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Abstract. Drought-induced early leaf senescence is increasingly widespread in temperate forests, yet the thresholds
10 triggering this response and whether it reflects adaptive drought avoidance or progressive stress remain poorly constrained.
Combining six years (2018-2023) of Sentinel-2 observations with atmospheric and soil drought indicators and canopy
mortality maps across German beech (Fagus sylvatica) and oak (Quercus robur, Q. petraea) forests, we show that early
senescence emerges once cumulative drought stress exceeds species-specific hydraulic thresholds. Sustained atmospheric
vapour pressure deficit (VPD) followed by late-summer soil water depletion sharply increases senescence probability, with
15 critical thresholds occurring after six consecutive weeks of daily maximum VPD above 1.9 kPa in beech and 2.1 kPa in oak,
and after two weeks of root-zone soil water potential (ysoi1) below —0.8 MPa (beech) and —0.9 MPa (oak). Sensitivity differs
between forest types: beech-dominated stands respond more strongly to soil drought, whereas oak stands are more sensitive
to atmospheric drought. Elevated spring VPD further amplifies early senescence risk in both species, pointing to cross-
seasonal legacy effects in canopy stress responses. Critically, early senescence — and particularly its recurrence across
20 consecutive years — is associated with significantly elevated canopy mortality, indicating progressive hydraulic stress rather
than protective drought avoidance. Clustering forests by senescence dynamics and mortality outcomes reveals distinct
drought-response types ranging from resistant stands buffered by favourable soil and climate conditions to vulnerable
lowland forests with elevated mortality risk. Together, these results establish early leaf senescence as a landscape-scale
indicator of drought stress severity and emerging mortality risk, providing a new framework for identifying forest

25  vulnerability under intensifying climate extremes.

1 Introduction

Recent hot droughts have exposed European temperate forests to exceptional stress, with the 2018-2022 sequence reaching
unprecedented levels of drought intensity, persistence, and spatial extent across the continent (Bevacqua et al., 2024;
Rakovec et al., 2022). These conditions led to widespread declines in forest health, particularly in Central Europe (George et
30 al, 2022; Knutzen et al., 2025; Schuldt et al., 2020). One of the earliest and most widespread responses was premature leaf

coloration and shedding in deciduous forests during the summer of 2018, in some areas starting as early as late July (Buras et
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al., 2020; Obladen et al., 2021; Schuldt et al., 2020). Early leaf senescence affected an estimated 11% of Central European
forests that year (Brun et al., 2020) and recurred during subsequent drought summers (Descals et al., 2023). Such shifts in
leaf phenology can profoundly impact ecosystem processes by altering the timing and magnitude of carbon, water, and

35 nutrient fluxes (Piao et al., 2019; Richardson et al., 2013). Yet, the drought conditions triggering this response, the
physiological thresholds involved, and its implications for forest resilience remain poorly constrained, posing a key
challenge in predicting ecosystem responses to climate extremes.

While recent studies have established that drought drives senescence advancement globally (Ma et al., 2024; Yan et al.,
2025; Zhang et al., 2025), their coarse spatial resolution and reliance on broad climate indices limit the identification of

40 species-specific drought thresholds governing early canopy decline across different forest types. This is critical because
senescence responses vary substantially across species, sites, and years (Bigler & Vitasse, 2021; Bréda et al., 2006;
Leuzinger et al., 2005; Zuccarini et al., 2023), indicating that early senescence is driven by physiological stress thresholds
that differ across species. For instance, drought-induced leaf shedding is well documented in European beech (Bréda et al.,
2006; Leuschner, 2020), whereas responses of temperate oaks are more variable, depending on drought intensity, timing, and

45  re-watering (Glinthardt-Goerg et al., 2013; SpieB et al., 2012; Vander Mijnsbrugge et al., 2016). Forest composition and
structure, soil properties, and terrain further modulate senescence responses at the regional scale (Brun et al., 2020; Meier et
al., 2021). For beech, critical soil water potential thresholds triggering leaf shedding have been identified at the stand scale
(Walthert et al., 2021), but comparable hydraulic thresholds remain lacking for oak and have not been quantified at
landscape scale for either species.

50 Mechanistically, drought-induced early senescence may reflect either an adaptive response — limiting water loss and
protecting the hydraulic system from embolism at the cost of reduced carbon assimilation (Nadal-Sala et al., 2021; Quetin et
al., 2026; Wolfe et al., 2016) — or a symptom of cumulative damage, including xylem embolism or heat-induced tissue injury
(Scafaro et al., 2021; Walthert et al., 2021). Following the 2003 drought, early senescence in beech was not associated with
crown deterioration (Bréda et al., 2006), suggesting a protective response. However, more recent evidence indicates that

55 early senescence is increasingly associated with lasting hydraulic damage. Although measurements of nutrient dynamics in
prematurely senescing leaves suggest a controlled physiological process that may initially function as a protective response
(Schuldt et al., 2020), legacy effects following the 2018 drought included increased crown dieback and lagged tree mortality
in early senescing beech, which has been linked to persistent xylem embolism limiting water supply in the following year
(Arend et al., 2022; Frei et al., 2022; Walthert et al., 2021). If hydraulic function remains impaired or trees with reduced leaf

60 area cannot maintain a positive carbon balance, a steady decline of tree vigour can be expected particularly under recurrent
droughts (Hajickova et al., 2024; Salmon et al., 2015). Resolving whether early senescence primarily reflects drought
avoidance or progressive damage is therefore essential for predicting forest resilience and mortality risk.

