysis, which confirmed that the
P56–63 relationship remained stable (r = 0.76–0.87 across it-
erations) and was not driven by any single year.

The P57–120 window partially overlaps with the previous-
year P95–137 window influencing IRise but occurs earlier
in the season. Similar relationships were observed with re-
maining biomass growth (r = 0.6, p = 0.004) and IDrop
(r =−0.53, p= 0.013), suggesting that IPeak and IRise re-
spond to shared environmental conditions, albeit through dis-
tinct physiological pathways.

Figure 6. Scatter plots illustrating the strongest correlations be-
tween IPeak and mean environmental drivers. Each panel displays
the fitted linear regression (solid line) with its 95 % confidence inter-
val (shaded area). The dashed grey line represents the regression ex-
cluding extreme-summer years, which are indicated by grey circles.
The outlier year 2003 is additionally highlighted with a grey square.
Correlation coefficients are reported both for the full time series
(all) and for the subset excluding extreme-summer years (−Ext).
Statistical significance is indicated by one, two or three stars for
p≤ 0.05, 0.01 and 0.001, respectively. Approximate threshold val-
ues (250 W m−2 for Rg , 16 °C for Tair, and 10 hPa for VPD)
mark the conditions above which IPeak responds to environmen-
tal drivers. Although IPeak retains the units of GPP, it represents
a wavelet-derived metric and should be interpreted comparatively
rather than as an absolute flux.
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Figure 7. Cumulative ecosystem respiration (Reco, left side) and
canopy conductance (gc, right side) integrated over the IPeak inte-
gration period (SOS to SOS+120). Years are ranked independently
for each variable in decreasing order of magnitude. Each horizon-
tal bar represents a single year, with labels positioned on the cor-
responding side of the axis. Extreme-summer years (2013, 2014,
2018, 2019 and 2020) are highlighted using darker colors, whereas
all other years are shown with lighter shades. A vertical line sepa-
rates the two variables for clarity.

3.4 Environmental drivers of IDrop

3.4.1 Current-year influences

IDrop was primarily controlled by current-year environ-
mental conditions, with only marginal contributions from
previous-year variables. Therefore, subsequent analyses fo-
cused on current-year correlations.

All environmental drivers contributed to the buildup of hy-
drological stress, but their influence occurred at distinct phe-
nological stages (Fig. S9; Table S5). The long-term influence
of Rg on IDrop extended from SOS+8 onward, reflecting
early-season increases in solar input associated with atmo-
spheric warming. This warming intensified from SOS+32
as rising Tair accelerated evapotranspiration and reduced soil
water availability. VPD, driven by declining atmospheric hu-
midity or the influx of dry air masses, exacerbated drying
starting SOS+53. In contrast, precipitation partially allevi-
ated emerging stress from SOS+58 by replenishing mois-
ture inputs. Finally, REW began influencing IDrop from

SOS+81, marking the stage at which cumulative soil mois-
ture depletion became limiting.

The year 2003 exhibited an exceptionally early GPP
decline (88 d after SOS, compared to the mean of
103.5± 0.6 d). This anomaly corresponds to stress accumu-
lation during the Tair,39–53 window and a sharp VPD107–114
spike immediately after the drop (Fig. 4, IDrop; Figs. 6; S8;
Table S4). The abrupt onset and magnitude of this VPD stress
dominated the environmental signal in 2003, supporting its
exclusion from the general correlation analysis. Removing
2003 extended the correlation windows for Rg and P , and
delayed the onset of VPD and Tair effects by 3 and 1 weeks,
respectively (Fig. S9; Table S5).

VPD emerged as the dominant driver of IDrop, govern-
ing both long- and short-term correlations (Fig. 4, IDrop*).
This highlights the prevalence of atmospheric drought stress
over edaphic limitations in shaping mid-season GPP de-
clines. The period surrounding the drop was particularly in-
fluential. Correlations with VPD remained strongly signifi-
cant even when the correlation window was narrowed, with
a secondary maximum correlation observed for VPD92–134.
Within this broader window, two key phases were identified.
The first precedes the drop and reflects the buildup of wa-
ter stress associated with elevated Rg,92–106. Immediately af-
ter the drop onset, the second phase corresponds to a sharp
rise in atmospheric dryness, captured by VPD107–114. To-
gether, these two phases bracket the GPP decline and un-
derscore the dual role of pre-drop energy input and post-
drop atmospheric dryness in amplifying IDrop. An addi-
tional window (VPD121–128) suggested sustained post-drop
atmospheric stress, although it was strongly correlated with
VPD107–114 (r = 0.78, p< 0.001) and largely driven by the
year 2018 (data not shown). These findings suggest that ac-
cumulated atmospheric stress after the drop plays a key role
in determining the magnitude of IDrop.

Additional short-term windows were detected:

– SOS+70 to SOS+78: Influence of VPD71–78 following
the summer solstice, reflecting stress accumulation dur-
ing peak solar input.

– SOS+138 to SOS+158: Influence of REW138–145 in
early September, indicating constraints from accumu-
lated soil moisture depletion. Although VPD144–158
also correlates with IDrop, its strong correlation with
VPD107–114 (r = 0.75, p< 0.001) suggests it mainly re-
flects the persistence of prevailing meteorological con-
ditions (particularly in highly stressed years such as
2018) rather than an independent stressor. In contrast,
REW captures cumulative soil water limitation during
this late phase and therefore provides complementary
information. This window indicates that REW becomes
locally relevant at the end of the growing season, al-
though VPD remains the dominant control across most
of the short-term influences identified throughout the
season.
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– SOS−70 to SOS−42: A pre-season REW window,
potentially reflecting antecedent soil moisture effects.
However, the low interannual variability in REW dur-
ing this period (3 %–4 %) limits interpretability.

3.4.2 Relationship with other indicators

Several correlation windows identified for IDrop overlapped
with those observed for IPeak in relation to current-year Rg ,
Tair and VPD (Fig. 4). This convergence suggests that both
indicators share a similar sensitivity to environmental stres-
sors occurring during the same periods. Notably, years with
stronger mid-season GPP declines also tended to have higher
IPeak values, indicating that both metrics respond coher-
ently to the intensity and timing of hydrometeorological con-
straints.

