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Highlights

What are the main findings?

• Water-stressed beech exhibited up to 70% reductions in photosynthesis and 35%
reductions in chlorophyll content under severe drought conditions.

• Red-edge hyperspectral indices successfully detected individual-tree stress; the tradi-
tional NDVI failed.

What are the implications of the main findings?

• Early drought stress impairs photosynthesis before visible symptoms appear, under-
scoring the need for proactive monitoring systems for forest management.

• Airborne remote sensing enables stress detection in beeches facing increasing climate
extremes.

Abstract

European beech is a species of both ecological and economic relevance in Europe. However,
its high sensitivity to drought poses a significant risk amid increasing climate extremes. This
study aimed to evaluate the physiological and spectral responses of beech to drought stress,
combining in situ leaf-level measurements with hyperspectral remote sensing data. We set
up the experiment in an Alpine European beech forest in northern Italy, which included
three water treatments: control, water stress, and irrigation. Physiological data (i.e., leaf
gas exchange and chlorophyll content), alongside airborne hyperspectral remote sensing
data, were collected from 20 to 29 July 2022 during a compound drought and heatwave
(CDHW) event. Water-stressed trees exhibited significantly reduced photosynthetic rates,
lower photosystem II efficiency, and higher non-photochemical quenching, indicating
impaired photosynthetic performance. Water-stressed beech exhibited up to 70% reduced
photosynthesis and 35% lower leaf chlorophyll content under severe drought conditions.
Hyperspectral vegetation indices, particularly the RENDVI, CIRE, and SPRI, successfully
detected stress status. This exploratory study, based on an intensive analysis of four trees,
demonstrates the feasibility of integrating physiological measurements with hyperspectral
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remote sensing to detect drought-stress signatures in European beech at the individual-tree
level, establishing a methodological framework for more extensive future research.

Keywords: gas exchange; non-photochemical quenching; chlorophyll content; airborne
hyperspectral imaging; spectral indices; LiDAR

1. Introduction
The increasing frequency of extreme climate events is placing substantial pressure on

many mountain environments [1]. Extreme events—defined as rare weather occurrences
within the current climate regime [2,3]—include heatwaves, i.e., prolonged periods of
abnormally high temperatures [4], and droughts, i.e., sustained periods of below-normal
water availability [5]. When a heatwave and drought occur simultaneously (i.e., intersect)
in the same region, the event is defined as a compound drought and heatwave (CDHW)
event. CDHW can cause severe damage to forests, often exceeding the impacts of individual
events [6].

Despite its humid climate, classified as Dfc (subarctic climate) and Dfb (warm-summer
humid continental climate) under the Köppen–Geiger climate classification [7], the Euro-
pean Alpine mountain region is experiencing drought [8], which was already projected to
increase in occurrence in the future in past studies [9], especially in its southern areas [8].
Moreover, heatwaves are expected to become more frequent in the latter part of the 21st
century [10,11].

These extreme climatic events have significant consequences for tree species adapted
to pronounced seasonality and short vegetative periods, such as Norway spruce (Picea
abies (L.) Karst.), silver fir (Abies alba Mill.), Scots pine (Pinus sylvestris L.) and dwarf
mountain pine (Pinus mugo Turra), which represent the main species of Alpine coniferous
forests [12]. These ecosystems are particularly vulnerable to drought, mainly in July and
August, when reduced precipitation [13] and high temperatures coincide with high water
demand, resulting in water stress [14]. Also, thermophilous deciduous forests, i.e., forests
dominated by deciduous or semi-deciduous thermophilous species, mainly downy oak
(Quercus pubescens Willd.) [12], are affected by drought [15,16] and by rising temperatures,
even without changes in precipitation patterns [17]. Compared to Quercus species, the
European beech (Fagus sylvatica L.) in mountainous beech forests or in mixed forests with
coniferous species, such as silver fir and/or Norway spruce, has been shown to be more
vulnerable to drought, especially during the summer months [18].

Heatwaves and drought events affect key metabolic processes associated with pho-
tosynthesis and respiration, impair nutrient uptake, and alter nutrient partitioning and
competition patterns [19]. At the leaf level, extreme-heat events reduce photosynthetic ac-
tivity and increase photooxidative stress. When combined with a limited water supply, they
reduce stomatal conductance and transpiration, a mechanism that helps to cool leaves [20].
In addition, this increases resistance to CO2 diffusion in intercellular air spaces [19], further
limiting photosynthetic efficiency. At the whole-plant level, heat stress exacerbated by
drought can decrease growth, leaf development, and leaf area, inducing shifts in biomass
allocation and ultimately leading to tree mortality. Therefore, there is an urgent need to
enhance our understanding of how trees respond to such events, especially in drought-
sensitive species such as European beech.