Recent advances in high-resolution spatial datasets now enable addressing these questions at landscape scale. Sentinel-2 time
series allow spatially continuous monitoring of canopy phenology across the 2018-2022 drought sequence in Central

65 Europe, while recently available high-resolution tree species maps and mortality datasets enable species-specific analyses of

2
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forest canopy responses. Here, we combine satellite-derived observations of leaf senescence with atmospheric and soil
drought indicators to quantify the drivers and consequences of early leaf senescence in temperate forests. We focus on
deciduous forests across Germany, which were among the most severely affected by the 2018-2022 drought sequence, and
on two dominant tree species with contrasting hydraulic strategies: European beech (Fagus sylvatica) and oak (Quercus
70  robur, Q. petraea). We identify species-specific drought thresholds governing the emergence of premature canopy
senescence, assess whether early senescence is linked to increased canopy mortality, and characterise spatial patterns of
drought vulnerability across these forests. By linking satellite-observed phenology to physiologically meaningful drought
indicators and mortality outcomes, this study establishes early leaf senescence as a landscape-scale indicator of cumulative
drought stress and emerging mortality risk, and provides a new framework for monitoring and anticipating forest

75  vulnerability under future climate extremes.

2 Methods
2.1 Satellite-based mapping of senescence onset
2.1.1 Sentinel-2 time series processing

We used Level 2 Analysis Ready Data (ARD) from Sentinel-2 at 10 m resolution covering Germany for the years 2018—
80 2023, available via the EO-Lab platform (https://eo-lab.org/). The ARD were generated using the FORCE software (Frantz,
2019), and included cloud and cloud shadow masking, atmospheric, topographic, and additional radiometric corrections, and
finally data cubing. Quality Assurance Information (QAI) flags generated by the FORCE Level-2 processing system were
used to remove pixels with snow, frozen conditions, or affected by sensor saturation. For further analysis, we included only
10 m pixels classified as dominated by either European beech or oak species (Quercus robur and Quercus petraea, available
85 only in a combined Quercus class) according to a national 10 m tree species map (Blickensdorfer et al., 2024), and with
>70% canopy cover according to the Copernicus tree cover density product (Copernicus, 2024), to minimize the influence of
understory vegetation on the spectral signal.
Using the FORCE time series analysis module (Frantz, 2020b), we computed four vegetation indices (VIs) — three red-edge-
based VIs and the NDVI (Table S1) — as candidate VIs for estimating senescence onset (SO). Outliers in the time series were
90 removed via residual-based filtering with linear interpolation of observation triplets (Frantz, 2020a). The filtered time series
were interpolated using a Radial Basis Function (RBF) filter with three different kernel widths to generate weighted moving
window averages based on local data availability (Schwieder et al., 2016), resulting in a daily time series. Residual noise was
further reduced by fitting piecewise cubic splines that capture seasonal dynamics.
SO was estimated from the smoothed VI time series as the day of year (DoY) when the signal dropped below different
95 candidate seasonal amplitude thresholds (90%, 85%, 80%, 75%, 70%) after the summer maximum. Forest areas affected by
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disturbance events (fires, windthrows, bark beetle outbreaks, salvage logging) were excluded for the affected year using the

European Forest Disturbance Atlas (Viana-Soto & Senf, 2025).

2.1.2 Validation against ground observations

We compared satellite-derived SO estimates to plot-level phenological observations for beech and oak on ICP Forests Level
100 1II plots (Fleck et al., 2016). For this, we extracted mean SO values from Sentinel-2 pixels classified as beech- or oak-
dominated and spatially overlapping the plots (assumed area: 0.25 ha, the minimum requirement for Level II plots) and
correlated these with field-recorded dates for coloration and litterfall onset. We used different spatial aggregation levels for
the remotely sensed SO estimates to reduce noise in pixel-level time series and to evaluate scale effects on the agreement
between satellite-based estimates and observations. In total, 20 ICP Forests plots were included, however, incomplete
105 phenological records resulted in averages of 11 beech and four oak plot observations per year (Figure S1). Field observations
refer to the first occurrence of ‘infrequent or slight’ canopy coloration or litterfall (1-33% of the canopy affected; Raspe et
al., 2020a), estimated from plot-level canopy assessments. We focused on this early phenological stage rather than later ones
to capture the initial effects of drought on canopy phenology. We then selected the VI and amplitude threshold that
minimized the RMSE between satellite-derived and field-recorded SO across all years, sites, species, and spatial aggregation
110 levels. Satellite-derived SO showed moderate agreement with field observations of leaf coloration and litterfall onset, with
correlations of =0.43 and 7=0.34 at the finest aggregation scale (50x50 m; minimum ICP Forests plot size), respectively.
Among the tested indices and thresholds, the normalized difference red-edge index (NDRE) using an 80 % seasonal
amplitude threshold consistently produced the closest correspondence with field observations across different aggregation
scales (Figure S2), and was therefore used to derive annual senescence maps for subsequent analyses. Spatial aggregation
115 improved the agreement with field observations by reducing pixel-level noise from data gaps, residual atmospheric effects,
geolocation uncertainty, and small-scale canopy heterogeneity, but also reduced variability in the satellite-derived SO
estimates due to signal averaging. Alternative approaches, including derivative-based estimation of SO (cf. Misra et al.,
2016) or using later phenological categories (‘common or moderate’; 33-66% of the canopy affected), were also tested but
did not improve agreement (Figure S3). Despite some underestimation of very early senescence events, the satellite-derived
120 SO captured the overall variability in canopy senescence across beech- and oak-dominated forests (Figures S1-S2). The

comparison with field data is further discussed in Supplementary Note 1.

