
Multi-scale and multi-compartment monitoring of tree vitality –
Integrating soil, stem, crown, and remote sensing observations
Moritz Mauz1, Stefan Ehekircher2, Andreas Braun1, Armin Niessner2, Tamara Schober1,
Göran Spangenberg3, Jürgen Schäffer2, Sebastian Hein2, and Volker Hochschild1

1Eberhard Karls University of Tübingen, Department of Geoscience, Physical Geography and Geoinformatics, Rümelinstraße
19-23, 72070 Tübingen, Germany
2University of Applied Forest Sciences Rottenburg, Schadenweiler Hof 1, 72108 Rottenburg, Germany
3University of Applied Sciences Erfurt, Forestry and Ecosystem Management, Leipziger Straße 77, 99085 Erfurt, Germany

Correspondence: Moritz Mauz (moritz.mauz@uni-tuebingen.de)

Abstract. Forest ecosystems in Central Europe are increasingly affected by climate change, with rising temperatures and more

frequent drought events posing substantial challenges to dominant tree species such as beech and oak. Understanding how

site-specific factors interact with climatic stressors is therefore essential for assessing forest resilience and future viability.

In particular, soil properties such as texture (sand, silt, clay) influence water retention capacity and root penetration, thereby

directly affecting tree growth and vitality.5

To quantify tree water balance and physiological condition, trunk circumference and sap flow are continuously monitored at

multiple sites. These in situ measurements are complemented by remote sensing data derived from drone-based and satellite im-

agery, as well as by meteorological observations. This integrative monitoring framework enables a comprehensive assessment

of drought stress susceptibility in relation to site conditions.

This article introduces the research design and first findings of the DryTrees project, funded by the Baden-Württemberg10

Foundation, including the applied in-situ and remote sensing methodologies and initial results from the first two project years.

The generated dataset has the potential to reveal unprecedented insights into biophysical and climatological interactions in

typical German forest ecosystems and to support the development of site-specific, climate-resilient, and cost-efficient forest

management strategies.

1 Introduction15

As the global mean temperature increases, heat waves in Central Europe affect the regional climate and therefore large parts

of Germany also experience more weather extremes like heavy rain or heat waves (Polade et al., 2014; Malhi et al., 2020).

At the same time, droughts accompany these heat waves in Germany as well as all over the world (Bradford et al., 2022;

Messaoud, 2024). Trees suffer from such conditions in the same way as many other living organisms across biomes (Shestakova

et al., 2019). If they do not have tolerance for drought stress or a mechanism to cope with this stress, trees are damaged.20

Drought-driven tree mortality is increasing around the world (Allen et al., 2010) and affects both plantations of high-production

agricultural systems as well as man-made to fully natural landscapes, i.e. forests. In Central Europe, beech and oak trees are
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considered main tree species and are characteristic of European forests. The aim of the DryTrees project presented here is

to better understand the mechanisms by which beech and oak trees suffer from drought stress. The findings will be used

to develop management measures and site-specific recommendations for future forest interventions aimed at increasing the25

vitality of these tree species.

The parameters affecting the vitality of a living tree are manifold and complex. Fungi, insects, ozone, air pollution, flooding,

storm damage, frost, and last but not least, drought all play a role in influencing tree development (Roloff, 2021). This integrated

study aims to investigate the consequences of drought in beech and oak trees in particular. Tree vitality can be measured using

different techniques. Analysis of carbohydrate content in several tissues has been used as an indicator of tree vitality (Martinez-30

Trinidad et al., 2010). Alternatively, the starch content using Lugol’s solution has been used to evaluate the carbohydrate

content (Kosola et al., 2001). Significant simplifications have been achieved using portable refractometers that offer results

without complicated laboratory work to determine carbohydrate content (Waes et al., 1998). Similarly, portable and viable for

determining tree vitality is the use of chlorophyll fluorescence spectrometry (Maxwell and Johnson, 2000; Martinez-Trinidad

et al., 2010). One prerequisite of chlorophyll fluorescence spectrometry is the need for leaves in a tree or plant. Thus, this35

method can only be applied in spring and summer, if the growing periods in the mid-latitudes are considered. In addition to the

methods mentioned above, the use of electrical resistances within tree trunks has been used in the evaluation of physiological

processes associated with stress conditions (Ostrofsky and Shortle, 1989; Borchert, 1994; Martinez-Trinidad et al., 2010). The

process is minimally invasive, has low power consumption and can be integrated into IoT (internet of things) networks and the

data can be continuously logged (Matasov et al., 2020). In this study, i.a. commercially available TreeSense Pulse sensors, or40

wearables, are used to monitor beech and oak trees crowns with a collective of ten sensors. These wearables have the advantage

to monitor the trees autonomously and continuously without the need of an operator in the field taking tissue samples for starch

or glucose analysis. All monitored trees in this study are also equipped with dendrometers that measure the stem radial growth

of the tree stem continuously. Sap flow metres based on the method by Granier (1985, 1987) measure the fluid flow in the

xylem of each tree (Niessner et al., 2024).45

Although climate change studies on high heat tolerance in tree species in general (Sperlich et al., 2019; Gauthey et al.,

2024) or individual tree compartments, e.g. focussing on leaf behaviour or phenology (Anev et al., 2016; Ahrens et al., 2021;