The development of remote sensing-based monitoring strategies for trees capable of
detecting stress signals [21,22] is very important, and spectral vegetation indices (SVIs)
are widely used to describe vegetation properties, such as photosynthetic activity and
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canopy structure [23]. SVIs can exploit reflectance patterns in the visible (VIS, 380–750 nm),
near-infrared (NIR, 700–1100 nm), and shortwave infrared (SWIR, 1100–2500 nm) domains,
which are primarily determined by leaf pigments, structure, and water content, respectively.
Several SVIs have proven particularly valuable for monitoring forest stress. The normalised
difference vegetation index (NDVI) [24] has been a foundational tool since the 1970s,
but it saturates in dense canopies. Red-edge indices, such as the red-edge normalised
difference vegetation index (RENDVI) and the red-edge chlorophyll index (CIRE), address
this limitation and more effectively estimate chlorophyll content and leaf area index (LAI)
in dense vegetation [25]. The photochemical reflectance index (PRI) provides insight into
physiological function by reflecting xanthophyll cycle dynamics, serving as a proxy for
photosynthetic light-use efficiency and stress status [26–28]. Finally, water-sensitive indices,
such as the normalised water index (NWI), enable the detection of changes in leaf water
content, which are critical for identifying drought stress [29].

However, interpreting these spectral signals requires ground-truth validation through
physiological measurements. In situ photosynthetic light-response curves, which quantify
net photosynthesis across gradients of photosynthetically active radiation (PAR), provide
essential validation for linking spectral data to physiological function [30]. Similarly, leaf
chlorophyll measurements provide an independent ground-based reference and represent
a key indicator of photosynthetic capacity and plant stress status.

The primary objective of this study was to explore the crown spectral response of
European beech individuals across three levels of drought stress, combining aerial remote
sensing with physiological observations. In more detail, we aimed to address the following
research questions: (1) How do CDHW events affect physiological and biochemical param-
eters of European beech trees growing in mountainous regions of the northeastern Italian
Alps? (2) How does the canopy reflectance of European beech trees vary in water-stressed
trees compared to non-stressed ones? (3) Can individual-tree stress responses be detected
through hyperspectral indices measured at the crown level? To answer these questions,
a combined aerial and ground measurement campaign was conducted in the summer of
2022 in the mountain beech forest on trees subjected to three different water treatments.

Given the logistical complexity of combining intensive crown-level physiological mea-
surements with airborne hyperspectral acquisitions, we conducted an exploratory study on
a limited number of intensively monitored trees. In view of these constraints, we framed
the above research questions as exploratory hypotheses for a pilot test, acknowledging that
broader inferences about species responses require future studies with greater replication.

2. Materials and Methods
2.1. Study Site and Experimental Setup

The study site is a 4 ha European beech forest located in the Cembra Lisignago mu-
nicipality (Trento Province, Italy, 46◦12′9′′N; 11◦12′35′′E) at an elevation of 1270 m a.s.l.
The forest is part of the ‘Nitrogen Forest Experiment’ facility, which is integrated into the
Emphasis and AnaEE ERIC European research infrastructures [31]. Although the Cembra
forest stand is very heterogeneous in terms of species composition, the subplot of European
beech stand considered in this study is almost pure (87% of trees belonging to the same
species), with a density of 796 trees per hectare, a mean diameter at breast height (DBH) of
18.9 cm (with the minimum inventoried DBH 3 cm), and a mean height of 15.3 m (values
refer to 2022). The stand includes a limited presence (9%) of Norway spruce and a minor
presence of silver fir, silver birch (Betula pendula Roth), Scots pine, European larch (Larix
decidua L.) and rowan (Sorbus aucuparia L.). The location of all trees was georeferenced
in previous forest inventory surveys using a total station. The stand grows on an acidic
brown soil (Cambisol, WRB 2015) over a porphyry (Rhyolite) bedrock. Beech forests

https://doi.org/10.3390/rs18030488

https://doi.org/10.3390/rs18030488


Remote Sens. 2026, 18, 488 4 of 20

that grow in this type of soil and bedrock have relatively poor water retention capacity
compared to many other beech forests. Cambisols developed on porphyry/rhyolite typi-
cally have a coarser texture than those on different parent materials, which reduces their
water-holding capacity.

In spring 2022, four European beech trees of similar size and competitive position,
occupying comparable microsites in flat areas of the study site, were selected. The trees
were assigned to three experimental conditions: one control and two water treatments.
Specifically, two trees were not subjected to any treatment, grew under natural ambient
conditions and served as control trees (CO1 and CO2); one tree was subjected to water-
stress manipulation by placing a plastic tarp over approximately 144 m2 of the soil surface
around the stem (distance of 6 m from the trunk) starting on 21 May 2021, which prevented
rainwater infiltration and thereby limited root water availability (ST1); one tree was irri-
gated during the summer 2022 measurement campaign to simulate optimal water status
(IR1), receiving supplemental water on 25 July (1000 litres), 26 July (500 litres), and 28 July
(500 litres). All trees, regardless of treatment, were also exposed to a CDHW event in the
summer of 2022 (Section 2.2).

The main dendrometric features of the investigated trees are reported in Table 1.

Table 1. Features of the investigated trees (values refer to spring 2022). DBH is the diameter at breast
height. Mean tree crown diameter was calculated as the average of the crown diameters measured in
the four cardinal directions.

Treatment
(Tree Type)

Treatment
Acronym Tree Code DBH (cm) Tree Height (m) Mean Tree Crown Diameter (m)

Control
(control trees, untreated and facing the

CDHW event of 2022)
CO

CO1 23.0 20.0 7.0

CO2 30.5 19.5 6.5

Irrigation
(irrigated tree, facing the CDHW event of

2022 and supplemented with water)
IR IR1 29.5 19.2 5.2

Water stress
(water-stressed tree, facing the CDHW

event of 2022 in addition to water stress
imposed through a longer-term

manipulation experiment)

ST ST1 27.3 20.1 5.2

The field measurement campaign was carried out from 20 to 29 July 2022. During
this period, in situ physiological data, airborne hyperspectral remote sensing data, and
UAV–LiDAR data were collected. To reach the upper sunlit leaves of the tree crown, two
aerial work platforms were used: a truck-mounted lift with a telescopic boom extendable
up to 21 m and a spider lift with a telescopic boom extendable up to 27 m (Figure 1).