2.1.3 Early senescence definition and map preparation

We defined early senescence onset (SOearly) as occurring before DoY 244 (1 September in normal years, 31 August in leap
years), consistent with previous studies (e.g. Descals et al., 2023), and classified later dates as normal senescence onset
125 (SOrormal). We also explored an anomaly-based definition of early leaf senescence similar to Bigler & Vitasse (2021),
comparing each pixel’s SO in a given year to its multi-year mean. However, due to missing SO estimates for some pixels in

certain years — caused by data gaps exceeding the interpolation window — and the overall short time series, we chose the

4
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fixed-threshold approach. Analysis of long-term ICP Forests observations indicates that early senescence occurs episodically
rather than systematically at specific sites (Figure S4), supporting the use of a fixed threshold to identify early senescence
130 events as deviations from normal phenological timing.
SO maps at 10 m resolution were used to quantify the forest area affected by early senescence for each species and year. The
overall analysed forest area was 22,462 km? for beech and 12,537 km? for oak. For subsequent analyses involving climate
and soil variables, we aggregated the 10 m SO maps to 1 km resolution to match the spatial resolution of these covariates.
This was done by averaging the SO values of beech- or oak-dominated forest pixels within each 1x1 km grid cell. To ensure
135 representativeness and signal quality, we only computed species-specific averages for cells in which the respective forest
type (beech or oak) covered >10% of the area, thereby limiting the influence of isolated and potentially noisy pixels. This
criterion retained on average 82.2% (18,466 km?) of the total beech forest area, and 60.6% (7,602 km?) of the total oak forest
area. This subset of pixels still spans the main environmental gradients across Germany and provides a sufficient sample size
(n=65,548 for beech, n=36,843 for oak) for robust statistical inference. Figure S5 visualizes the distribution of the number of
140  species-specific 10 m pixels within these upscaled 1 km pixels. SOcarty at the 1 km scale was defined based on the aggregated

mean DoY before 244.

2.2 Atmospheric and soil drought data

We calculated hourly vapor pressure deficit (VPD) for April-August from 2018-2023 using the German Weather Service’s
gridded HOSTRADA dataset, which provides near-surface air and dew point temperatures at 1 km resolution based on
145  interpolated station data (DWD, 2024). We extracted daily maximum VPD values (VPDnmax), which typically occur in the
early afternoon and are more indicative of drought stress experienced by plants than daily means, because stomatal
regulation and hydraulic stress responses are strongest under the highest VPD conditions of the day (Grossiord et al., 2020).
Soil water potential (ysi1) under beech and oak forests for 2018-2023 was also obtained from the German Weather Service
as 8-day averages at 1 km resolution (P. Schmidt-Walter, personal communication, April 2025). This data was generated
150 with the hydrological model LWF-Brook90 (Hammel & Kennel, 2001; Schmidt-Walter et al., 2020). LWF-Brook90
estimates soil water potential and moisture dynamics within the species-specific rooting (1.4 m for beech, 1.8 m for oak)

using parameters based on Schmidt-Walter et al. (2019) and Weis et al. (2023).

2.3 Statistical modelling of senescence responses

We used logistic regression to assess the influence of atmospheric and soil drought stress on senescence onset, treating the
155 outcome as binary variable: 0 for SOnormat and 1 for SOcarty. This approach was chosen for its simplicity, robustness, and
ability to estimate probabilities of early senescence while providing interpretable coefficients. All models were run

separately for beech and oak forests using data from all years.
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160  2.3.1 Univariate models

First, we fitted univariate models using either VPDpax Or Wsoit as predictors. As we assumed that SOy occurs after a period
of cumulative drought stress, we evaluated multiple averaging periods for both VPDuax and ysoi. These periods extended
from mid- to late August (the month with highest frequency of SOcaty) in biweekly time steps back to 1 April, the
approximate start of the growing season. We selected the optimal averaging period for each predictor based on the highest
165 Fl-score (harmonic mean of precision and recall) from logistic regression models using 5-fold cross-validation with random
splits. To address class imbalance resulting from a substantially lower number of occurrences of SOearty (~13%) compared to
SOrnormat (~87%), we applied weighting by inverse class frequencies during model fitting. Thresholds for drought stress
triggering early senescence were derived from the logistic regression probability scores, with the 50% probability level

defining the threshold.

170  2.3.2 Bivariate models

We fitted bivariate models using both VPDp.x and i as predictors to assess the relative contributions of atmospheric and
soil drought stress to SOcary. Prior to modelling, predictors were standardized to zero mean and unit variance to allow direct
comparison of effect sizes. The coefficients were derived across five random cross-validation splits and represent the change
in the log-odds (log (p/(1 — p)), with p=probability of SOeariy) 0f SOearty per standard deviation increase in the predictor.
175 Positive coefficients indicate that the likelihood of early senescence increases with the predictor, while absolute values
reflect the contribution of each predictor to SOcarty.
We also explored bivariate models combining the most predictive averaging periods from summer and spring to evaluate the
relative influence of drought at different seasonal stages. Interaction terms between predictors were tested for all bivariate
models, but were retained only when they improved model performance (F1-score). To account for potential site-specific
180 adaptation of trees to local conditions, we additionally tested models using standardized anomalies (z-scores) for both

VPDax and il for the respective averaging periods, computed based on data for 2010-2023.