A second group of overlaps involved previous-year precip-
itation, specifically P95–137 for IRise and, albeit only at the
large-scale window, P57–120 for IPeak. These patterns point
to a lagged influence across the three indicators, whereby
conditions associated with pronounced mid-season GPP de-
clines are also linked to reduced IRise (and, to a lesser extent,
IPeak) in the subsequent year. Such carry-over effects sug-
gest that drought-related stress not only affects current-year
productivity but may also constrain ecosystem recovery and
growth potential during the following GS.

4 Discussion

This Discussion is structured around the main seasonal
phases of beech productivity. We first examine the ecophysi-
ological controls governing early-season carbon uptake, fol-
lowed by the mechanisms shaping peak productivity and
responses to early-summer extremes. We then analyze the
drivers of the mid-season decline and the legacy effects of
past water limitation. Finally, we assess the influence of thin-
ning and broader structural changes, and discuss the main
limitations of our approach. Together, these sections provide
an integrated interpretation of the critical time windows iden-
tified in this study.

4.1 Early-season controls on carbon uptake and beech
development

4.1.1 Post-budburst phase (SOS to SOS+10): role of
reserves and delayed carbon autonomy

At our site, the sensitivity of IRise to meteorological con-
ditions reaches a maximum 9 to 10 d after SOS, which co-
incides with the typical duration of initial leaf unfolding
in beech (Bednářová et al., 2014; Henneken et al., 2013;
Kikuzawa and Lechowicz, 2011; Luo et al., 2024; Slovíková
and Bednářová, 2014; Urban et al., 2014; Zahnd et al., 2023).
At the onset of the GS, leaf production is largely supported
by non-structural carbohydrates (NSC) reserves accumulated

during the previous year (Luo et al., 2024), especially during
the first week post-budburst, when up to 80 % of leaf pro-
duction may be sustained by stored carbon (Campioli et al.,
2011; Davi et al., 2008; Kuptz et al., 2011). Newly emerged
leaves become photosynthetically active rapidly and tend to-
ward autotrophy at about 10 % expansion, but the transi-
tion from heterotrophy to autotrophy is gradual (Keel and
Schädel, 2010; Klein et al., 2016). This 9–10 d lag between
SOS and the peak sensitivity of IRise is consistent with de-
layed carbon autonomy suggested by Epron et al. (2012) and
Pantin et al. (2012): approx. 90 % of the carbon invested
in foliage during unfolding may be supplied by adjacent
branches (Klein et al., 2016), with branch NSC reaching a
minimum about 20 d after budburst (Schädel et al., 2009).
Leaves may become carbon-autonomous within 2–3 weeks,
while still being partially supported by local reserves during
early expansion (Hoch et al., 2013; Kuptz et al., 2011).

4.1.2 From reserve-driven to environment-driven
growth (SOS+9 to SOS+38)

Starting around SOS+10, Rg and Tair emerge as the pri-
mary drivers of IRise (Fig. 4). As reserves decline, canopy
development increasingly depends on external energy inputs
to sustain leaf development and expand its ground coverage
(Fox et al., 2018; Ma et al., 2025; Pantin et al., 2012; Yang
et al., 2017), maintain cambial activity, repair and extend hy-
draulic pathways (Barbaroux and Bréda, 2002; Brüggemann
et al., 2011; Urban et al., 2014) and replenish carbohydrates
in leaves and branches (Klein et al., 2016; Luo et al., 2024).
This transition marks a shift from reserve-driven growth to
photosynthesis-driven development, with increasing reliance
on environmental inputs. As such, photosynthetic activity
shows heightened dependence on irradiance, which regulates
the input of photons and drives photosynthesis (Tsukaya,
1995), and on air temperature, which influences the kinetics
of photosynthetic reactions by enhancing CO2 diffusion in
leaves and stimulating Rubisco activity and electron transfer
between photosystems (Morot-Gaudry et al., 2021). Appar-
ent effects of VPD, P and REW are present but largely medi-
ated by their covariation with Rg and Tair (Table S1), which
is consistent with the lack of structural water limitation at the
site during early GS (Kikuzawa and Lechowicz, 2011).

4.1.3 Light controls on leaf ontogeny: from exposure to
intensity

Across SOS+9 to SOS+38, IRise exhibits the strongest cor-
relation with Rg . However, the relationship between IRise
and light evolves rapidly: an early window (SOS+9 to
SOS+16) suggests a stronger role for exposure followed by
a second window (SOS+15 to SOS+29) dominated by in-
tensity. This shift is compatible with leaf ontogeny: during
the first phase, apical leaves continue to unfold (Bednářová
et al., 2014; Granier and Tardieu, 2009; Pantin et al., 2012;
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Van Volkenburgh, 1999; Vitasse, 2013; Zahnd et al., 2024),
while already unfolded leaves undergo cellular expansion
(Granier and Tardieu, 2009; Sack et al., 2012). Young leaves
exhibit limited photosynthetic capacity (lower chlorophyll,
immature enzymatic and thylakoid structures: Kikuzawa and
Lechowicz, 2011; Morley et al., 2020; Pantin et al., 2012),
which favors carbon sequestration under lower irradiance,
and have high developmental priority along with a close
proximity to carbon sources (Granier and Tardieu, 1999).
These may explain the greater importance of exposure early
on. As maturation progresses, individual photosynthetic ca-
pacity increases, strengthening the correlation of IRise with
Rg , consistent with the stimulatory effect of irradiance on ex-
pansion (Granier and Tardieu, 2009; Tardieu et al., 1999; Van
Volkenburgh, 1999).

Interestingly, our data indicates limited influence of spring
irradiance on IPeak (Fig. 4; Table S3), which may reflect a
compensatory mechanism: higher incident light can increase
expansion rates while simultaneously shortening the duration
of development, leading ultimately to unchanged final leaf
area and photosynthetic capacity (Granier and Tardieu 2009).
Nonetheless, light quality and timing during flushing may
still modulate leaf morphology and sun/shade differentiation,
influencing LAI and canopy photosynthetic efficiency (Be-
quet et al., 2011; Lichtenthaler et al., 1981; Tsukaya, 1995).

4.1.4 Temperature and leaf traits: windows and
plausible mechanisms

Higher air temperatures increase the rate of GPP rise during
leaf development, mostly from SOS+9 to SOS+16. This is
expected, as temperature governs plant metabolic processes
and defines organ growth potential (Pantin et al., 2012), en-
hancing cell expansion (Parent et al., 2010), leaf initiation
rates (Savvides et al., 2016) and triggering hyponastic re-
sponses (Casal and Balasubramanian, 2019; Legris, 2023).