2.2. Climate Data and Weather Conditions During the Field Campaign

During the summer of 2022, Europe experienced the most severe CDHW event in
recent history [32–34]. The event was particularly intense across the Iberian Peninsula,
France, Italy, the northwest Balkans, Germany, the Netherlands, Poland, and Scandi-
navia [35]. Record-breaking temperatures were recorded, and drought conditions persisted
throughout the summer [33]. In the Alpine region, an exceptionally low-snowfall winter,
which further intensified the soil moisture deficit [36,37], exacerbated the severity of the
CDHW event. In detail, the eastern Alpine region of Italy experienced daily temperature
anomalies of up to 2.5 ◦C during the third week of July 2022 compared with the median
values from long-term observations (1993–2021) [33].
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Figure 1. The two mobile elevating work platforms used for ecophysiological measurements: the
truck-mounted lift (A) and the spider lift (B).

We used daily data from the meteorological station of the Meteotrentino network of
the Autonomous Province of Trento, located in the Cembra Lisignago municipality at 652 m
a.s.l., to compare temperature and precipitation patterns in 2022 with the reference period
1993–2021. Figure 2A shows the mean daily temperature for 2022 (red line) together with
the median (black line) and the 25th and 75th percentiles (grey area) of the daily temperature
from the 1993–2021 series. Around DOY 200, a marked increase in daily temperatures
was observed, coinciding with the July 2022 heatwave. Regarding precipitation, Figure 2B
shows that the cumulative rainfall up to DOY 250 was below the 25th percentile of the
1993–2021 series, indicating a significant precipitation deficit.

The study site is equipped with a 26-metre-high meteorological tower that collects
standard meteorological data (air temperature and relative humidity, atmospheric pressure,
precipitation, and incoming solar radiation). According to data collected by the on-site
weather station, the first part of the field campaign, from 20 to 24 July 2022, was charac-
terised by an average maximum daily temperature of 27.1 ◦C and no precipitation. In the
second part of the field campaign, i.e., 25–29 July 2022, the total precipitation amounted
to 31.4 mm, with rainfall events on the 25th, 26th, 27th and 29th of July (8.0, 1.8, 17.2
and 4.4 mm, respectively), and the average maximum daily temperature was 23.5 ◦C. Con-
sidering the entire campaign period, from 20 to 29 July 2022, the mean daily air temperature
and relative humidity were 18.7 ◦C and 78.5%, respectively. The mean values of soil
temperature and soil moisture were 15.1 ◦C and 20.8%, respectively.
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Figure 2. (A) Mean daily temperature of 2022 (red line), the median (black line) and the 25th and
75th percentiles (grey area) of the daily temperature for the period 1993–2021. (B) Cumulative
precipitation in 2022 (red line) with the median (black line) and the 25th percentile and 75th percentile
(grey area) of the daily rainfall for the period 1993–2021. The vertical dashed lines indicate the field
campaign period.

2.3. In Situ and In-Laboratory Physiological, Biochemical and Spectral Measurements at the Leaf Level
2.3.1. Gas Exchange Measurements

Leaf gas exchange, i.e., net photosynthesis (An), stomatal conductance (gs) and tran-
spiration rate (Tr), was measured using two portable infrared gas analyser (IRGA)-based
photosynthesis systems: the LI-6400XT equipped with a fluorometer (LI-COR Biogeo-
sciences, Lincoln, NE, USA) and the CIRAS-2 (PPSystems, Amesbury, MA, USA). The IRGA
zero values (CO2 and H2O) of the LI-6400XT were calibrated daily, before data acquisition,
using a certified N2 tank. We set up both systems with the same settings: CO2 concentration
inside the measuring chamber (sample cell CO2 target) at 400 ppm, leaf temperature at
28 ◦C (target temperature), and relative humidity between 40 and 70%. We conducted an
initial test to verify that the two IRGA systems were recording consistent physiological
parameter values before the field campaign.

We used the LI-6400XT system to measure photosynthesis light-response curves,
adjusting PAR to the following levels: 2000, 1500, 1000, 500, 100, 50, and 0 µmol m−2 s−1.
At the end of each light-response curve, we turned off the actinic light in the chamber and
left the leaf to dark-adapt for at least 30 min. At the end of the dark-acclimation period,
we averaged five dark respiration rate (Rd) measurements (µmol CO2 m−2 s−1) taken
at intervals of a few seconds. The light-response curves also included the measurement
of the pulse-amplitude-modulated (PAM) chlorophyll fluorescence of light (maximum
fluorescence yield in light-adapted state—Fm′, and steady-state fluorescence level in light-
adapted state—Fs) and dark-adapted leaves (maximum fluorescence yield in dark-adapted
state—Fm, and minimum fluorescence yield in dark-adapted state—Fo), allowing the
estimation of key parameters, such as PSII operating efficiency, represented by the actual
quantum yield (PhiPSII), and non-photochemical quenching (NPQ).
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We used the CIRAS-2 system for more rapid determination of the leaf gas exchange, i.e.,
net photosynthesis at a saturating PAR of 1800 µmol m−2 s−1 (Asat), stomatal conductance,
transpiration rate, and leaf temperature (Tleaf).