2.4 Senescence—mortality relationships

To assess the relationship between early leaf senescence and subsequent canopy mortality, we used the cover fraction of
standing deadwood in the tree canopy for Germany from 2018-2021 (Schiefer et al., 2025) derived from high-resolution
185 UAYV imagery combined with Sentinel-1 and Sentinel-2 data. Since our focus was on increases in canopy mortality following
early leaf senescence, we calculated year-to-year differences in deadwood cover and retained only positive changes.
Negative changes could be related to both removal of dying trees or canopy regrowth and were thus neglected. We then
aggregated the mortality increase maps to 1 km resolution by averaging across pixels within the respective forest types. We
compared the distributions of mortality increase for forest pixels having experienced normal, early (for this analysis defined

190 as SO between 15-31 August) or very early senescence (before 15 August) in the preceding year. Differences in median
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mortality increases between these groups were assessed using two-sided Mann—Whitney U tests. To evaluate the effect of
repeated early senescence events on canopy mortality, we also compared forest pixels with no, single, or multiple

occurrences of early leaf senescence in preceding years.

2.5 Drought vulnerability classification

195 Based on the previous analyses, we classified beech and oak forest pixels into different drought response types according to
senescence timing, drought sensitivity, and mortality patterns. We therefore applied K-means clustering to eight variables:
mean SO, SO variability, SO.any frequency, next-year mortality increase, and correlations of SO with VPDpax and ysoit in
spring and summer. These variables describe whether a forest pixel tends to senesce earlier or later, its interannual
variability, responsiveness to atmospheric and soil drought stress, and vulnerability to drought-induced damage. The optimal

200 number of clusters (k=3) was selected based on the inertia criterion (within-cluster sum of squares) while maintaining
interpretability. To characterize and interpret the identified drought response types, we examined their associations with a
range of stand, climatic, and edaphic variables. These included canopy cover, height, and height variability (as proxies for
stand structure); leaf maturation date (VI reaches 80% of the annual amplitude in spring); seasonal and annual averages
(calculated across all years) of temperature, climatic water balance (CWB), VPD, vy at multiple depths (0-50, 0-100, 0—

205 150 cm) and relative extractable water (REW) in the root zone; soil depth, texture (sand, silt, clay fractions), and bulk
density; and topography (elevation, slope, exposition). All datasets were harmonized to 1 km resolution by upscaling higher-
resolution datasets using spatial averaging, and stand metrics were computed separately for beech- and oak-dominated
forests. Data sources are listed in Table S2. To reduce redundancy and focus on the most informative variables, highly
correlated environmental variables were grouped via hierarchical clustering, and only the variable with the highest mutual

210 information with the drought response types was retained from each group.

3 Results
3.1 Early senescence during the 2018-2023 period

Satellite observations revealed widespread occurrences of early leaf senescence across Germany’s deciduous forests during
the recent drought sequence (Figure 1). Early senescence affected 42.9 % of the analysed forest area in 2018, and remained
215 substantial in 2019 (22.8 %) and 2022 (20.1 %), while it was less common in 2020 and 2021, and rare in 2023. Spatial
patterns of early senescence varied among years, with the most extensive signals in 2018 occurring across large parts of
central Germany, and shifting regional hotspots in subsequent years — including north-eastern regions in 2019, central-
western regions in 2020, and more spatially fragmented occurrences in 2022. While the absolute area affected was
consistently larger in beech forests (2018: 8,769 km?) than in oak (2018: 5,048 km?), both forest types were affected in
220 similar proportions each year, indicating that drought exposure drove canopy stress broadly across species. Across the full

study period, both forest types showed similar cumulative exposure and recurrence patterns: approximately 38.6% of forests

7
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never experienced early senescence, while 31.4% were affected once, 18.2% twice, and 11.8% three or more times,
corresponding to 61.4% of forest area affected at least once. These patterns demonstrate that early senescence was a
widespread and recurrent response to drought across Central European deciduous forests during the 2018-2023 period. To
225 understand the environmental conditions underlying this response, we next quantified the cumulative atmospheric and soil

drought conditions associated with its occurrence.
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Figure 1: Spatial patterns of senescence onset (SO) in beech- and oak-dominated forests across Germany (2018-2023) at 1 km resolution.
230  Colors represent the mean SO of all species-specific 10 m pixels within each grid cell. Red indicates early senescence onset (SOearly),
defined as occurring before day-of-year 244, i.e., 1 September in non-leap years. Bar plots show the proportion of forest area exhibiting
SOearly for beech (light green) and oak (dark green). Hatched bars distinguish very early senescence (before 15 August) from later SOearly

events.

3.2 Cumulative drought stress triggers early senescence

235  Early leaf senescence (SOcarly) Was associated with cumulative atmospheric and soil drought conditions — captured by daily
maximum atmospheric vapour pressure deficit (VPDmax) and root-zone soil water potential (i) — in both forest types. To
identify the drought integration windows most predictive of SOearly, We evaluated logistic regression models across different
candidate time periods (Figure 2a-b, Table S3). The most predictive atmospheric drought window was the six-week period
from early July to mid-August, whereas the soil drought window was shorter and covered the second half of August.