Pfenninger et al., 2025) are important, the novel approach in this study are integrated measurements. An integrated set-up that

covers all tree compartments provides entirely new possibilities for high-resolution and multi-dimensional data analysis. With a

measurement interval of 15 minutes, it is possible to record high-resolution reactions of the trees, including the tree crowns, e.g.50

during a drought period. These in-situ measurements are complemented by multispectral data acquired with UAS (uncrewed

aircraft systems) and by satellite-based observations. The derived ortho-images are used to map the tree crown vitality using

NDVI (Normalised Difference Vegetation Index). The NDVI is a well established vegetation index and suited for deciduous

trees like beeches and oaks. Ecke et al. (2024) compared several vegetation indices and recommend the NDVI and the BNDVI

(Blue Normalised Difference Vegetation Index). However, the BNDVI is very susceptible to weather conditions (cloudy or55

sunny) which is reflected in significant Rayleigh scattering above 50 metres above the ground in the blue band (Suomalainen

et al., 2021). Therefore, the NDVI has been chosen to represent tree vitality. Since plant vitality is also very susceptible in

2



the red-edge part of the electromagnetic spectrum, the NDRE (Normalised Difference Red-Edge) index will be evaluated in

addition (Boochs et al., 1990; Xu et al., 2019).

This work primarily presents the sensor setup and measurement methods applied in the study and provides first insights into60

the data collected by the deployed instruments. In addition, the study sites in south-western Germany are introduced to establish

a scientific foundation for future seasonal monitoring of drought stress in sessile oak (Quercus petraea) and beech (Fagus

sylvatica). At this stage, the focus lies on demonstrating the feasibility of the monitoring approach and the complementary

nature of the different data sources, rather than on a fully integrated analysis across all observation scales.

An overarching objective of the DryTrees project is to transfer insights gained from the test sites to forested regions across65

Baden-Württemberg. In the long term, this approach may support the early identification of drought-stressed beech and oak

trees and inform the development of appropriate management measures. The research questions of the DryTrees project are

summarised as follows:

– How do beech and oak trees differ in their multispectral responses to extended dry periods across varying soil types?

– How can in-situ tree vitality parameters, such as sap flow and stem diameter variation, be used to assess drought stress?70

– Can satellite and aerial imagery be utilised to identify drought stress indicators through cross-correlations with in-situ

parameters in forest areas sharing similar soil and stand characteristics?

– How resilient are beech and oak trees to drought in Central European forests?

2 Study sites

In this section, the physical properties of the study sites are described. For additional visual context, 360° panoramic pho-75

tographs of the sites are available online at https://36o.de/drytrees/. The images are accompanied by supplementary information

on the sites and the trees depicted.

2.1 Geography

The overall study area is located in the state of Baden-Württemberg, Germany (Fig. 1), and comprises three distinct sites

located in a forest north-east of the city of Hechingen (Fig. 2). The forest represents a typical Central European mixed forest.80

As the project focuses on sessile oak (Quercus petraea) and beech (Fagus sylvatica), the close spatial co-occurrence of both

species was a key criterion to ensure feasible sensor installation and cable management. Accordingly, three sites were selected

at different altitudes that fulfil this requirement (Fig. 2). At each site, ten sessile oaks and ten beeches are distributed over an

area of approximately 0.2 – 0.45 ha.

Figure 3 illustrates the terrain and examples of instrumented trees at each site. Site 1 is located on a gentle north-west-85

facing slope (5°), whereas Site 2 is characterised by a steeper south-west-facing slope (15 – 20°). Site 3, situated at the highest

elevation, lies on top of an escarpment with a nearly level plateau and slope angles of up to 40° at the edge. Differences

in topography and exposure, such as slope and irradiation angle, result in site-specific microclimatic conditions. The main

characteristics of the three sites are summarised in Table 1.
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Figure 1. Location of the state of Baden-Württemberg within Europe (A) and the location of the three study sites (B, red rectangle). Data

sources: GADM and Natural Earth. Map created using QGIS 3.40.6.

Figure 2. Satellite imagery with 10 m contour lines of study locations 1, 2, and 3 north-east of Hechingen, Germany. Topography was derived

from a digital elevation model (DEM) provided by the State Office for Geoinformation and Surveying of Baden-Württemberg (LGL BW).

Background imagery: Map data © 2025 Google. Map created using QGIS 3.40.6.
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Figure 3. Impressions of the terrain and tree stand structure at Sites 1,2, and 3 from left to right. The south-west facing slope at Site 2 and

the south facing slope of Site 3 as well as the escarpment bordering Site 3 are well visible.

2.2 Tree stand structure90

Tree stand structure varied considerably among the three study sites (Tab. 1). Site 1 has the lowest basal area (23.43 m2/ha)

and stem density (313 stems/ha), whereas Sites 2 and 3 exhibit much higher values (basal area: 39.91 and 38.86 m2/ha; stems:

520 and 589 stems/ha). The average diameter at breast height (dbh) is highest at Site 1, particularly for oaks, and generally

larger in oaks than in beeches at all sites. Tree height follows a similar pattern, with taller trees at Site 1 (oak: 29.5 m; beech:

28.2 m), and comparatively shorter individuals at Site 2 (23.4 m/20.2 m) and especially at Site 3 (17.4 m/17.1 m).95

Minimum tree age in 2025 averaged around 100 years at Sites 1 and 2 (oak: 104.2/111.9 years; beech: 87.0/101.1 years), but

was considerably higher at Site 3 (oak: 168.2 years; beech: 149.4 years). At Site 1, four oaks between 150 and 175 years old

are located at the wayside, while all others are under 100 years. At Site 2, a single 200-year-old oak is found, with the others

being around 100 years. In contrast, tree ages at Site 3 are more diverse, ranging from 119 to 231 years in oaks and from 84 to

199 years in beeches. These values are based on tree-ring measurements taken at 130 cm height and typically the pith was not100

hit, meaning actual tree ages are likely underestimated by several years, sometimes even by one or two decades.