We measured physiological parameters on fully expanded sun-exposed leaves from
the upper parts of the investigated trees.

The measurements were carried out on 22 and 24 July 2022 on the control and stressed
trees and on 29 July 2022 on the irrigated tree under sunny conditions between 10:00 a.m.
and 3:30 p.m.

2.3.2. Chlorophyll Content Measurements

Non-destructive measurements of leaf chlorophyll content (through the chlorophyll
index—CHI) were carried out using the DUALEX optical leaf clip meter (Force-A, Orsay,
France). We measured sun-exposed leaves from the upper crown of each investigated tree.
We averaged the measurements on both the upper and lower sides of the leaf to obtain a
single value for the leaf.

During the field campaign, leaf samples were collected from each of the investigated
trees and transported to the laboratory in sealed plastic bags and stored in an ice-filled
portable fridge. In the laboratory, we stored the samples at −80 ◦C until further processing.
We extracted chlorophyll using an 80:20 v/v cold acetone:water mixture and quantified
it by UV–VIS spectroscopy on a BioTek Synergy plate reader (Agilent Technologies, Inc.,
Santa Clara, CA, USA), following the procedure described by [38].

2.4. Remotely Sensed Data
2.4.1. LiDAR Data Acquisition and Processing

To enable tree crown segmentation of the hyperspectral image, on 26 July 2022, LiDAR
data were acquired with a LiDAR miniVUX sensor (RIEGL GmbH, Horn, Austria) mounted
on a DJI Matrice 600 UAV (SZ DJI Technology Co., Ltd., Shenzhen, China). A total of
42 flight lines were required to survey the 4 ha forest area, with the drone flying at an
altitude of 90 m, at a speed of 6–8 m/s, and covering the area in about 72 min. LiDAR data
were processed using LAStools (https://rapidlasso.de/, accessed on 10 December 2022)
(rapidlasso GmbH, Gilching, Germany) to generate digital-surface and -terrain models and
normalised point clouds. Tree crown segmentation for selected trees (CO1, CO2, ST1, and
IR1) involved creating crown-radius buffers in QGIS (3.28.0 “Firenze”) (QGIS Development
Team, OSGeo, Beaverton, OR, USA) based on the mean tree crown radius measured in the
field, clipping the normalised point cloud with LAStools, manually cleaning the point cloud
in CloudCompare (v2.12) (CloudCompare, https://www.cloudcompare.org, accessed on
10 December 2022), and converting it to vector shapefiles. We used the obtained shapefiles
to define the regions of interest (ROIs) for hyperspectral analysis (see Section 2.4.2).

2.4.2. Hyperspectral Data Acquisition and Processing

Airborne hyperspectral data were collected between 07:44:36 and 07:53:25 UTC on
26 July 2022, at an altitude of 667 m above ground level, using the AisaFENIX camera
(Specim, Spectral Imaging Ltd., Oulu, Finland) with a spatial resolution of 1 m. The gener-
ated scene comprised 345 bands spanning the visible and near-infrared (VNIR, 380–970 nm)
to the SWIR (970–2500 nm) spectral ranges, with a spectral resolution of ~6 nm. The ac-
quired data were radiometrically, geometrically and atmospherically corrected using the
CaliGeo (Specim, Spectral Imaging Ltd., Oulu, Finland) and the ATCOR (ReSe Applications
LLC, Wil, Switzerland) software. We applied a spectral polishing filter of the neighbour-
derivative type to eliminate potential artefacts by comparing the central band’s value to
those of the four adjacent bands, with a polishing factor of 2 on a scale from 1 to 4.
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We conducted a quantitative analysis to validate the reflectance values by placing two
tarps on the ground and quantifying their reflectance in absolute terms.

We used the shapefiles generated from the LiDAR data processing to ROIs for each
tree crown (see Section 2.4.1). We reduced the original ROIs by excluding edge pixels to
ensure the ROIs represented only the central part of the treetops, thereby eliminating border
effects. We extracted reflectance values for each tree using ENVI (v5.4) (NV5 Geospatial
Inc., Broomfield, CO, USA). Subsequently, we resampled the data to a 1 nm resolution.
We computed key vegetation indices sensitive to (i) greenness, i.e., the NDVI, RENDVI,
and CIRE, (ii) changes in xanthophyll pigments, i.e., the scaled photochemical reflectance
index (SPRI), and (iii) water content, i.e., the normalised difference water index (NDWI)
and NWI, using the equations reported in Table 2.

Table 2. Vegetation indices computed from the airborne hyperspectral images.