240 The probability of SO.any increased sharply once drought stress in the identified time periods exceeded species-specific
thresholds (Figure 2c-d). For beech forests, the 50% probability threshold was crossed when VPDpax summer €xceeded 1.89
kPa over the six-week period (1 July—15 August) or when Ysoilsummer dropped below -0.81 MPa in the following two-week
period (15-30 August). In oak forests, the corresponding thresholds occurred at a VPDiyax summer 0f 2.06 kPa and a Wsoil, summer

8
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of —0.93 MPa. Although model performance was moderate (F1 =~ 0.55-0.57), predictive skill substantially exceeded that of a

245 random baseline, indicating that cumulative drought conditions capture the dominant drivers of early senescence at
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Figure 2: Atmospheric and soil drought effects on early leaf senescence (SOecarly). a-b) Performance (F1-score) of univariate logistic
250  regression models predicting SOeary across candidate accumulation periods for atmospheric (VPDmax) and soil drought (Wsoi). c-d)
Modelled probability of SOeary for the most predictive accumulation periods (1 Jul-15 Aug for VPDmax; 15-30 Aug for ysoit) in beech and
oak. Vertical dotted lines indicate species-specific threshold values at which the predicted probability of SOearly reaches 50%. Root-zone

soil water potential (ysoil) was integrated over 1.4 m for beech and 1.8 m for oak forests.

3.3 Species-specific drought sensitivities

255 The relative importance of atmospheric and soil drought differed between species. Bivariate logistic regression models
revealed that in beech forests, SOcar1y Was more strongly associated with declining soil water potential (Wsoilsummer), Whereas
atmospheric drought (VPDpaxsummer) €xerted a stronger influence in oak forests (Figure 3a). Distributions of Wsoil,summer

support this pattern, showing a clearer separation between early and normal senescing forests in beech than in oak, despite
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generally lower Wil summer in 0ak (Figure 3g). Meanwhile, VPDpaysummer reveals stronger atmospheric dryness in early

260 senescing oak forests compared to beech

(Figure 3e).

Including spring drought conditions in the models indicated that SOcay Was driven by drought stress accumulating across

multiple seasonal stages. The most predictive spring windows were — similar to the summer periods — six weeks for

VPDaxspring (15 Apr—30 May), and two weeks for Wsoilspring (15-30 May) (Table S4). In particular, elevated atmospheric

demand during spring increased the likelihood of SOcary later in the growing season (Figure 3b, f), while early-season soil

265

water potential was still near-zero and contributed little to predicting SOcarty (Figure 3c, h). Models combining spring

VPDax spring With Wsoil.summer Showed that beech remained more sensitive to summer soil drought, while oak showed stronger

responses to spring atmospheric drought (Figure 3d). Analyses that used standardised anomalies of the drought indicators as

predictors showed similar patterns, but generally increased the importance of Wsoiisummer for both species (Figure S6).

Overall, early senescence reflects a cumulative drought sequence, in which elevated spring VPD increases the likelihood of

270
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Figure 3: Species-specific effects of atmospheric and soil drought on early leaf senescence (SOeary). a-d) Standardised regression

coefficients (effect sizes) from bivariate logistic regression models including combinations of atmospheric (VPDmax) and soil drought

275

(Ysoit) during spring and summer. Black error bars indicate standard deviations of the coefficients across five cross-validation folds.

Asterisks denote statistically significant coefficients. e-h) Probability density distributions of summer and spring VPDmax (e-f) and soil (g-

h) for normal (blue) and early senescing (red)

forest pixels in beech (top) and oak (bottom).
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3.4 Early senescence is associated with canopy mortality

To assess whether early senescence reflects progressive physiological damage or a protective drought-avoidance response, we examined
280 canopy mortality in the year following early senescence events. Forest pixels experiencing early leaf senescence consistently showed
significantly higher increases in canopy mortality in the following year compared with forests exhibiting normal senescence timing
(p<0.0.5). This relationship held for both species and all years, with the exception of beech mortality in 2020 following early senescence in
2019 (Figure 4a-c). The strongest increases in mortality — expressed as percentage cover of the respective forest pixel — were observed
following very early senescence events, defined here as occurring before 15 August. Mortality increased by up to 5.8 percentage points
285  (pp) in beech and 7.9 pp in oak in 2019 after very early senescence in 2018 compared to 3.9 pp and 5.5 pp in normal senescing forests,
respectively, indicating that exceptionally early canopy decline reflects severe physiological stress.
Mortality risk was further elevated in stands experiencing repeated early senescence across multiple years (p<0.05) (Figure 4d-e). Three
consecutive early senescence events across 2018-2020 increased mortality in 2021 by up to 6.2 pp in beech and 6.8 pp in oak compared to
4.4 pp and 5.0 pp in forests with only one event, suggesting cumulative damage from recurrent drought stress. Together, these results

290 indicate that early senescence serves as a landscape-scale indicator of declining forest vitality and emerging mortality risk.
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Figure 4: Canopy mortality following early leaf senescence in beech and oak forests in Germany. a-c) Pixel-level increases in next-year
canopy mortality (percentage points) for forest with normal, early, or very early (before 15 August) senescence in the preceding year,
295  based on data from Schiefer et al. (2023). Mortality data are available for 2018-2021; therefore, analyses link senescence in 2018-2020 to

mortality in the following year. Numbers indicate sample sizes, and horizontal dotted lines show medians. Longer-term mortality effects
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300

305

310

315

are shown in Figure S7. d-e) Increases in canopy mortality in 2020 and 2021 (relative to 2018) depending on the frequency of early

senescence events in preceding years. Y-axes are truncated to improve visibility; full distributions are shown in Figure S8.