Species composition is dominated by Fagus sylvatica (beech) across all sites, with shares ranging from 56.0 % (Sites 2

and 3) to 78.3 % (Site 1). Quercus robur (oak) is consistently present but less abundant (8.0 – 21.0 %). Additional common

species includes Carpinus betulus (hornbeam) at Sites 1 (3.6 %) and 2 (10.0 %) and Fraxinus excelsior (ash) at Site 3 (10.1 %).

Numerous young beeches (<7 cm diameter), are present at Sites 1 and 3.105
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Table 1. Basal area, stem density (stems ha−1; stem circumference ≥ 7 cm), mean diameter at breast height (DBH), mean minimum tree age

in 2025 (based on the oldest measured tree ring), mean tree-ring width, and tree species composition at each site. Values are given as mean

± standard deviation. n= 15 per species and site.

Site 1 Site 2 Site 3

Coordinates (WGS84) 48.3691oN, 9.0004oE 48.3634oN, 8.9948oE 48.3690oN, 9.0460oE

Altitude [m ASL] 520 550 850

Basal area [m2/ha] 23.43 39.91 38.86

Stems/ha 313 520 589

Average dbh [cm] (oak/beech) 54.5 ± 10.4 / 43.1 ± 6.8 47.3 ± 10.8 / 37.3 ± 8.9 44.6 ±10.5 / 42.1 ± 12.2

Average tree height [m]

(oak/beech)

29.5 ± 2.7 / 28.2 ± 2.4 23.4 ± 1.8 / 20.2 ± 3.8 17.4 ± 3.3 / 17.1 ± 2.8

Average minimum tree age in 2025

[years] (oak/beech)

104.2 ± 38.7 / 87.0 ± 3.9 111.9 ± 25.1 / 101.1 ± 6.4 168.2 ± 30.0 /

149.4 ± 34.1

Average tree ring widths [mm]

(oak/beech)

2.30 ± 0.47 / 2.29 ± 0.34 1.73 ± 0.30 / 1.71 ± 0.40 1.09 ± 0.18 / 1.19 ± 0.21

Tree species composition Fagus sylvatica (78.3 %),

Quercus robur (8.0 %),

Picea abies (8.0 %),

Carpinus betulus (3.6 %),

Tilia sp. (1.4 %), Pinus

sylvestris (0.7 %)

Fagus sylvatica (56.0 %),

Quercus robur (21.0 %),

Carpinus betulus (10.0 %),

Tilia sp. (6.0 %), Acer

pseudoplatanus (3.5 %),

Sorbus torminalis (3.5 %)

Fagus sylvatica (56.0 %),

Quercus robur (12.8 %),

Fraxinus excelsior

(10.1 %), Sorbus

aucuparia (7.3 %), Acer

pseudoplatanus (7.3 %),

Crataegus sp. (4.6 %),

Acer campestre (1.8 %)

2.3 Soil properties

Figure 4 shows the soil profiles of the study sites. Each profile is described in detail below. The geological subsurface at the

three study sites is dominated by sediments deposited during the Jurassic period. Sites 1 and 2 (with slopes of 5° and 15 -

20°, respectively) are characterised by marl clays from the Opalinus Clay Formation forming the bedrock. Site 3 (40° slope) is

located directly at the edge of the escarpment of the Well-Bedded Limestones. In the periglacial region, soil formation occurred110

in cover beds originating from solifluction and solimixture processes. The soil profile at study Site 1 exhibits a distinct upper

periglacial cover bed, approximately 30 cm thick, containing a loess loam component. During soil formation in the Holocene

period, a cambic horizon (Bv horizon according to the German soil classification) developed in this cover bed. Below is a
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clay-rich basal cover bed with a polyhedral structure (II Pv1 and II Pv2 horizons). The light grey to brown-orange mottling in

the basal layer is due to the oxidation of finely dispersed pyrite contained in the marl clay and is not caused by waterlogging.115

Moderately weathered grey clay marl bedrock (III-elCv) underlies the transitional horizon (III-Pv-elCv). There the soil type

according to the WRB is Vertic Cambisol.

The profile of Site 2 is located on a steeper slope with high erosion potential. There, the upper and basal periglacial cover

beds, which are typical of the periglacial region, are missing. The horizon below the Ah horizon also shows humus accumula-

tion, as well as a distinct polyhedral structure (Pv-Ah). The presence of humic properties combined with polyhedral aggregation120

in this horizon can be explained by the downslope transportation and mixing of soil material during the Holocene period, which

was induced by human activity. Below the Holocene cover bed are the clay-rich II Pv and elCv-Pv horizons, which cover the

weathered marl stone from the Opalinus Clay Formation (elCv). The soil profile is classified as a Haplic Vertisol. At Site 3,

under the humus-rich Ah horizon, there is a transition horizon rich in humus and skeletal soil material showing polyhedral

structuring (II Tv-Ah). The crevices between the massif limestone bed underneath are filled with humus-rich, polyhedrally ag-125

gregated fine earth material (III Ah-Tv+cmCv). Intensive and deep rooting occurs in the interspaces, with roots extending into

the underlying III cmCv horizon. The aeolian silt component, which is typical of upper periglacial layers, is still detectable in

the Ah horizon. The soil is classified as a Rendzic Leptosol that developed on shallow limestone debris overlying well-bedded

limestone rocks.