In the absence of summer extremes, air temperature
emerges as the only significant environmental determinant
of IPeak in spring (Fig. 4; Table S3). This relationship is
compatible with reported temperature effects on: (i) LAI
via enhanced cell expansion and leaf size (Legris, 2023;
Van Volkenburgh, 1999); (ii) specific leaf area (SLA) via
the production of thinner, more light-efficient leaves (Meier
and Leuschner, 2008); (iii) vascular/hydraulic development,
supporting increased water and nutrient supply to fully ex-
panded leaves (Barbaroux and Bréda, 2002; Brüggemann et
al., 2011; Urban et al., 2014). The timing (end of average
elongation, SOS+22 to SOS+43) suggests a late effect of
temperature on apical leaves still expanding (Bachofen et al.,
2020; Zahnd et al., 2024), which typically have smaller ar-
eas (Granier and Tardieu, 2009) but higher photosynthetic
capacity (Bachofen et al., 2020; Zahnd et al., 2024), or, alter-
natively, a temperature-induced extension of elongation du-
ration (Parent et al., 2010), as can occur under environmental
hazards (Van Volkenburgh, 1999). A cross-species contribu-

tion cannot be excluded (e.g. oak, typically completing ex-
pansion approx. 10 d after beech; Zahnd et al., 2023). Never-
theless, the moderate strength and late time of the correlation
between IPeak and Tair,22–43 suggest that stand-level prop-
erties (canopy stratification, composition) structure LAI and
canopy photosynthetic capacity more strongly than spring
conditions per se (Bequet et al., 2011, 2012; Le Dantec et
al., 2000).

4.2 Early-summer extremes and their ecophysiological
impacts on forest carbon uptake

In temperate beech forests, early summer (June–July) typ-
ically corresponds to optimal carbon assimilation, with fa-
vorable temperatures, high radiation and limited constraints
from water or substrates (Campioli et al., 2011; Granier et
al., 2008; Moreaux et al., 2020). During this phase, beech al-
locates carbon to growth resumption, reproduction, defense
and reserve accumulation, all while sustaining metabolic re-
actions (Barbaroux and Bréda, 2002; Brüggemann et al.,
2011; Hartmann et al., 2020; Luo et al., 2024). Under
such stable (non-extreme) conditions, photosynthesis re-
mains only weakly coupled to short-term environmental fluc-
tuations (Fig. 6, excluding extreme years; Müller-Haubold et
al., 2013).

By contrast, in years with early-summer extremes (2013,
2014, 2018, 2019, 2020), the forest displayed a markedly
different behavior: GPP increased nearly linearly with Rg ,
Tair and VPD within their respective windows (Fig. 6), co-
incident with elevated ecosystem respiration in 2018–2020
and higher canopy conductance in several extreme years,
most notably 2013, 2014 and 2018 (Fig. 7). This behav-
ior contrasts with the commonly reported negative impacts
of climatic extremes on forest productivity, often inferred
from modelling studies or sapling experiments (Deluigi et
al., 2025; Tang et al., 2022), and suggests the activation
of alternative physiological strategies. We outline four non-
exclusive hypotheses and assess their consistency with our
observations.

1. Stomatal regulation and thermoregulation. Stomata dy-
namically coordinate water loss and carbon gain in re-
sponse to radiation, VPD and soil moisture (Hartmann
and Trumbore, 2016; Pantin et al., 2012). When soil
moisture remains available, plants can maintain stom-
atal opening under high VPD to dissipate heat via tran-
spiration, thereby stabilizing leaf temperature and sup-
porting photosynthesis, as part of a strategy called ther-
moregulation (Green, 2024; Guo et al., 2023). At stand
scale, this is reflected in higher canopy conductance
(Fig. 7). While thresholds for thermoregulation are de-
bated (Grossiord et al., 2020; Guo et al., 2023), our data
(elevated gc and IPeak at high VPD) are consistent with
stomata-mediated cooling sustaining carbon uptake in
extreme years.
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2. Enhanced leaf development and structural acclimation.
Higher canopy conductance during extreme years also
points to structural adjustments: increased LAI, altered
SLA, extended leaf development and/or changes in ver-
tical structure or leaf angle.

LAI strongly regulates stand-level carbon and water
fluxes (Bequet et al., 2012; Le Dantec et al., 2000; Meier
and Leuschner, 2008) and can vary substantially inter-
annually in beech (Leuschner et al., 2001), respond-
ing to radiation (Bequet et al., 2011) and temperature
(Deluigi et al., 2025). Previous studies at Hesse (Bar-
baroux and Bréda, 2002; Campioli et al., 2011) and
other stands (Bequet et al., 2011; Bréda and Granier,
1996; Capdevielle-Vargas et al., 2015; Gond et al.,
1999; Öztürk et al., 2015) reported LAI increases into
mid-summer, forming a three-phase growth pattern.
Our results are compatible with late-season LAI expan-
sion triggered by extreme conditions, rather than from
rhythmic shoot development (proposed by Bréda and
Granier, 1996, for oaks but unlikely for single-flushing
species) or development halts (proposed by Bequet et
al., 2011). Mid-season leaf development could also ex-
plain the slower IRise in years with higher IPeak (neg-
ative correlation driven by extreme years, Fig. S4). In-
creased LAI may arise from larger leaf sizes, a trait
commonly observed in warmer/wetter climates (Baird
et al., 2021; Meier and Leuschner, 2008) which thickens
the boundary layer and favors thermoregulation (Baird
et al., 2021; Wright et al., 2017). Nevertheless, litter trap
data show LAI rises do not always imply larger aver-
age leaves (Öztürk et al., 2015), suggesting localized
changes (e.g. sun leaves, see Eschrich et al., 1989), leaf
angle shifts (Yang et al., 2023) or vertical structure ad-
justments (Montpied et al., 2009).

Concurrently, high irradiance and temperature pro-
motes the development of thicker leaves with lower
SLA, increased volume of palisade mesophyll cells
and higher chlorophyll / nitrogen concentrations, all of
which enhance photosynthetic capacity (Davi et al.,
2008; Guidolotti et al., 2013; Koike et al., 2001; Poorter
et al., 2009; Tsukaya, 1995). SLA of beech leaves, in
particular, can be increased mid-season (Poorter et al.,
2012) and shows significant interannual variability at
Hesse (Verbeeck et al., 2008). Stomatal density, which
develops after leaf expansion (Legris, 2023), can also
rise under high light (Aranda et al., 2001; Goisser et
al., 2013; Kim et al., 2005; Montpied et al., 2009) and
contribute to greater gas exchange and thermoregulation
(Uemura et al., 2000).