3.5 Spatial patterns of forest drought vulnerability

Clustering forest pixels based on senescence dynamics, drought sensitivity, and mortality patterns across the 2018-2023 study period
revealed three distinct drought-response types across Germany’s deciduous forests (Figure 5-6). The proportional distribution of response
types was highly consistent across beech and oak — resistant (beech: 20.6%, oak: 18.2%), sensitive (beech: 50.4%, oak: 51.1%), and
vulnerable (beech: 29.0%, oak: 30.7%) — indicating that these response types primarily reflect landscape-level environmental gradients

rather than species-specific traits.
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Figure 5: Clustering of beech forest pixels based on senescence dynamics, drought sensitivity, and mortality patterns. Eight variables (a-h)
were used to classify three drought-response types: resistant (blue), sensitive (violet), and vulnerable (pink). Resistant forests show low
drought sensitivity of senescence timing (e-h) and low SOearly frequency (c), sensitive forests show high drought sensitivity but low SOearly
frequency; vulnerable forests show high drought sensitivity, frequent SOcarly, and increased mortality. Boxplots (i-p) illustrate differences
in environmental and site variables across response types. Variables were selected based on hierarchical clustering and mutual information
with the response types. REW: relative extractable water; CWB: climatic water balance. The map shows the spatial distribution of

drought-response types across Germany’s beech forests.

Resistant forests showed limited sensitivity of senescence timing to drought conditions — indicated by near-zero correlations
of spring and summer VPDpax and i With senescence onset — and rarely experienced early senescence during the study
period. Post-hoc characterisation of these clusters revealed that resistant forests were predominantly located in regions with
comparatively favourable moisture conditions, including higher-elevation areas and regions with greater precipitation.

Stands were characterised by taller and closed canopies, later spring phenology, deeper soils, and greater water availability —
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conditions that buffer trees against severe drought. Correspondingly, these forests exhibited the lowest increases in canopy
mortality following drought years.

Sensitive forests represented an intermediate response type, showing clear drought-related shifts in senescence timing but
still infrequent early senescence events. They were widely distributed across Germany and typically occurred in regions with
moderate precipitation and intermediate soil water storage capacity. In these stands, senescence responded to both
atmospheric and soil drought, indicating that drought effects emerge once local buffering capacity is exceeded, but rarely
become severe enough to trigger widespread canopy decline.

Vulnerable forests exhibited strong drought responses, including frequent early senescence events and the largest increases
in canopy mortality following drought years. These stands were concentrated primarily in lowland regions characterised by
comparatively drier climatic conditions, more open canopies, and shallower, more compacted soils with limited water
availability. Senescence timing of these stands was strongly controlled by both VPDax and i, indicating high sensitivity
and exposure to drought stress. Overall, these response types reveal pronounced spatial variability in drought vulnerability

across temperate forests, driven by the interaction of local climate, soil, and stand structure.
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Figure 6: Clustering of oak forest pixels based on senescence dynamics, drought sensitivity, and mortality patterns, analogous to
Figure 5. Three drought-response types are identified: resistant (blue), sensitive (violet), and vulnerable (pink). Boxplots (a—p) show
differences in clustering variables and environmental and site characteristics across response types. Variables were selected based on
hierarchical clustering and mutual information with the response types. The map shows the spatial distribution of drought-response

types across Germany’s oak forests.
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4 Discussion
340 4.1 Early senescence tracks drought impacts across the 2018-2023 period

Our remotely sensed senescence maps revealed that the majority of the deciduous forest area in Germany showed premature
canopy decline during the study period. While the satellite-observed patterns showed pronounced spatial and temporal
variability, they closely mirror independent reports of observed drought impacts reported across Germany during 2018—
2023, supporting their validity as indicators of forest drought stress. The most extensive signal in 2018, when large
345 contiguous areas across central Germany exhibited early senescence, is consistent with widespread reports of leaf curling,
premature coloration, and even green leaf abscission from different forestry institutions (FVA-BW, 2018; NW-FVA, 2018;
SBS, 2018; TMIL, 2018). Geographic hotspots shifted in subsequent years, tracking regional reports of deteriorating crown
condition and rising crown dieback, often accompanied by increased insect and pathogen activity in drought-weakened
stands (LFE, 2019; LM, 2019; NW-FVA, 2019; TMIL, 2020). This suggests that detections in these years reflect not only
350 immediate drought responses but also progressive vitality decline in chronically stressed stands, consistent with the lagged
mortality effects we document. Particularly in 2022, early senescence re-emerged in previously affected regions,
highlighting stands that repeatedly experienced severe drought stress (FAWF, 2022; FVA-BW, 2022; LFE, 2022; LM,
2022). Lower prevalence of early senescence in 2021 and 2023 shows that satellite-observed patterns also reflect the
reduction in acute drought stress symptoms and partial canopy recovery during wetter and cooler years (FVA-BW, 2023;
355 LM, 2023; NW-FVA, 2021; Wald und Holz NRW, 2021). Overall, these patterns underscore the value of annual, spatially
continuous senescence mapping for tracking both immediate physiological stress and cumulative forest decline across
drought years.
The remarkably similar cumulative and recurrence patterns across beech and oak point to shared landscape-scale controls on
drought stress exposure during this period. This convergence is notable given the well-documented physiological differences
360 Dbetween the two species, e.g. in rooting patterns and stomatal regulation (Klein, 2014; Leuschner et al., 2001; Pietig et al.,
2026), and suggests that the severity and spatial extent of the 2018-2023 drought sequence was sufficient to override
species-level differences in vulnerability at the landscape scale. However, despite similar exposure patterns, our analysis
revealed non-identical responses across both species: beech and oak showed distinct sensitivities to soil and atmospheric
drought, and differed to some extent in their drought thresholds, indicating that convergent outcomes may emerge from

365 divergent physiological pathways.