Due to the high base saturation in the rooted soil horizons, the trees at Sites 1 and 2 have a guaranteed nutrient supply. At130

Site 3, phosphorus supply may be limited due to the fixation of phosphate in the form of calcium phosphate. High calcium

content in the soil solution can lead to potassium deficiency symptoms.

3 Methods

As this work primarily focuses on the methodological framework of the DryTrees project, the following sections present the

employed approaches, including the collection of soil and tree health parameters as well as the acquisition and analysis of135

orthophotos using uncrewed aircraft systems (UAS).

3.1 Soil monitoring

Volumetric soil water content (VSWC, %) was measured at 20 cm and 40 cm depth and at four points at each of the three

sites. VSWC was measured using “Teros 10” soil water content sensors (METER group, 2023), connected to open-source data

acquisition systems ("Loguino") and recorded with a measurement accuracy of ±0.03 m3/m3 and a temporal resolution of 30140

minutes. Additionally, the temperature was recorded next to the sensor at 20 cm soil depth, using a D18S20 digital thermometer

(±0.5 °C) (Maxim Integrated Products, Inc., USA), also connected to the Loguino.

To obtain the type and diversity of rooting at the various locations, a soil profile is dug out with the profile wall located at the

border of the outer to the middle third of the crown radius of an investigated tree (Arbeitskreis Standortkartierung, 2016). At
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Figure 4. Soil profiles at Sites 1 (left), 2 (middle), and 3 (right). The German soil classification guide (AG Boden, 2024) was used for soil

description, and soil classification was done according to the World Reference Base for Soil Resources (WRB) classification system (IUSS

Working Group WRB, 2022).

the soil profile wall, coarse and fine roots are counted using counting squares (5 x 5 cm) down to a depth of one meter. Roots145

with a diameter < 2 mm are classified as fine roots (Boehm, 1979).

3.2 Tree stem and crown monitoring

3.2.1 The TreeSense Pulse sensor system

To monitor tree crown vitality TreeSense Pulse sensors are installed in ten trees (five oaks and five beeches) at Site 1. The

limited number of crown monitoring sensors is sourced in the limited funding for this project. These specific sensors used150

for this study are not in-house made. The TreeSense Pulse wearables are commercially distributed by the TreeSense GmbH

located in Munich, Germany. Since 2020, TreeSense has been producing sensors to monitor the hydrological status of trees.

The sensors measure the electrical resistance between two electrodes in the sapwood and the ambient temperature in the crown

at 15-minute intervals. The electrical resistance is largely dependent on the moisture content of the wood. The sensor box

(dimensions: 8.5 × 5.5 × 3.5 cm; weight: 150 g) contains an IoT (Internet of Things) antenna that transmits the recorded data155

via a narrowband cellular network to a cloud-based platform, where the data become available to the user after proprietary

pre-processing. The power supply is ensured by a battery (1200 mAh), which lasts up to three years.
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Figure 5. Example of a TreeSense Pulse sensor (blue box) connected to telemetry unit on an apple tree located in an orchard meadow and

embedded electrodes, screwed into a tree branch, and sensor cover with connectors to the telemetry module.

For mounting, two holes (1.5 mm diameter) are drilled approximately 9 mm deep into the sapwood at a distance of 2 cm

sapwood. Brass screws are screwed into the wood as electrodes (Fig. 5). At the same time, a silicone support is attached to the

screws to mount the sensor box. The predrilling and screwing in causes small wounds. However, these wounds are in the outer160

sapwood and therefore in very reactive tissue (Shigo, 1984), so that no relevant damage is caused to the wood.

The sensors are logging the electrical resistance in kΩ as measured values. These values initially depend on the ambient tem-

perature of the sensors (and the sapwood). For this reason, calibration series are carried out in order to establish a compensation

function (Treesense GmbH, 2020). Both the compensated values and the raw data are available to the end user. Furthermore,

the measured values, for anatomical and chemical reasons, depend on the tree species. Since the electrical conductivity can also165

differ significantly within a tree species, it is recommended to particularly analyse the extent of the resistance fluctuations and

less the absolute values (Treesense GmbH, 2020). Generally, an increase in electrical resistance, i.e. a decrease in conductivity,

is interpreted as a decrease in sapwood moisture content.

3.2.2 Dendrometers

All selected trees on Site 1, 2, and 3 are equipped with spring-loaded linear displacement potentiometers (MMR 10 11 R5 K)170

with a resolution of <2.5 µm and a resistance tolerance of ±2 % (MEGATRON Elektronik GmbH & Co. KG, 2026; Delta-