3. Acquired thermotolerance and temperature acclima-
tion. Elevated temperatures enhance enzymatic activ-
ity and developmental processes, increasing autotrophic
respiration (Hartmann et al., 2020; Leuschner, 2020;

Parent et al., 2010; Sevanto and Dickman, 2015; Sper-
ling et al., 2017; Wright et al., 2017), which accounts
for up to 70 % of total respiratory fluxes (Granier et al.,
2008). Although canopy-scale net photosynthesis typi-
cally declines once thermal optima (15–28 °C) are ex-
ceeded (Gennaretti et al., 2020; Leuschner, 2020), up-
wards shifts in photosynthetic optima may allow beech
to maintain or even enhance carbon uptake during heat
episodes, counteracting the photosynthesis-respiration
imbalance (Deluigi et al., 2025; Grossiord et al., 2020).
This rapid acclimation, called acquired thermotoler-
ance, operates via biochemical and structural adjust-
ments such as membrane stabilization and gene expres-
sion (Kaplan et al., 2004; Penfield, 2008). Our obser-
vations may suggest at least partial thermal acclima-
tion, as Reco rose significantly during extreme years
(Fig. 7), while increased IPeak was observed under high
Tair (Fig. 6).

4. Sink-driven regulation of carbon allocation. Alterna-
tively (and likely concurrently), the GPP increase could
reflect sink-driven demand rather than source limitation.
Even if stem biomass accumulation declines (Table 1),
carbon can be reallocated to NSC storage, fine root de-
velopment or masting. These sinks are critical for long-
term survival and drought resilience, and their impor-
tance tends to increase with age (Brüggemann et al.,
2011; Genet et al., 2010; Guillemot et al., 2015; Pile-
gaard et al., 2011). Masting can consume up to 50 %
of yearly NPP (Leuschner, 2020) and may stimulate
GPP to meet reproductive demands (Genet et al., 2010;
Müller-Haubold et al., 2013; Pilegaard et al., 2011). It is
triggered by interannual temperature contrasts (Lebour-
geois et al., 2019) and may become more frequent with
climate extremes (Scharnweber et al., 2011). Fine roots,
with their high turnover and role in water uptake, can be
prioritized before drought onset (Hartmann et al., 2020),
particularly when facing summer extremes (Satomura et
al., 2006). Fine root growth rate is temperature-sensitive
(Blessing et al., 2015; Delpierre et al., 2016) and typi-
cally peaks in early summer (Epron et al., 1999; Garthen
et al., 2025; Migliavacca et al., 2015). NSC reserves,
composed mainly of starch and sucrose in beech (Keel
and Schädel, 2010), support respiration, osmoregulation
and defense (Hartmann and Trumbore, 2016; Luo et
al., 2024). Their accumulation increases with tree age
(Delpierre et al., 2016; Hartmann et al., 2020; Müller-
Haubold et al., 2013) and repeated drought exposure
(Thomas et al., 2024; Tomasella et al., 2019). These
sink-driven processes may create a feedback loop where
GPP is upregulated to meet internal demands, not exter-
nal growth, although we lack direct site-level measure-
ments of NSC, roots or seed production to support this
hypothesis.
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Taken together, our data most strongly supports a com-
bination of stomatal thermoregulation (Hypothesis 1) and
structural acclimation (Hypothesis 2) as proximate drivers
of high GPP under early-summer extremes. Thermal accli-
mation (Hypothesis 3) and sink-driven regulation (Hypoth-
esis 4) are plausible but less directly evidenced here and
may operate in conjunction with the other mechanisms. The
strong correlation between VPD96–103 and IPeak (Fig. 6),
along with elevated gc and Reco (Fig. 7), likely reflects a
convergence of these processes, enhancing carbon assimila-
tion under high evaporative demand, provided soil water re-
mains available. This same period coincides with heightened
IDrop sensitivity to drought-related variables (VPD92–134
and Rg,92–106, see Fig. 4), pointing to a phenological mis-
match: extreme summers promote anatomical/structural in-
vestment (and high GPP), yet subsequent dryness triggers
stronger mid-season declines (Leuschner, 2020; Meier and
Leuschner, 2008).

These dynamics reinforce the importance of structural ac-
climation and phenological timing in shaping forest produc-
tivity under climate extremes and argue for models that move
beyond stress-centric formulations to incorporate adaptive
responses and internal regulation of carbon allocation.

4.3 Mid-season drought-induced limitation of forest
photosynthesis

Mid-season dynamics are characterized by a shift in GPP
control, with drought-related variables (VPD/REW) emerg-
ing as dominant drivers of IDrop (Fig. 4). To place these re-
sults in context, we briefly outline the general physiological
mechanisms governing drought responses in beech.

Temperate ecosystems typically transition from energy-
limited to water-limited regimes over the GS as soils dry
(Wankmüller et al., 2024). Plants respond by regulating cell
water loss, primarily through reductions in stomatal con-
ductance (Gessler and Zweifel, 2024; Pantin et al., 2012;
Tomasella et al., 2019; Wankmüller et al., 2024), together
with additional physiological and biochemical adjustments
(for an overview, see Leuschner, 2020; Pantin et al., 2012).
Stomatal closure proportionally reduces CO2 assimilation
and leaf surface cooling, thereby leading to photosynthetic
down-regulation during drought (Bréda et al., 2006; Deluigi
et al., 2025; Grossiord et al., 2020; Hesse et al., 2023;
Tomasella et al., 2019; Wankmüller et al., 2024; Yang et al.,
2022).

Beech is relatively drought-sensitive (Ulrich and
Grossiord, 2023) and has experienced growth declines
under repeated droughts in Europe (Tomasella et al., 2019).
At mesic sites such as Hesse, beech behaves anisohydrically
(Hájíčková et al., 2024; Hesse et al., 2023; Leuschner, 2020),
exerting looser stomatal control to drought and relying on
traits such as lower turgor loss point, lower osmotic potential
at full turgor and larger hydraulic safety margins (Ulrich and
Grossiord, 2023). This strategy permits continued carbon

assimilation under mild water limitations, for instance by
alleviating tissue water deficit via osmoregulation (Hartmann
and Trumbore, 2016; Leuschner, 2020). However, beyond
a critical severity, photosynthetic reactions decline sharply
(Sevanto and Dickman, 2015), as observed in drought years
(2003, 2015, 2018, 2019, 2020).