4.2 Early senescence reflects hydraulic thresholds

Early leaf senescence in temperate deciduous forests emerged once cumulative atmospheric and soil drought thresholds were
exceeded. Across Germany’s beech and oak forests, the probability of early senescence increased sharply after root-zone soil
water potential (ysi1) declined below approximately —0.8 MPa in beech and —0.9 MPa in oak, following sustained periods of

370 elevated atmospheric vapour pressure deficit (VPD). These thresholds reflect the accumulation of hydraulic stress over
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several weeks rather than a response to short drought events. The most predictive time windows — six weeks for VPDpax
followed by two weeks for yi — capture complementary stages of hydraulic stress accumulation: sustained atmospheric
demand progressively depletes soil water reserves until tree water status approaches critical levels (cf. Grossiord et al.,
2020), and together these processes provide strong predictive power for early senescence occurrence.

375 The hydraulic threshold identified for beech in this study closely aligns with the -0.8 MPa root-zone i threshold for the
onset of defoliation and embolism formation previously identified by Walthert et al. (2021) from plot-scale field
observations in Swiss beech forests. This convergence of findings between our satellite-based landscape-scale analysis and
independent field measurements supports the broader generality of the identified threshold across a range of site conditions
in Central Europe. For oak, the more negative threshold of -0.93 MPa, together with a deeper simulated rooting zone (1.8 m

380 in oak vs. 1.4 m for beech), reflects higher drought resistance and the capacity to sustain water transport under drier
conditions (Bréda et al., 2006; Cochard et al., 1992). Nevertheless, this thresholds remains above the pre-dawn leaf water
potential of approximately -1.3 MPa at which symptoms of leaf injury in temperate oaks increase under experimental
conditions (Giinthardt-Goerg et al., 2013), highlighting the importance of deep soil water access in natural stands, where a
root-zone integrated ysoit of -0.93 MPa may already reflect substantial depletion.

385 The detection of distinct species-specific drought thresholds for canopy senescence highlights that remote sensing
observations can reveal physiologically meaningful stress limits that are consistent at the landscape scale. Identifying such
thresholds is critical for improving ecosystem models to better represent drought impacts on forest productivity, phenology,

and vitality, thereby enabling more accurate predictions of forest responses to climate extremes,

4.3 Species-specific sensitivities to atmospheric and soil drought

390 Both soil and atmospheric drought acted as cumulative drivers of early leaf senescence, but their relative strength differed
between species. We found beech to be more sensitive to soil water deficits, consistent with its shallower rooting system,
relatively isohydric stomatal strategy, and well-documented dependence on surface soil water reserves (Gessler et al., 2022;
Jonard et al., 2011; Leuzinger et al., 2005). As soil water potential declines, beech becomes increasingly vulnerable to
embolism formation and hydraulic dysfunction, which has been linked to premature leaf senescence in beech during the

395 2018 drought (Schuldt et al., 2020; Walthert et al., 2021).

In contrast, early senescence in oak was more closely associated with atmospheric drought. This likely reflects reduced
restriction by soil moisture due to deeper root uptake and greater resistance to drought-induced cavitation, which allows oaks
to maintain hydraulic function under more negative soil water potentials (Leuschner & Meier, 2018; Scharnweber et al.,
2013). However, the higher hydraulic conductance and transpiration rates of oaks may also contribute to a greater hydraulic

400 risk under sustained high atmospheric demand (Manzoni et al., 2013), potentially explaining the stronger influence of VPD
on senescence probability. It should be noted that stomatal behaviour differs between the two investigated oak species:
stronger stomatal regulation in response to drought has been reported for Q. robur (Niemczyk et al., 2024) but not for Q.

petraea (Backes & Leuschner, 2000), and our landscape-scale results likely integrate across both species. Beyond direct
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hydraulic effects, oak's sensitivity to atmospheric drought may additionally reflect indirect biotic pathways: warm and dry
405 conditions increase the likelihood of insect outbreaks (Haynes et al., 2022; Karolewski et al., 2007), which can compound
hydraulic stress and accelerate canopy decline independently of soil water deficits (Gosling et al., 2024; Rodriguez-

Calcerrada et al., 2017).

4.4 Role of early-season drought

Elevated spring atmospheric dryness further amplified early senescence risk in both species. While such legacy effects have

410 Dbeen reported previously (Bigler & Vitasse, 2021; Fu et al., 2014; Zuccarini et al., 2023), the underlying mechanisms remain
uncertain. Proposed pathways include earlier leaf-out accelerating soil water depletion and advancing the onset of critical
soil water deficits (Bigler & Vitasse, 2021), cumulative stress constraining the functional leaf lifespan following early
budburst (Marién et al., 2021; Zuccarini et al., 2023), and sink limitation, where high early-season productivity triggers
earlier senescence via carbon storage feedbacks (Fu et al., 2014; Zani et al., 2020).