T Devices Ltd, 2000) to record radial changes of the stem. The potentiometers, henceforth referred to as dendrometers, are

mounted in the centre of stainless steel frames and then attached to the stem at a height of 1.3 m with two screws anchored

at least 5 cm deep in the xylem and at least 6 cm from the measurement point. They are placed with the tips in the innermost

bark after the outer parts have been partially removed without damaging the living bark or cambium. Each dendrometer is175
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protected by a cover, connected to a Dl2e data logger (Delta-T Devices Ltd, 2000) and recorded every 30 minutes. Each

sensor was connected to two differential mode channels of the DL2e, one channel to measure the resistance across the variable

potentiometer and the second channel to measure the total resistance of the sensor’s conductive plastic. The readings of the

second channel are further used to compensate for the humidity dependency of the conductive plastic, like we did it in our

previous projects (Niessner et al., 2024, 2025).180

3.2.3 Sap flow meters

We use pairs of home-made sap flow sensors based on the method described by Granier (1985, 1987). These sensors are in-

stalled at a height of 1.3 m on the north side of each stem. Each sensor consists of a pair of copper-constantan thermocouples

mounted in 2 cm long needles, placed in the xylem at a vertical distance of approximately 10 cm. The upper sensor is con-

tinuously heated with 120 mA, and the temperature difference is recorded every 10 minutes using a ’Loguino’ along with the185

dendrometer. Higher sap flow leads to faster heat dissipation, resulting in smaller temperature differences. Zero-flow condi-

tions are assumed during nighttime and used for regular recalibration of the temperature difference baseline. While the thermal

dissipation method is widely established for monitoring sap flow (Lu et al., 2004) and was used by us in previous projects

(Niessner et al., 2024, 2025), uncertainties related to radial and circumferential variability in sap flux density and the effective

sapwood depth can affect estimates of absolute sap flow. Consequently, absolute values should be interpreted with caution,190

whereas temporal dynamics and relative changes are generally well captured.

3.2.4 Dendrochronology

At each of the three sites, we sampled 15 individuals of beech and 15 individuals of oak, including the ten trees per species

and site equipped with dendrometers, as well as five additional trees. From each tree, two increment cores (5 mm diameter)

were extracted at breast height (1.3 m), perpendicular to the slope and from opposite sides of the trunk, using increment borers195

(Haglöf, Sweden). The cores were mounted on wooden holders and the surfaces were prepared using a corel microtome to

ensure a smooth finish for subsequent analysis (Gärtner and Nievergelt, 2010). Tree-ring widths were measured using the

WinDENDRO software (Regent Instruments Inc., Canada). Tree-ring boundaries were manually marked, and measurements

were recorded with a resolution of 0.01 mm. The resulting data were used to determine tree age and to assess growth responses

to extreme drought events, with a particular focus on resistance, recovery, and resilience (Lloret et al., 2011).200

3.3 UAS orthophotography

UAS-based orthophotography is part of the vitality monitoring of the studied trees. A DJI M300 RTK is used as the basis for

this task and can legally be operated with a A1/A3 licence in the open category. The M300 platform enables flight missions

of up to 50 minutes, which is more than sufficient for the 0.2 ha that are covered per measurement site. Take-off and landing

points are within 150 metres of the measurement locations. The terrain-following flight missions are planned in UAV Editor205

(www.uaveditor.com) and the path accuracy in flight is supported by an RTK (real time kinematic) GPS system (see also Tab.
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Table 2. Technical specifications of the operated UAS

Frame DJI Matrice M300/M350 RTK

Max. take-off weight 9.0 kg

Payload 2.7 kg

Rotor diameter 0.9 m

Airspeed 0− 50 km h−1

Endurance 40− 50 min

Propulsion electric

Autopilot and RC-transmitter DJI

RTK GPS DJI D-RTK 2

2 for more technical specifications). The flight legs are planned such that the overlapping of the images is at a minimum 80 %.

The obtained images are merged into an orthophoto using Agisoft Metashape (see also Sec. 3.6).

3.3.1 MicaSense multi-spectral camera

The MicaSense RedEdge-MX Dual camera is a multi-spectral sensor designed for high-precision vegetation analysis and210

remote sensing applications. The MicaSense camera system has successfully been used for close-range plant vitality studies

(Goebel and Iwaszczuk, 2023). In our study, we use the MicaSense camera in a remote sensing application to capture multi-

spectral imagery in ten discrete bands (coastal blue, blue, green 1&2, red 1&2, red-edge 1&2, and near-infrared). These bands

enable the calculation of vegetation indices such as the Normalized Difference Vegetation Index (NDVI) and the Red-Edge

Chlorophyll Index. These indices provide critical insights into vegetation health, chlorophyll content, and potential drought215

stress in trees. The high spectral resolution of the RedEdge-MX allows for detailed canopy assessments, complementing the

thermal and RGB imagery obtained from the DJI Zenmuse H20T. Mounted on an RTK-enabled UAS, the sensor ensures

georeferenced data acquisition, facilitating accurate monitoring of forest conditions over time.

The RedEdge-MX Dual camera produces ten files per capture with a resolution of 2180 x 960 pixels. Each file has a size of

approximately 2.5 MB and is stored as a 16-bit uncompressed TIFF image.220

3.3.2 Zenmuse H20T camera

The DJI Zenmuse H20T is a high-precision multi-sensor RGB and thermal camera system designed for aerial data collection

and remote sensing applications. It integrates a 20 MP zoom camera, a 12 MP wide-angle camera, a radiometric thermal

camera, and a laser rangefinder, making it highly versatile for various scientific and industrial purposes. The thermal imaging

module provides radiometric temperature measurements, allowing for detailed heat distribution analysis, which is particularly225

useful in environmental monitoring, forestry, and infrastructure inspections. The zoom and wide-angle cameras facilitate high-

resolution visual mapping and object recognition, while the laser rangefinder enhances spatial accuracy by providing real-time

distance measurements up to 1200 metres. When paired with DJI’s M300 RTK drone, the H20T benefits from RTK-enabled
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georeferencing, improving positional accuracy in photogrammetric applications. Due to its integrated multi-sensor design, the

Zenmuse H20T is particularly well-suited for scientific studies requiring a combination of thermal, optical, and spatial data in230

a single acquisition workflow.