4.3.1 VPD versus soil water availability: site-specific
controls

The mechanisms controlling the threshold triggering GPP
limitation remain uncertain at the ecosystem scale (Grossiord
et al., 2020; Wankmüller et al., 2024). There is an ongoing
debate on the relative importance of both factors, increasing
VPD and decreasing REW, to explain reductions in photo-
synthesis under water stress (e.g. see Liu et al., 2022; Lu et
al., 2022). This debate is complexified by the fact that both
variables co-occur and influence physiological processes in
complex, interrelated ways (Green, 2024; Grossiord et al.,
2020).

At our temperate forest site, VPD emerged as the most
prominent correlate of the GPP decline intensity (Fig. 4),
consistent with evidence that vegetation in mesic environ-
ments exhibits higher stomatal sensitivity to atmospheric de-
mand than to soil water limitation (Green, 2024). Accord-
ing to theoretical frameworks (Wankmüller et al., 2024), this
pattern suggests that, at our site, limiting hydraulic con-
ductances facing drought are more likely to reside within
the plant (roots and/or shoots) than in the soil. Following
Wankmüller et al. (2024), soil water retention capacity can
modulate which driver dominates: coarse-textured soils ex-
hibit steep drops in hydraulic conductivity with small de-
pletions of water content, favoring soil-driven limitations,
whereas more retentive soils buffer edaphic constraints. We
therefore attribute the relative importance of VPD over REW
at Hesse to the good water-holding capacity of the luvisol.
Nevertheless, soil water remains integral to the leaf-to-soil
continuum. Access to deeper water can buffer soil moisture
deficits (Fu et al., 2020; Liang et al., 2024), which may ex-
plain why REW becomes influential later in the season and
gains importance when VPD is statistically accounted for
(Fig. S9; Table S5; data not shown for partial models).

4.3.2 Two critical phases around the GPP drop

Two key periods were most critical for determining IDrop
magnitude: the phase surrounding the onset of the drop
(SOS+92 to SOS+106) and the subsequent week (SOS+107
to SOS+114). The former coincides with peak Tair, dur-
ing which elevated Rg,92–106 jointly drives high VPD and
typically low P due to reduced cloud cover (Table S5).
This increases evaporative demand and potential soil water
use, rapidly triggering stomatal regulation when water/car-
bon fluxes become excessive. Similar high sensitivity to rapid
drought onset during peak GPP has been reported for beech
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(D’Orangeville et al., 2018; Gennaretti et al., 2020), although
rapid flux recovery following precipitation during drought
has also been observed (Arend et al., 2016; Granier et al.,
2007). Our study reconciles these findings by identifying a
second, short period of sensitivity to high VPD (VPD107–114)
following the initial decline: while the first window triggers
stomatal closure and the onset of the drop, the second re-
flects accumulating stress that can be temporarily alleviated
by rainfall, thereby explaining both the strong sensitivity to
drought onset and the rapid recovery observed in previous
studies.

During this latter period, acute short-term atmospheric
drought can lead to major reductions in GPP, as seen in 2003.
This year, the drop occurred earlier, in conjunction with ex-
ceptionally high June temperatures (SOS+39 to SOS+53)
that intensified VPD and accelerated soil moisture consump-
tion (Zhao et al., 2024). This observation is consistent with
temperature-triggered flash drought dynamics (Pendergrass
et al., 2020). On-site observations reported premature leaf
shedding and partial defoliation in August 2003 (Bréda et
al., 2006), a strategy thought to protect hydraulic integrity
at the expense of carbon uptake (Leuschner, 2020). No-
tably, this flash drought did not leave persistent damage at
Hesse (Vicca et al., 2016). In contrast, extreme droughts that
impair hydraulic conductivity and carbon status (Tomasella
et al., 2019) have been associated with beech mortality in
subsequent years (Tomasella et al., 2019; Walthert et al.,
2021). Hydraulic failure and carbon starvation are invoked
as principal mechanisms (Yang et al., 2022). In most cases,
adult beeches operate with ample hydraulic safety margins
and present considerable recovery capacity (Hesse et al.,
2023; Leuschner, 2020; Zang et al., 2014) alongside the
ability to remove embolism and restore hydraulic function
with the formation of new xylem in spring (Hájíčková et
al., 2024). These results suggest site-specific responses to
drought, based on age, climate and/or phenotypic adjust-
ments.

4.3.3 Winter REW and mid-summer sensitivity

During late winter (SOS−70 to SOS−42), lower REW was
associated with greater mid-season GPP declines. Over this
period, IDrop correlated positively with Rg and negatively
with P (Fig. S9; Table S5), consistent with early depletion
of upper-soil water via evaporation and understory uptake
(Granier et al., 1999). The influence of winter REW suggests
a potential reduction in soil water and nutrient reserves avail-
able to buffer against subsequent drought. While higher win-
ter precipitation can promote spring LAI development (Be-
quet et al., 2011), we did not observe such a relationship
at Hesse, likely due to the mild regional climate and gener-
ally sufficient spring soil water. We also considered whether
early increases in respiration (from starch-to-sugar conver-
sion and subsequent use; Brüggemann et al., 2011; Yang et
al., 2022) could explain the pattern; however, this mechanism

would typically produce a positive correlation between IDrop
and Tair, which was not detected here. Nonetheless, these in-
terpretations should be viewed cautiously, given the limited
variability in REW during this window.

4.4 Legacy effects of water limitation

Legacy effects of water limitation on ecosystem fluxes have
often been reported (e.g. Aubinet et al., 2018; Campioli et al.,
2011; Granier et al., 2008), but remain difficult to quantify at
the stand scale (Yu et al., 2022). In contrast, legacy effects
of environmental conditions on beech physiological traits
are comparatively well-documented (Meier and Leuschner,
2008), though uncertainties persist regarding the dominant
drivers and timing at stand level (Delpierre et al., 2016;
Lebourgeois et al., 2019; Legris, 2023; Wankmüller et al.,
2024).

In our dataset, previous-year summer-autumn abundant
precipitation was associated with higher IRise and IPeak
in the following year with overlapping correlation windows
(Fig. 4) that suggest partly shared mechanisms. Considering
beech phenology (Fig. 1), two processes provide a coherent
explanation: (1) reserve formation and hydraulic capacity;
and (2) bud formation and primordia development.