Vegetation Index Equation Reference

Normalised Difference Vegetation Index NDVI = R783−R665
R783+R665 [39]

Red-Edge Normalised Difference Vegetation Index RENDVI = R783−R705
R783+R705 [40]

Chlorophyll Index—Red-Edge CIRE = R740−R705
R740+R705 [41]

Scaled Photochemical Reflectance Index
SPRI = (PRI+1)

2
where

PRI = R531−R570
R531+R570

[42,43]

Normalised Difference Water Index NDWI = R865−R1240
R865+R1240 [44]

Normalised Water Index NWI = R970−R865
R970+R865 [45]

2.5. Data Analysis

As explained in Section 2.1, the experimental unit for treatment effect is the tree.
Because treatment replication was lacking for the ST and IR trees (n = 1 for each treatment),
formal statistical inference was not possible. Physiological measurements were conducted
on different days with varying meteorological conditions (see Section 2.2). Therefore,
while we present descriptive patterns (means ± SD) of leaf-level parameters pooled across
treatments, these comparisons should be interpreted with caution, given both treatment
effects and potential environmental confounding. These comparisons are intended to
characterise observed patterns among the intensively monitored individuals and should be
interpreted in light of the exploratory nature of this study. We used the R software [46] for
data analysis.

3. Results
3.1. Effect of Water Stress on European Beech Physiological and Biochemical Parameters

Figure 3A reports the mean net photosynthetic light-response curve (An/PAR) for
leaves of beech trees across different treatments. An showed a typical saturation trend with
increasing PAR levels across all the treatments. The leaves of the irrigated tree showed
the highest An values across all the PAR levels, while those of the stressed tree showed
notably lower An values. Intermediate values were recorded in the CO treatment. In more
detail, irrigation increased the maximum photosynthesis rate (Amax) by ~32% compared
with the control, while water-stress manipulation reduced Amax by ~70% compared
with the control. Moreover, the water-stress leaves showed reduced light-use efficiency
(apparent quantum yield—initial slope of light-response curve), as well as reduced dark
respiration rates (mean Rd of −2.09, −2.25, −1.39 µmol CO2 m−2 s−1 for IR, CO and ST
leaves, respectively).
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Figure 3. (A) Light (photosynthetically active radiation—PAR) response curves of net assimilation
rate—An, (B) non-photochemical quenching—NPQ and (C) photosystem II efficiency—PhiPSII for
the tree treatments. Each point represents the mean ± standard deviation. CO, IR and ST refer to
leaves of control (n = 2), irrigated (n = 3) and water-stressed (n = 3) trees, respectively.

In Figure 3B, the trend of the mean NPQ, representing the dissipation of excess light
energy as heat, is shown for leaves of trees under the three treatments. NPQ increased with
increasing PAR in all the treatments, indicating enhanced photoprotective heat dissipation
at high light levels. The leaves of the stressed tree exhibited higher NPQ values than those
of the other treatments until intermediate PAR levels (up to 1000 µmol m−2 s−1). At higher
PAR levels, the NPQ in the ST leaves showed a clear saturating trend and consequently
remained closer to the values of the other treatments.

Figure 3C shows that the actual quantum yield of PSII decreased with increasing PAR.
The leaves of the irrigated and control trees maintained high photosystem II efficiency. In
contrast, the leaves of the stressed tree showed lower PSII efficiency, dropping sharply even
at low PAR levels.

Also, gas exchange measurements under saturating PAR levels, performed on a
larger number of leaves, revealed that the Tr, Asat, and gs values differed across the three
treatments (Table 3). The leaves of the stressed tree showed the lowest values of Tr, Asat,
and gs, whereas the leaves of the irrigated tree showed the highest values of photosynthetic
rate and associated parameters. In fact, the mean Asat value for the irrigated tree was
18.14 µmol CO2 m−2 s−1, which was distinctly higher than the mean for the control trees
(12.24 µmol CO2 m−2 s−1) and the stressed tree (4.99 µmol CO2 m−2 s−1).
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Table 3. Leaf gas exchange values (mean ± standard deviation) measured during Asat determination
on 13 CO leaves, 8 IR leaves and 14 ST leaves.

Treatment

CO IR ST

Tr (mmol H2O m−2 s−1) 4.79 ± 1.01 8.19 ± 0.693 2.99 ± 0.63

Asat (µmol CO2 m−2 s−1) 12.24 ± 3.39 18.14 ± 3.07 4.99 ± 2.34

gs (mmol m−2 s−1) 250.54 ± 63.39 532.63 ± 71.30 132.0 ± 33.63

Tleaf (◦C) 28.45 ± 0.88 29.04 ± 1.18 28.54 ± 0.97

The mean values of the chlorophyll index (CHI) obtained with the DUALEX leaf clip,
and the total chlorophyll content (chlorophyll a + chlorophyll b, Total Chl) determined
through UV–VIS spectroscopy, are reported in Table 4. The CHI values were lower in
the water-stressed trees (27.79 ± 4.28) than in the control (37.48 ± 5.87) and irrigated
trees (39.05 ± 2.73), indicating reduced chlorophyll content under experimentally induced
drought conditions.

Table 4. Mean values ± standard deviation of (i) the chlorophyll index (CHI) measured using the
DUALEX clip in 74 CO leaves, 30 IR leaves and 45 ST leaves, and (ii) the total chlorophyll content
(chlorophyll a + chlorophyll b, Total Chl) determined by UV–VIS spectroscopic laboratory method in
43 CO leaves, 15 IR leaves and 28 ST leaves.

Treatment

CO IR ST

CHI 37.48 ± 5.87 39.05 ± 2.73 27.79 ± 4.28

Total Chl (mg/g) 5.98 ± 1.06 5.84 ± 0.87 3.86 ± 0.94

The results from the independent laboratory method confirmed this behaviour. The
leaves of the control and irrigated trees showed very similar total chlorophyll content (Total
Chl), with mean values of 5.98 mg/g and 5.84 mg/g, respectively. By comparison, the
leaves of the water-stressed tree contained approximately 35% less total chlorophyll content
than those of the control and irrigated trees (3.86 ± 0.94 mg/g).