In this study, we utilise the zoom camera module to capture detailed RGB imagery, enabling precise identification of tree

canopy structures and foliage conditions. Additionally, the radiometric thermal camera is employed to assess temperature

variations within the forest canopy, providing insights into heat distribution and potential indicators of drought stress in trees.

The combination of high-resolution RGB and thermal imaging is a valuable addition to the MicaSence multi-spectral camera235

and the combined systems allow for a comprehensive analysis of tree vitality, particularly in assessing stress responses to

environmental factors. The thermal camera also enables an individual crown examination during a phase of developed dry

stress. This enables high-frequency monitoring of less (stressed) individuals. This means that area information is lost but

temporal information is obtained. Integrated with the DJI Matrice 300 RTK, the system ensures high positional accuracy,

making it well-suited for repeated measurements and long-term monitoring of forest health.240

3.4 Micro-climate monitoring

WatchDog 2700ET weather stations (Spectrum Technologies, Inc., 2008) were installed at Site 1 and Site 3. Since Site 2 is

only a few hundred metres from Site 1, a separate weather station was not necessary. The weather stations record rainfall,

air temperature, relative humidity, air pressure, wind speed, and direction at 15-minute intervals, see Tab. 3 for the respective

accuracies. Additional meteorological data could be obtained from the nearby DWD weather station 2074, located just 1.5 km245

west of Site 1. The water vapour pressure deficit (VPD, hPa) is calculated after Goff and Gratch (1946) from recorded air

temperature, humidity and pressure.

3.5 Data continuity and quality assurance

To ensure data continuity and quality assurance, the following procedures were implemented. The sensors used in the DryTrees

project are widely applied in environmental and ecological monitoring studies and were selected based on their proven relia-250

bility in long-term field deployments. To ensure data continuity and quality, all measurements undergo routine quality control

procedures, including plausibility checks, gap detection, and inspection of the temporal consistency of the recorded time series.

TreeSense sensors installed on selected trees measure the electrical resistance of tree tissue. Derived parameters provided by

the manufacturer, such as vitality indices or temperature-compensated resistance values, are not interpreted as direct physical

measurements but rather as indicators supporting the interpretation of tree physiological status. In this study, these derived255

metrics are therefore treated as auxiliary indicators, while the primary analysis is based on the underlying measured signals

and their temporal dynamics.

In addition, regular field inspections are conducted approximately every three weeks during the vegetation period to verify

sensor positioning, inspect cables and installations, change batteries and check the operation of the data loggers. Dendrometers

were oiled once a year and if necessary readjusted. These inspections help ensure the stability and continuity of the recorded260

time series.
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Satellite data from the PlanetScope constellation were used as atmospherically corrected surface reflectance products pro-

vided by Planet Labs. These products are radiometrically calibrated and processed using standardized atmospheric correction

algorithms, ensuring comparability between acquisition dates and supporting the analysis of temporal patterns.

3.6 Data pre-processing265

A lot of data streams, from soil and weather data to tree crown observation data over stem growth data, have to be merged for

further data evaluation. This data pre-processing of the in-situ sensors and the pre-processing of the remote sensing data, i.e.

UAS data, is explained below.

3.6.1 TreeSense pulse crown vitality sensors

The pre-processing of the TreeSense crown sensors is done by the manufacturer. The processed data can then be downloaded270

from the TreeSense cloud, e.g. as a comma-separated file. The sensor vitality measure is a proprietary method for which the

manufacturer does not disclose any further information.

3.6.2 Dendrometer

The raw values of the two channels per dendrometer (measured in ohms) were processed by dividing the resistance of the

variable potentiometer by the total resistance of the conductive plastic. The resulting ratio was then multiplied by 1.1 to account275

for the sensor’s measuring length of 11 mm. To obtain the accumulated change in stem radius in µm, the values are multiplied

by 1000 and the initial value is subtracted from each value in the time series so that the time series starts at 0. The time

series of each individual tree is visually inspected, and outliers or phases with unusual high-frequency fluctuations are deleted.

Such disturbances may arise from technical issues (e.g., damaged cables or sensor malfunction) as well as external influences,

including animals nesting beneath protective covers or mechanical disturbances caused by wind or human interference. These280

artifacts are identified by abrupt, implausible changes in the recorded signal over 25 µm between consecutive measurements.

Sudden jumps in the data caused by adjusting the sensors on the stem surface are automatically detected (threshold: Valuet −
Valuet−1 > 50) and all subsequent values are corrected accordingly. Daily stem radius changes (SRC), the maximum daily stem

radius shrinkage (MDS) and the stem water deficit (TWD) are derived from these time series of each tree. The daily SRC is

calculated after Köcher et al. (2012) as the difference between the maximum stem radii in the morning of two subsequent days.285

MDS is the difference between the morning maximum stem radius and the following midday minimum (Downes et al., 1999;

Deslauriers et al., 2003). The TWD is calculated as the difference between the highest previous stem radius and the current

stem radius, given that the current stem radius is smaller than previously, otherwise, TWD = 0 (Zweifel et al., 2016). In order

to quantify drought stress and compare it between trees, we normalized TWD according to Peters et al. (2025). Normalized

TWD (TWDnorm) was derived by dividing the pre-dawn TWD (TWDpre−dawn) by the maximum MDS observed during the290

vegetation period (MDSmax), where MDSmax corresponds to the 99th percentile of all multi-year MDS measurements.