4.4.1 Mechanism 1: Reserve formation and hydraulic
capacity (mid-summer–autumn)

A substantial fraction of assimilated carbon is diverted to
storage pools in late summer and autumn (Blessing et al.,
2015; Campioli et al., 2013; Granier et al., 2008; Kuptz et
al., 2011), especially when stem growth ceases early under
drought (Barbaroux and Bréda, 2002). Toward the end of the
GS, soluble sugars are converted into starch and, together
with minerals, are translocated to permanent tree organs
(Gessler et al., 2017; Perry, 1971), primarily roots (Blessing
et al., 2015) and upper stems (Sperling et al., 2017). These
reserves support maintenance metabolism and root turnover
during winter (Delpierre et al., 2016; Dufrêne et al., 2005;
Hartmann and Trumbore, 2016). In spring, they are mobi-
lized to sustain bud-break, early leaf development, fine root
production and, though less-pronounced in diffuse-porous
beech, xylem formation (Campioli et al., 2011; Delpierre et
al., 2016; Genet et al., 2010; Hartmann et al., 2020; Hart-
mann and Trumbore, 2016; Kuptz et al., 2011).

These sink activities modulate early-season productivity
indices (IRise and IPeak), reflecting key legacy effects from
both previous-year reserve formation and hydraulic capacity.
Our results indicate two pathways which influence these two
processes:

1. Xylem formation. Water availability is a primary de-
terminant of beech growth (Lebourgeois et al., 2019),
with June–July precipitation frequently highlighted
(Leuschner, 2020; Pilegaard et al., 2011; Prislan et al.,
2019). In our data, P95–137 and P57–120 correlate pos-
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itively with remaining biomass growth (Sect. 3.2.2;
3.3.2; Fig. 5a), indicating that wetter summers support
sustained growth and thus reserve accrual. While cor-
relations with Tair occur, these are often secondary to
P (Müller-Haubold et al., 2013; Scharnweber et al.,
2011). In coarse-textured soils, REW can outperform P

(Scharnweber et al., 2011) likely due to hydraulic prop-
erties (cf. Sect. 4.3.1), but this site dependence cautions
against generalization.
Dry summers reduce biomass increment (Hesse et al.,
2023; Leuschner et al., 2001; Yu et al., 2022), as al-
location shifts to NSC storage (Barbaroux and Bréda,
2002) and fine roots (Leuschner et al., 2001) to off-
set increased root mortality and maintain water up-
take (Hartmann et al., 2020). This reduction in growth
not only limits the accumulation of reserves but also
impairs xylem development. In diffuse-porous beech,
previously-formed xylem, with strong contributions
from peripheral rings, is critical for water transport
in spring (Barbaroux and Bréda, 2002). Reduced late-
season growth therefore constrains hydraulic capacity
the following spring, potentially limiting shoot initia-
tion and early development in the subsequent growing
season (Tomasella et al., 2019).

2. Phloem transport. Water stress can impair phloem
function through several pathways (reduced loading,
increased sap viscosity, slower sieve-tube transport),
weakening the coupling of photosynthesis and below-
ground sinks and lowering the net carbon delivery to
storage pools (Blessing et al., 2015; Brüggemann et
al., 2011; Ruehr et al., 2009; Sevanto and Dickman,
2015). As a result, trees increase consumption of ex-
isting reserves, mobilizing stored carbohydrates to sus-
tain metabolic activity, defense and osmotic regulation
(Campioli et al., 2011; Hartmann and Trumbore, 2016).
Prolonged deficits can deplete starch (Yang et al., 2022),
reducing NSC availability for winter maintenance and,
ultimately, spring regrowth (Hesse et al., 2023). Con-
sistent with this, higher P95–137/P57–120 was associated
with smaller IDrop (Sect. 3.2.2; 3.3.2), suggesting a
buffering effect on seasonal stress accumulation.

4.4.2 Mechanism 2: Bud formation, primordia number
and developmental potential (late
spring–mid-summer)

In addition to biomass accumulation, beech trees begin to di-
versify their physiological activities from mid-June onward
(SOS+57, see Fig. 5b). In parallel, bud formation (bud-set)
for the following year begins as early as May (Roloff, 1987)
and proceeds through primordia differentiation (vegetative,
reproductive or compound) (Delpierre et al., 2016; Fox et
al., 2018; Hoch et al., 2013). The number and anatomical
characteristics of these organs are largely determined dur-
ing bud formation (Le Dantec et al., 2000; Uemura et al.,

2000). Summer precipitation strongly regulates early pri-
mordia differentiation, influencing total leaf number (Meier
and Leuschner, 2008) and promoting larger buds (Kukk
and Sõber, 2015). Because cell number determines final or-
gan size (Ma et al., 2025) and depends on meristem size
(Gázquez and Beemster, 2017), water availability during bud
formation directly sets the developmental potential of the
next leaf cohort. In contrast, drought reduces leaf production
(Tomasella et al., 2019) and, when coupled with impaired
vascular connectivity, favors cataphyll formation instead of
leaf primordia (Kukk et al., 2015).

Light also shapes primordia differentiation, particularly
the sun/shade leaf proportion until late July (Eschrich et
al., 1989; Legris, 2023). Sun-leaves have higher photosyn-
thetic capacity (additional palisade layer; Lichtenthaler et
al., 1981) and can increase primordia number (Eschrich et
al., 1989). However, at stand scale, canopy structure con-
strains light, producing a strong vertical gradient in bud de-
velopment (Kukk and Sõber, 2015; Montpied et al., 2009).
In contrast, precipitation exerts interannual control by sup-
porting biomass increment (larger stem and parent-shoot
cross-sectional area), xylem development and hydraulic con-
ductance (Cochard et al., 2005; Kukk and Sõber, 2015),
which together promote larger buds with more primordia
(Alla et al., 2011; Kukk and Sõber, 2015). In line with
this, our analyses highlight previous-year P95–137/P57–120 as
primary drivers of spring–summer productivity, consistent
with light-regulation of within-canopy spatial variability and
precipitation-driven interannual variability mediated by xy-
logenesis and hydraulics.

4.4.3 Short-timescale overlaps and phenological
alignment: divergent pathways for IRise and
IPeak?

Short-scale correlation windows inform on potential diver-
gent pathways for previous-year precipitation influence on
IRise and IPeak.