3.2. Effect of Water Stress on European Beech Crown Reflectance and Spectral Vegetation Indices

Figure 4 shows the mean hyperspectral reflectance at the crown level from airborne
data. The reflectance of the crown for the ST treatment was slightly higher in the visible
domain, while the IR crown response appears evident for the typical water features in the
NIR and SWIR spectral domains.

Figure 5 shows the trend of the hyperspectral reflectance indices computed at the
crown level from the airborne hyperspectral data. The NDVI did not differ markedly among
tree crowns across the three treatments. On the other hand, the chlorophyll vegetation
indices, including the RENDVI and CIRE, showed distinct values across the CO, IR, and ST
treatments. For both chlorophyll indices, the highest values were observed in the crown
of the irrigated tree, while the lowest values were recorded in the crown of the ST tree.
Intermediate values characterised the CO treatment. The SPRI followed a pattern similar to
that of the chlorophyll indices. By comparison, the water-related vegetation indices did not
reveal a clear pattern of leaf water status across the analysed trees. In more detail, although
the water-index values were higher in the IR tree than in the other treatments, they did not
differ notably between the CO and ST trees.
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Figure 4. Mean hyperspectral reflectance at the crown level from airborne data for each treatment:
control (CO), irrigation (IR), and water stress (ST).

Figure 5. Cont.
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Figure 5. NDVI (A), RENDVI (B), CIRE (C), SPRI (D), NDWI (E), and NWI (F) calculated from
crown-level hyperspectral reflectance obtained from airborne data for the three treatments: control
(CO), irrigated (IR), and water-stressed (ST). Box plots show the interquartile range (IQR), with the
horizontal line in the box indicating the median. Whiskers extend to the minimum and maximum
values, excluding outliers, which are shown as individual points.

4. Discussion
4.1. Effect of the CDHW Event and the Manipulation-Induced Water Stress on European Beech
Physiological and Biochemical Parameters

This exploratory study investigated the physiological and spectral responses of indi-
vidual European beech trees experiencing different water-availability conditions during the
2022 CDHW event. While the limited sample size precludes definitive conclusions about
species-level responses, our intensive measurements on four trees provide detailed insights
into physiological–spectral relationships.

Our results show that the trees under the three treatments exhibited distinct physi-
ological signatures. The leaves of the irrigated tree displayed the highest photosynthetic
rates across the entire PAR range, accompanied by the lowest NPQ values, indicating
highly efficient photochemistry. The leaves of the control trees showed intermediate pho-
tosynthesis and the highest peak NPQ values, suggesting moderate stress and a greater
reliance on regulated thermal dissipation. Although the NPQ of both the CO and IR leaves
increased with increasing PAR, which indicated that the trees’ ability to dissipate excess
light energy through NPQ was maintained in the CO leaves during the CDHW event, the
higher NPQ values, together with the lower photosynthesis rates observed in the CO leaves
compared to the IR leaves, suggest that the CO leaves were experiencing mild physiological
stress, resulting in higher excess excitation energy and more substantial photoprotective
heat dissipation.

The leaves of the ST tree showed severely suppressed photosynthesis and a clear NPQ
saturation plateau, consistent with other studies of plant stress [47,48]. In our research,
the NPQ in the ST tree appeared to saturate at PAR levels below 1000 µmol m−2 s−1.
Moreover, the NPQ values of the ST leaves remained elevated even at low PAR levels,
and dark NPQ was substantially higher than in the other treatments, indicating chronic
stress, sustained energy dissipation, photoinhibition of PSII, and an increased risk of
oxidative stress. Together, these patterns reveal that water stress severely limits CO2

utilisation, forcing maximal use of photoprotective NPQ, whereas irrigation maintains high
photochemical efficiency with minimal dissipation demand.

The CDHW stress experienced by the CO trees was associated with lower photosyn-
thetic capacity and higher NPQ than in the IR tree. However, it did not reduce chlorophyll
content (estimated in situ and measured in the laboratory), indicating that the reduced
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photosynthesis in the CO trees was primarily driven by functional limitations (e.g., stom-
atal and biochemical limitations) rather than pigment differences. At the same time, the
chlorophyll content was significantly lower in the leaves of the ST tree, most likely due
to the inactivation of chlorophyll biosynthesis enzymes, oxidative damage to chloroplast
lipids, or chlorophyll degradation [49]. Consequently, photosynthesis in the leaves of the
ST tree was dramatically reduced compared to that in the leaves of the CO or IR trees
as a result of both structural and functional limitations. The results from our drought-
manipulation experiment suggest that more pronounced or prolonged stress under future
climate scenarios might influence pigment pools and trigger additional photosynthetic
impairments in European beech, as also indicated by [50].