TWDnorm =
TWDpre−dawn

MDSmax
, (1)
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Table 3. Overview of sensors used in the DryTrees project, including measurement accuracy (manufacturer specification) and measures

ensuring time series continuity

Sensor Measured variable Accuracy Continuity assurance

Soil moisture probe Volumetric water con-

tent and temperature

±0.03 m3/m3,

±0.5 ◦ C

Installation according to manufacturer guide-

lines; regular field inspections every ∼3 weeks;

plausibility checks during preprocessing

Watchdog weather station Ambient temperature

Relative humidity

Rainfall

wind speed

Wind direction

Pressure

±0.6 ◦C

±2 %

±3 %

±5 %

±7 degree

±1.3 mmHG

Shielded installation; periodic field inspections;

comparison with nearby meteorological obser-

vations

Sap flow sensor Sap flow density resolution ±0.05 K

self made sensors with-

out certificate

Proper installation in tree stem; regular inspec-

tion during site visits; continuity checks of time

series

Dendrometer Radial growth ±2 % Regular inspection during site visits; continuity

checks in pre-processing

Data logger Data storage and trans-

mission

– Data loggers checked during field visits; battery

status and data storage monitored

TreeSense sensor Electrical resistance of

tree tissue

Manufacturer specified

sensor precision

Sensors installed according to manufacturer

guidelines; derived parameters such as vitality

indices are proprietary metrics and used as in-

terpretative indicators rather than direct mea-

surements.

Multispectral camera Surface reflectance Radiometric calibration

via reference panel and

sunlight sensor

Radiometric calibration before flights; stan-

dardized flight planning and preprocessing

Thermal camera (H20T) Surface temperature ±2 ◦C Factory calibration and surface reference ther-

mometer; consistent flight parameters; inspec-

tion of thermal data during preprocessing

PlanetScope satellite im-

agery

Surface reflectance Radiometric calibration

by provider

Atmospheric correction applied by Planet Labs;

consistent surface reflectance product used for

all scenes; visual inspection and preprocessing

checks for temporal consistency
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3.6.3 Sap flow

Before further processing of the data, all outliers and periods without power supply are removed. Such disturbances may result

from technical issues like cable breakage or sensor malfunction. These artifacts are identified based on implausible temperature295

differences (dT ) between sensors, specifically when dT falls below 2 K or exceeds 20 K, or when dT changes by more than 1

K between consecutive measurements. The sap flow rates for each sensor and day are calculated using the following method

by Granier (1987):

F = 0.0119 K1.231, (2)

300

K =
dTdmax − dT

dT
, (3)

where dT is the actual temperature difference measured and dTdmax is a reference value for zero sap flow derived from a linear

interpolation between the maximum daily temperature difference of the day before and the actual day. The determined flux

of sap flow density (g cm−2 s−1) is extrapolated to the entire tree and day using the R package developed by Berdanier et al.

(2016), which accounts for the sapwood area of the tree. The total area of sapwood is estimated by visual inspection of the305

cores of the trees. Stand water use can subsequently be estimated by extrapolating the measured tree water use of instrumented

trees to all trees within a given site. By modeling sap flow based on soil moisture and vapor pressure deficit (VPD), stand water

use can further be simulated under changing future climatic conditions (Niessner et al., 2025).

3.6.4 Soil moisture

At first, data outliers are removed, which are primarily caused by power shortage, cable failures, or sensor malfunctions. Data310

outliers are identified when a single sensor indicates a soil moisture change of more than 10 % between two measurements,

while the other sensors at the same location do not record a comparable change. Then four time series at each site and soil

depth are averaged for each soil depth in order to receive the site’s average volumetric soil content (VSWC). The volumetric

soil water content is highly influenced by soil conditions (Cassel and Nielsen, 1986). To account for this variability, VSWC

has been normalised as relative extractable water (REW). REW represents the ratio of available soil water and the maximum315

extractable water, as described by Granier (1987), and is defined by the following equation:

REW =
V SWC −V SWCmin

V SWCmax −V SWCmin
, [%] (4)

In this context, V SWCmax corresponds to the soil water content at field capacity, while V SWCmin represents the permanent

wilting point.

3.6.5 Data merging320

To enable a consistent analysis of the various time series at high temporal resolution, all data sources are harmonised to a

uniform frequency of 10 minutes. Dendrometer, soil moisture, and weather data, originally recorded at 30-minute intervals,
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are resampled and interpolated using the resample and interpolate functions from the Python module pandas. TreeSense pulse

data, initially logged at irregular 2-hour intervals and later every 30 minutes - often not aligned to full hours or minutes -

are processed using the time-series function of the traces module to produce interpolated values at 10-minute intervals. All325

transformed time series are then merged using the concat function from pandas to form a synchronised dataset suitable for

further analysis.

3.6.6 Multispectral UAS data

To process the UAS data for photogrammetric analysis, Structure from Motion (SfM) methods are implemented. Structure from

Motion automatically extracts 3-dimensional features from a series of overlapping and unstructured single images captured by330

a moving sensor, here UAS (Deliry and Avdan, 2023). These processes are initiated in the Metashape software from AGISOFT.