415  Our data show that spring VPD is a stronger predictor than spring soil water potential, suggesting that the seasonal legacy
effect operates primarily through early atmospheric stress on leaf and hydraulic function rather than through accelerated soil
water depletion alone. Consistent with this, dry springs limit the formation of new sapwood needed to sustain transpiration of
the fully developed leaf area, thereby increasing hydraulic vulnerability later in the season (Alongi et al., 2025; Bose et al.,
2021; Etzold et al., 2022). Oak appears particularly susceptible to this mechanism, as water transport in this ring-porous

420  species relies on newly formed earlywood and oak growth responses are known to be strongly sensitive to spring conditions
(Bose et al., 2021; Vanhellemont et al., 2019), potentially explaining the high sensitivity of early senescence to spring
VPDiax. Particularly in 2019 and 2020, early season drought resulted in strong radial growth reductions (Scharnweber et al.,
2020; Thom et al., 2023), likely constraining water transport and contributing to early leaf senescence in these years.
Overall, combined spring and summer droughts, events expected to become more frequent across Europe (Spinoni et al.,

425  2018), may amplify canopy stress through cumulative seasonal legacy effects.

4.5 Early senescence as an early warning signal of forest decline

Our results show that exceptionally early and recurrent early senescence are associated with increased canopy mortality in
subsequent years, indicating that early senescence reflects drought-induced vitality decline (Frei et al., 2022) rather than
transient acclimation. While satellite-based mortality estimates may potentially not fully distinguish mortality from
430 defoliation, the observed patterns align with independent physiological evidence. In beech, early senescing trees often show
persisting embolisms and reduced secondary growth, limiting their ability to restore hydraulic function and predisposing
them to canopy dieback in subsequent years (Arend et al., 2022; Braun et al., 2021; Neycken et al., 2024; Schuldt et al.,
2020). In oak, persisting xylem embolisms are less likely to cause mortality because hydraulic function depends on the
newly formed xylem each year, but repeated early senescence and drought may deplete carbon reserves, which are required

435 in large quantities to form sufficient functional earlywood in the next season (Plotkin et al., 2021). Under severe drought,
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additional carbon allocation to replace drought-killed fine roots (Leonova et al., 2022) may further exacerbate reserve
depletion. Elevated oak mortality has also been reported when drought coincides with repeated insect defoliation,
emphasizing the importance of drought-insect interactions for canopy decline (Tanzer et al., 2025). The overall modest
increases in canopy mortality and the absence of significantly elevated mortality following early senescence in beech in 2019
440 suggest that not all early senescence events reflect severe or lasting damage, and that mortality outcomes likely depend on
drought severity, recurrence, recovery capacity, and interacting stressors. Nevertheless, with the single exception of beech in
2019, early senescence was consistently associated with elevated mortality, supporting the interpretation that early
senescence more often reflects stress-induced damage than effective drought avoidance. Therefore, early senescence serves
as a physiological early-warning signal for emerging mortality risk and enables targeted monitoring of drought-induced

445  forest decline.

4.6 Spatial patterns of drought vulnerability

Our study revealed pronounced spatial variation in drought-induced leaf senescence and mortality across Germany’s forests.
This heterogeneity in drought vulnerability was primarily controlled by local soil water availability, a pattern that is
consistent across scales: site-level studies link higher growth sensitivity to climate variability and more severe crown damage
450 to soils with lower water storage capacity (Klesse et al., 2022), while global analyses show greater drought sensitivity of leaf
senescence in more arid regions (Li et al., 2025). Drought sensitivity of both beech and oak forests declined at higher
elevations, where lower temperatures and higher precipitation reduce drought exposure, consistent with previous
observations of delayed senescence under such conditions (Bigler & Vitasse, 2021; Lukasova et al., 2020). Conversely,
forests in lowland areas showed higher vulnerability, particularly on shallower and drier soils with less favourable growing
455 conditions (Klesse et al., 2022; Walthert et al., 2021). We further found increased drought vulnerability of beech on sites
with low sand content, while oak was more vulnerable on soils with higher bulk density. This aligns with reports of
increased drought damage on loamy, compacted soils that become cemented during prolonged drought and impair fine root
growth and function (LFE, 2019; SBS, 2018). Stand structure further modulated drought responses. We detected greater
drought sensitivity of leaf senescence in more open stands, where increased solar radiation and evaporative demand likely
460 accelerate leaf ageing and canopy dehydration. Observations of early leaf coloration along forest edges and in single exposed
trees support this interpretation (FVA-BW, 2018; LFE, 2019; Wohlgemuth et al., 2020) and highlight the role of
microclimatic buffering within closed forest canopies (De Frenne et al., 2021).
In summary, drought vulnerability arises from the interaction of regional climate exposure and local site properties that
regulate water availability and microclimate, demonstrating the value of satellite-observed early senescence as a spatially
465 resolved indicator of forest drought stress. The spatial vulnerability framework identifies forests and site conditions most
prone to exceeding drought stress thresholds and provides a basis for targeting adaptive management, which may include
species composition adjustment toward more drought-tolerant mixtures on vulnerable sites and maintenance of canopy

closure.
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Conclusions

470 This study establishes satellite-observed early leaf senescence as a spatially explicit indicator of cumulative drought stress
and vitality decline across temperate beech- and oak-dominated forests. The consistent link between early senescence and
subsequent mortality confirms that premature leaf shedding reflects physiological damage rather than protective adjustment,
while the species-specific hydraulic thresholds and sensitivity patterns identified here provide a mechanistic basis for
interpreting remote sensing signals of canopy stress and for improving the representation of drought-driven senescence

475  dynamics in ecosystem models — with direct implications for projections of carbon cycling and forest mortality under future
climate extremes. The spatially explicit vulnerability framework further reveals that drought responses are strongly
modulated by local site conditions, identifying the forests most at risk of transitioning from stress to irreversible decline.
Together, these findings offer a near-real-time, landscape-scale tool for tracking emerging drought risk, anticipating

mortality hotspots, and targeting management interventions to sustain forest resilience across temperate regions.
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