4.2. Traceability of Drought Stress Through Hyperspectral Indices Measured at the Tree-Crown Level

Among the hyperspectral indices derived from the airborne data, the NDVI failed
to detect differences in greenness across the different treatments. This result could be
explained by the well-known fact that the NDVI is less sensitive to slight changes in
chlorophyll content, especially at full canopy cover [51,52]. On the other hand, chlorophyll-
sensitive indices, such as the RENDVI, have demonstrated to be much more sensitive to
stress-induced changes. However, given that the measured leaf chlorophyll content was
comparable between the CO and IR treatments and significantly lower in the ST treatment,
only the RENDVI differences between ST and CO were likely driven by differences in total
leaf chlorophyll content. Conversely, the differences regarding the RENDVI between the CO
and IR trees could suggest minor variations in canopy structure and architecture induced
by the sub-optimal water status of the CO tree during the CDHW event. Architectural
plant traits, as demonstrated in the literature, have been shown to cause significant canopy
spectral responses [25]. Similar results emerged for another chlorophyll index, the CIRE:
it showed very low values in stressed trees, much higher values in control trees exposed
to the 2022 CDHW event, and the highest values in the IR treatment, which received
supplemental water. This outcome potentially suggests that both changes in chlorophyll
content and slight modifications in crown architecture may have occurred across the
treatments. In particular, architectural changes might have played a significant role during
the CDHW event. In this context, previous studies [53] observed that adult trees can
modify leaf angle distribution to reduce exposure to excessive radiation, thereby limiting
photosynthetic capacity.

The water-related vegetation indices showed higher values for the IR treatment,
whereas the water indices for the CO and ST treatments did not differ markedly. The
lack of clear differentiation between the CO and ST trees regarding the water indices
may indicate that: (i) the bulk canopy water content in the ST tree may not have been
substantially depleted despite pronounced reductions in leaf-level photosynthesis and
chlorophyll content; and/or (ii) the canopy-scale water indices may have been confounded
by canopy structural effects or background contributions in the 1 m spatial resolution
imagery, further limiting their ability to detect subtle differences. More detailed studies are
needed to determine the effectiveness of SWIR-based indices in characterising single-tree
spectral responses to stress, including CDHW events [54].

The SPRI showed that structural integrity and pigment status were compromised at
the crown level in the stressed European beech tree but remained intact under irrigation,
with the stressed tree exhibiting the lowest SPRI values.

A recent study on the impact of the 2022 CDHW in the same geographical area, inves-
tigating forests across different altitudes and forest types [55], observed two contrasting
behaviours: the canopy greenness of tree species located at a median altitude above 1000 m
a.s.l. generally increased, while the canopy greenness of tree species below 1000 m a.s.l. was
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typically negatively impacted. In European beech forests, Ref. [55] observed contrasting
impacts across altitudes and locations. Our study indicates that, although drought-related
impacts on NDVI values were absent at the Cembra site, chlorophyll indices such as the
RENDVI and CIRE have the potential to track differences among treatments.

In a changing climate, remote sensing can be used to retrieve key proxies, such as
chlorophyll indices, the PRI, water indices and solar-induced Chl fluorescence (SIF), to
improve stress detection and upscale observations [56]. In particular, the combination of
hyperspectral images and SIF may prove particularly useful for detecting physiological
stress that does not cause significant changes in pigment content [47], as observed in the
CO treatment in our study. Airborne hyperspectral data proved to be suitable for detecting
drought stress in European beech. They can be considered a key tool in the current efforts
to build a pan-European monitoring and evaluation framework, such as the FORWARDS
initiative (https://forwards-project.eu/, accessed on 5 December 2025), which will help to
demonstrate the impact of climate change on forests.

In Europe, several cases of forest degradation are occurring [57]. Severe oak decline is
evident and affects different Quercus spp. across a wide range of ecosystems and bioclimatic
regions, from Mediterranean areas to Central Europe [58]. At the same time, stress in Pinus
spp. forests has been documented and is raising increasing concerns [59]. Although the
current status of European beech does not raise major concerns, significant stress symptoms
are already evident in Central Europe [60]. According to climate projections, a relevant
area of the current European beech stands may fall outside their bioclimatic niche by the
middle of this century [61]; therefore, accurate remote sensing observations will be needed
to monitor forest stands’ health status and guide proper management strategies to maintain
both structural diversity [62] and species diversity [63].

4.3. Study Limitations and Future Research Priorities

Despite enabling intensive physiological and spectral characterisation, our exploratory
approach presents limitations that should guide interpretation and future research.

The logistical complexity and labour-intensive nature of the field campaign con-
strained the experimental approach of this study. Reaching the upper sunlit canopy of
mature beech trees at heights up to 20 m required specialised mobile elevating work plat-
forms (Figure 1), which significantly limited the number of trees that could be intensively
monitored during the brief measurement window coinciding with the 2022 CDHW event.
Consequently, the limited number of trees investigated precludes robust statistical inference
about treatment effects relative to individual-tree variability. The observed physiological
and spectral differences may reflect not only water status but also microsite differences in
soil characteristics, variations in the competitive environment, or pre-existing differences
in tree vigour.