IRise correlates with previous-year precipitation in three
short-scale windows: (i) early-July (P77–84), (ii) around
peak Tair (P94–115) and (iii) the week after the GPP drop
(P120–134). These overlap with current-year IDrop windows
(cf. Sect. 3.4.2) and exhibit strong connection with biomass-
increment phases in beech (Fig. 5a): (i) approx. 35 % of an-
nual growth in June–early July (Leuschner, 2020), (ii) sharp
declines in late July under water limitation (Campioli et al.,
2011; Prislan et al., 2019) and (iii) extended xylogenesis into
September when water remains available (Campioli et al.,
2011; Noyer et al., 2023). In contrast, IPeak exhibits a strong
dependency on a narrow previous-year window (P56–63) cen-
tered on the summer solstice, which coincides with the av-
erage onset of bud formation in beech stands (Urban et al.,
2014). Early-season water deficits at (or just before) bud-
set can reduce leaf primordia number, lower individual leaf
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area and ultimately decrease LAI (Le Dantec et al., 2000;
Leuschner, 2020).

Timing of short-scale windows suggests that previous-year
precipitation impacts IRise primarily via reserve formation
and xylogenesis, whereas IPeak is more directly affected by
water availability during bud-set. Our results may highlight a
critical 1 week window (SOS+56 to SOS+63) at the onset of
bud development during which precipitation exerts a strong
influence. Nevertheless, IRise and IPeak likely integrate both
physiological processes to varying degrees, not only because
they occur in overlapping developmental phases, but also be-
cause they are functionally interdependent: primary meris-
tematic growth, which determines bud size and the number of
leaf primordia, depends on secondary cambial activity, which
in turn governs the anatomical structure and hydraulic effi-
ciency of the sap pathways supplying the buds (Alla et al.,
2011; Cochard et al., 2005).

4.5 Structural and disturbance effects on GPP
indicators

4.5.1 Thinning effects

At Hesse, thinning events had limited effects on annual fluxes
(GPP, Reco, NEE) and on indicators. This stability is consis-
tent with reported compensatory mechanisms, including in-
creased understory vegetation assimilation and reduced au-
totrophic respiration, that buffer ecosystem-level changes af-
ter canopy disturbance (Granier et al., 2008; Vesala et al.,
2005).

A thinning effect on IPeak became apparent only after ex-
cluding extreme summers. The largest response occurred in
2005, the most severe intervention (Table 1), whereas 1999,
2010 and 2016 exhibited minimal to no effect, in line with
Gea-Izquierdo and Sánchez-González (2022). This contrast
highlights the role of thinning intensity: severe thinning leads
to a substantial reduction in photosynthetic surface that out-
weighs potential gains in light availability for shade-leaves
and reduced competition, resulting in a net decrease in stand-
level productivity. In contrast, lighter interventions induce
only minor structural changes, which have limited impact
on ecosystem-scale GPP. Rapid canopy recovery and leaf ac-
climation further dampen any transient increase, explaining
why thinning rarely produces lasting gains in IPeak at the
ecosystem scale (Bequet et al., 2011; Cochard et al., 2005;
Granier et al., 2008). The contrast between 2005 and other
thinning years aligns with differences in intensity and in the
dominance/biomass share of removed trees (Table 1), both of
which modulate how stand-level capacity responds.

Thinning effects on IDrop were detectable only when
years with severe drops were removed but remained inconsis-
tent across thinning years (Fig. 3). This variability indicates
that mid-season GPP declines are primarily controlled by at-
mospheric and hydrological drivers (VPD,Rg , REW; Fig. 4),
while thinning acts indirectly as a context-dependent modu-

lator, by modifying microclimatic conditions (light environ-
ment, temperature, soil moisture) and aerodynamic coupling
(Hartmann et al., 2020; Vesala et al., 2005).

Overall, thinning effects on fluxes and indicators at Hesse
were modest and transient. While thinning alters stand struc-
ture and resource distribution, its ecosystem-scale influence
is buffered by rapid physiological and structural adjustments,
and overshadowed by climatic variability (Aslan et al., 2024;
Schulze et al., 2022). Given the limited number of interven-
tions and the strong interannual climatic forcing, these con-
clusions should be viewed considering restricted statistical
power.

4.5.2 Structural changes and forest maturation

Over the study period, the stand evolved from approximately
30 to 55 years old, potentially affecting canopy structure and
carbon uptake dynamics. Such ontogenetic changes may in-
fluence both early-season development and peak productivity
through mechanisms such as increased self-shading, changes
in leaf area distribution, and shifts in carbon allocation pat-
terns (Genet et al., 2010).

However, several elements indicate that long-term struc-
tural changes alone do not explain the observed variability
in GPP indicators. First, available data show no clear long-
term increase in leaf area index, suggesting that canopy clo-
sure was already largely achieved early in the record. Sec-
ond, biomass increment decreased after 2013, indicating that
the stand had reached a mature phase rather than undergo-
ing continuous growth (Granier et al., 2008). Most impor-
tantly, when extreme-summer years are excluded, temporal
trends in both IRise and IPeak become non-significant, in-
dicating that the apparent long-term patterns are primarily
driven by interannual variability rather than gradual stand de-
velopment.

Changes in phenology may also contribute to the observed
patterns. In particular, the advancement of the SOS increases
the duration available to reach peak GPP, effectively reducing
the apparent rate of increase captured by IRise (Bitton et al.,
2026). This mechanism may also contribute to the negative
relationship between IRise and IPeak, as earlier SOS extends
the buildup phase (lower IRise), allowing greater cumula-
tive photosynthetic activity around the seasonal peak (higher
IPeak).

While structural and ontogenetic processes may contribute
to these relationships, our results indicate that their influence
is secondary compared to that of climatic variability, partic-
ularly extreme-summer conditions. Disentangling these ef-
fects remains challenging in long-term observational studies
and is therefore acknowledged as a limitation of the present
analysis.
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4.6 Limitations

Despite the robustness of the identified relationships, several
limitations should be acknowledged.

First, the large number of tested correlations raises the
issue of multiple comparisons. Because time windows are
highly interdependent, classical correction methods (e.g.
Bonferroni or FDR) are difficult to apply meaningfully. Our
approach therefore relies on the identification of spatially co-
herent patterns in correlograms rather than isolated signif-
icant values. Because of the exploratory and pattern-based
nature of the analysis, results should be interpreted as iden-
tifying robust relationships rather than testing independent
hypotheses and may still be affected by residual multiple-
testing biases.