An additional limitation concerns pseudo-replication arising from the experimental
design. Although a large number of leaf-level physiological measurements and crown-
level hyperspectral pixels were collected, these observations are nested within a very
limited number of individual trees. As a result, as already explained, leaves and pixels
cannot be considered independent experimental units, and the effective sample size for
treatment comparisons corresponds to the number of trees per treatment (n = 1–2). This
pseudo-replication has important statistical consequences. First, it may inflate the apparent
strength and significance of treatment effects by underestimating uncertainty and increas-
ing the risk of Type I errors. Second, it prevents robust separation of treatment effects
from individual-tree idiosyncrasies, such as microsite conditions, rooting patterns, or pre-
existing physiological status. Therefore, the observed differences among the treatments
should be interpreted as contrasts among intensively monitored individuals rather than as
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population-level responses of European beech. For these reasons, we did not apply statisti-
cal analyses; instead, we adopted a descriptive and exploratory approach to characterise
the internal consistency and magnitude of physiological and spectral responses within
individual trees rather than to provide confirmatory inference on treatment effects. The
coherence observed between leaf-level physiology and crown-level hyperspectral indices
supports the mechanistic plausibility of the detected patterns but does not imply generality
beyond the studied individuals. In the context of remote sensing, pseudo-replication at the
pixel level may further exaggerate confidence in spectral separability among treatments as
numerous spatial observations originate from the same crown. The validation of hyper-
spectral drought indices therefore requires replication across multiple trees, stands, and
environmental conditions to ensure transferability and operational robustness. Despite
this constraint, the intensive high-resolution monitoring of each tree provided valuable
insights into physiological responses to contrasting water regimes and a foundation for
designing future studies, which should include proper replication, involving multiple trees
per treatment across representative site conditions.

Finally, the timing of irrigation relative to the hyperspectral acquisition might have
introduced additional uncertainty. Overall, while our results indicate that irrigation effec-
tively increased both leaf physiological activity and canopy water content, some nonlinear-
ity in canopy water content immediately after irrigation cannot be entirely ruled out. We
acknowledge this as a limitation and note that high-frequency physiological and remote
sensing measurements following controlled irrigation events would be valuable in future
studies to capture these potential dynamics.

Nevertheless, despite these limitations, this exploratory study demonstrates the feasi-
bility of combining intensive physiological monitoring with hyperspectral remote sensing
to detect stress in individual trees. The methodology provides a foundation for future
research, with proper replication, adequate controls, and multi-year monitoring, to defini-
tively characterise European beech drought responses and to validate operational remote
sensing approaches for forest monitoring under climate change.

As the frequency and intensity of CDHW events are expected to increase under fu-
ture climate scenarios, detailed investigations of spatial and temporal drought responses
are needed to guide forest practitioners in implementing appropriate management strate-
gies [64].

The priority areas for future research include: (1) replicated experiments with ap-
propriate infrastructure (towers and mobile platforms) across multiple sites spanning the
species’ climatic range; (2) continuous monitoring of soil moisture, sap flow, and stem
growth to track the development and evolution of stress; (3) multi-year observations to
capture inter-annual climate variability; (4) mechanistic studies linking leaf-level optical
properties to canopy-scale spectral signatures; (5) validation of remote sensing indices
against physiological stress metrics across diverse forest conditions; and (6) integration
with process-based models to predict drought impacts under future climate scenarios.

5. Conclusions
This exploratory study combined intensive physiological monitoring with airborne

hyperspectral remote sensing to investigate the drought-stress sensitivity and stress de-
tectability in a European beech stand in the eastern Alps of Italy during the 2022 CDHW
event. Our physiological measurements revealed that the water-stressed beech tree ex-
posed to the manipulation experiment exhibited severely reduced photosynthetic capacity,
accompanied by substantial chlorophyll degradation. In contrast, trees under ambient
2022 CDHW conditions showed mild photosynthetic impairment without chlorophyll loss,
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suggesting that early-stage stress affects beech trees’ stomatal and metabolic functions
before detectable pigment changes occur.

This pilot study suggests that red-edge vegetation indices (RENDVI and CIRE) and
photochemical reflectance indices (SPRI) can differentiate trees with varying photosyn-
thetic status and hold promise for operational stress detection. Water-related vegetation
indices showed higher values for the IR treatment; however, further studies are needed to
investigate the spectral responses of water-absorption-related features to subtle changes in
canopy water status.

The intensive measurement approach demonstrated here, while logistically challeng-
ing, provides critical ground-truth data for validating satellite remote sensing products.
Many of the investigated indices yield scale-appropriate pixels for forest monitoring at
either the single-tree (PlanetScope) or plot level (Sentinel-2, PRISMA). The methodological
framework and the demonstrated feasibility of this approach are the key outcomes of this
pilot study, paving the way for future replicated studies.
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Abbreviations
The following abbreviations are used in this manuscript:

Amax maximum photosynthesis rate
An net photosynthesis
Asat net photosynthesis at a saturating PAR
CDHW compound drought and heatwave
CHI chlorophyll index
CIRE chlorophyll red-edge index
ETR electron transport rate
Fm maximum fluorescence yield in the dark-adapted state
Fm’ maximum fluorescence yield in the light-adapted state
Fo minimum fluorescence yield in dark-adapted state
Fs steady-state fluorescence level in the light-adapted state
Fv/Fm maximum potential quantum efficiency of photosystem II
gs stomatal conductance
IRGA infrared gas analyser
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LAI leaf area index
NDVI normalised difference vegetation index
NDWI normalised difference water index
NIR near-infrared
NPQ non-photochemical quenching
NWI normalised water index
PAM pulse-amplitude-modulated
PAR photosynthetically active radiation
PRI photochemical reflectance index
PSII photosystem II
Rd dark respiration rate
RENDVI red-edge normalised difference vegetation index
ROI region of interest
SPRI scaled photochemical reflectance index
SVI spectral vegetation index
SWIR shortwave infrared
Tr transpiration rate
VIS visible
VNIR visible and near-infrared
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