Second, the effective sample size is reduced in subset anal-
yses (e.g. after excluding thinning and extreme years), which
limits statistical power. Although sensitivity analyses con-
firmed the robustness of key relationships, uncertainty re-
mains higher for short time windows and restricted datasets,
highlighting the importance of long-term observations.

Third, the site is dominated by beech, but contributions
from other species within the flux footprint cannot be fully
excluded. While no clear shifts in species-driven canopy dy-
namics were observed over the study period, with thinning
representing the main driver of structural and compositional
changes, species-specific differences in phenology or phys-
iology may still introduce additional variability, particularly
during the early growing season.

Fourth, structural and ontogenetic changes may influence
GPP dynamics over multi-decadal timescales. While our
analyses suggest that interannual climatic variability domi-
nates the observed patterns, disentangling these effects from
gradual stand development remains challenging in observa-
tional studies.

Fifth, legacy effects were investigated only over a one-year
lag. Longer-term legacy effects may exist but could not be
robustly assessed given the limited sample size and therefore
remain an open question.

Sixth, our approach assumes that phenological timing rel-
ative to the start of season (SOS) is broadly consistent across
years. Deviations from this assumption may affect the align-
ment between environmental drivers and GPP responses.

Finally, uncertainties associated with flux partitioning (e.g.
estimation of ecosystem respiration) may influence GPP es-
timates. While these uncertainties may impact absolute flux
values, their influence on the integrated temporal patterns ex-
amined here is expected to be limited, as the indicators are
derived over multi-day to seasonal timescales, which reduces
the impact of short-term errors.

5 Conclusions

This 24-year analysis reveals that temperate forests do not
respond to climate forcing as uniform carbon-absorbing sys-
tems, but as seasonally structured, physiology-driven organ-
isms whose behavior cannot be captured through annual bud-
gets alone. By introducing three indicators (IRise, IPeak and
IDrop), we show that the seasonal architecture of GPP car-
ries essential information about forest function, vulnerabil-
ity and resilience that remain invisible at coarser temporal
scales. Four central insights emerge:

– Seasonal GPP phases are shaped by different en-
vironmental and physiological controls. Early-season
growth (IRise) emerges from the interaction between
reserves, leaf development and light–temperature con-
straints; peak productivity (IPeak) reflects canopy struc-
tural traits and developmental constraints encoded in
bud formation the previous year; and mid-summer de-
cline (IDrop) is governed overwhelmingly by atmo-
spheric demand, with soil moisture playing a secondary
and delayed role. Thus, the carbon cycle of a maturing
beech forest is not a simple response to climate forc-
ing, but the outcome of timing, memory and structural
investment across seasons.

– Previous-year precipitation exerts strong legacy effects,
especially a critical 1 week window. Summer–autumn
precipitation exerts a measurable imprint on next-year
productivity through two interwoven pathways: (i) late-
season reserve formation and xylogenesis and (ii) the
developmental potential of buds and primordia. These
legacy effects influence both IRise and IPeak, shifting
the forest’s trajectory long before the next growing sea-
son begins. Most strikingly, a 1 week precipitation win-
dow (P56–63) around the onset of bud-set exhibits the
strongest correlation with IPeak, highlighting a short
developmental bottleneck during which water availabil-
ity disproportionately affects next-year canopy capacity.
This provides evidence that temperate deciduous forests
carry physiological memory, modulating how they cap-
italize on favorable conditions or absorb climatic stress.

– Extreme summers can temporarily amplify peak GPP
rather than suppress it. Extreme summers, typically as-
sumed to reduce productivity, can sometimes produce
exceptionally high peak GPP when atmospheric de-
mand rises but soil moisture remains sufficient. This
behavior points to a suite of active acclimation mecha-
nisms (thermotolerance, stomatal regulation, structural
adjustments) that enable beech to transiently with-
stand heat but may heighten sensitivity to subsequent
drought in the season. Understanding this balance be-
tween short-term resilience and longer-term vulnerabil-
ity is essential as climatic extremes intensify.
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– Mid-season GPP decline is controlled primarily by
VPD, with two critical windows that govern drop onset
and intensity. Rather than responding gradually to soil
drying, beech GPP declines steeply from brief surges
in atmospheric demand (VPD) that occur within two
short windows bracketing the drop. A pre-drop on-
set VPD build-up (due to elevated Rg,92–106) initiates
stress, and a post-drop onset VPD spike (VPD107–114)
deepens the decline once stomatal regulation is en-
gaged. Flash-droughts occur when both windows align
with unusually warm early summers, demonstrating that
brief surges in atmospheric demand (and not long-term
soil depletion) dictate the timing and magnitude of mid-
season productivity loss.

Together, these findings demonstrate that forest carbon dy-
namics must be understood through the lens of seasonal
physiology, not annual summaries. Beech GPP is shaped
by phenological stage, legacy effects, structural development
and atmospheric demand, each acting within brief but critical
timeframes. These insights provide a mechanistic foundation
for improving seasonal carbon-cycle models and anticipating
forest responses to increasingly irregular climate regimes.

6 Future research

Building on the insights from this long-term study, we pro-
pose three research priorities to advance forest ecophysiol-
ogy:

– Process-based integration of carbon dynamics and phe-
nology. Future work should link seasonal carbon ex-
change indicators (like IRise, IPeak and IDrop) to di-
rect physiological measurements of NSC mobilization,
bud development, canopy structure and hydraulic func-
tion. Trait-based frameworks that connect leaf-level de-
velopment with stand-level productivity are essential to
understand how phenological shifts (e.g., earlier SOS)
alter seasonal carbon allocation, canopy formation and
ecosystem productivity.

– Quantification of long-term drought impacts and legacy
pathways. The strong influence of previous-year pre-
cipitation on current-year productivity emphasizes the
need to quantify multi-year drought legacy effects. This
includes characterizing temporal trajectories of NSC
pools, xylem recovery, bud viability and fine-root dy-
namics, as well as identifying the conditions under
which these legacy mechanisms constrain or enhance
future carbon uptake, especially during reserve forma-
tion and bud-set.

– Develop adaptive models and monitoring systems for
climate extremes. Atypical GPP increases observed dur-
ing extreme summers suggest active acclimation mech-
anisms that current models rarely represent. Future

modelling efforts should incorporate trait plasticity and
internal regulation processes (e.g., thermal acclimation,
stomatal regulation under high VPD, structural adjust-
ments). Expanded long-term monitoring of hydraulic
traits, canopy structure and carbon allocation to sinks
would further improve predictions of forest responses
and recovery to climate extremes.
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