In general the acquired individual images should cover the scene or object from different angles without any gaps (Iglhaut et al.,

2019). To calculate the three-dimensional position, every point has to be redundant in at least two images. For this purpose,

the flight path of the UAV is adjusted for each site. According to terrain or object, the image overlap should be set adequately

(Iglhaut et al., 2019; Deliry and Avdan, 2023). At a flight height of 100 metres above ground, images are taken approximately335

every two seconds and overlap sideways by 80 %. Forward overlap is set to 90 %. Essentially, the result of SfM strongly

depends on the input image quality, in particular lighting and sharpness (Iglhaut et al., 2019). Metashape is able to use the

reflectance calibration panel and a sun reflectance sensor directly mounted on the UAS in order to detect the calibration images

automatically and save them for the subsequent calibration process. The reflectances of each band is stored in the calibrate

reflectance menu item for the Micasense red-edge dual camera and are available for automated access for calibration. Once the340

images from the flight are imported into Metashape, the actual SfM workflow starts with aligning the photos. In a first step, an

algorithm determines significant points (image feature points) in the individual images. These characteristic points include, for

example, certain corners or other geometric properties as well as special features in the texture or contrast of objects (Mancini

et al., 2013; Iglhaut et al., 2019). In general, the alignment stage includes three phases: 1. key point detection, 2. identification

of matching key points and 3. removal of inconsistent key points (Deliry and Avdan, 2023). By comparing each image, key345

points are linked across the entire image series in each image and their position in the image sequence is tracked (Mancini

et al., 2013). Based on the identified key points, three-dimensional points in a point cloud are calculated based on pixels from

2-dimensional single images (Iglhaut et al., 2019; Deliry and Avdan, 2023). This calculation is performed in several steps. First,

the so-called sparse cloud is generated. The sparse cloud contains the key points between the images and their corresponding

colour values. In addition, inner and outer camera calibration parameters as well as their position and spatial orientation at the350

time of the respective recording are stored in here (Mancini et al., 2013; Deliry and Avdan, 2023). The points are not yet as

dense and detailed in the sparse cloud as in the actual point cloud.

A subsequent, very computationally intensive operation forms the dense point cloud. Each photo is analysed in more detail

and the sparse point cloud is significantly densified. The selection of reconstruction parameters such as “reconstruction quality”

and “depth filtering” determines the level of detail and density, i.e. the number of points in the dense point cloud and the extent355

to which outliers are removed (Deliry and Avdan, 2023). The dense point cloud that is generated in this process provides the
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base for further SfM products and processing stages such as a 3D polygonal mesh model, various digital elevation models

(DEMs) and a georeferenced orthomosaic (Iglhaut et al., 2019). The raw images captured by the MicaSense RedEdge dual

camera system are stored in 16-bit format. However, the sensor’s actual radiometric resolution is 15 bits (i.e., the digital num-

bers range from 0 to 32767). The use of a 16-bit image format (ranging from 0 to 65535) is due to standard data handling and360

file format compatibility, not to an extended dynamic range of the sensor itself. To derive reflectance values, raw pixel values

are normalised by dividing by the maximum 15-bit digital number value (32767), after applying radiometric calibration factors

(e.g., gain, offset, panel correction). This ensures that the resulting reflectance values range between 0 and 1, representing the

proportion of incoming radiation reflected by the surface. Subsequently, within the workflow, the orthomosaic can be created

in the Metashape workflow. UAS-SfM represents a cost-efficient and time-saving method for the generation of high-resolution365

and detailed 3D objects and orthoimages at centimetre scale (Deliry and Avdan, 2023). Technological innovations also signifi-

cantly reduced the cost and complexity of the method. Moreover, the results of UAS SfM are comparable to those of terrestrial

or aerial laser scanning acquisition in numerous scenarios (Mlambo et al., 2017).

3.6.7 Multispectral satellite data

Multispectral satellite imagery from the PlanetScope (PS) constellation (Planet Labs PBC) will be used to complement UAS-370

based remote sensing data. The PlanetScope imagery consists of four spectral bands (blue: 455–515 nm, green: 500–590 nm,

red: 590–670 nm, NIR: 780–860 nm) with a ground sample distance of 3.7 m (resampled to 3 m). The Level 3B surface

reflectance product, which is atmospherically corrected and orthorectified, was used for all analyses. Images are selected to

match the UAS flight dates as closely as possible.

3.7 Post-processing375

Orthophotography and satellite images of forests, in particular ensembles of trees of different height, may suffer from canopy

shadowing (Xu et al., 2019). While we acknowledge recent advances in satellite imagery correction, to avoid incorrect cal-

culations, overshadowed parts of canopies are masked. For each study site a specific mask is created and adjusted for each

orthomosaic of each observation. This mask delineates the tree canopies of individuals that are instrumented with dendrom-

eters at ground level. Vegetation indices such as the NDVI, NDRE and red-edge slope are calculated (see also Tab. 4) and380

averaged over each canopy from these pixels inside the canopy mask. The red-edge is the sharp change in leaf reflectance

between 680 and 750 nm and has been measured on leaves of a variety of species by first derivative reflectance spectrophotom-

etry. Compared to broad-band reflectance, red-edge measurements are particularly suitable for early stress detection (Horler

et al., 1983).

4 Results385

This section presents the results of the in-situ monitoring and remote sensing observations collected within the DryTrees

project. First, exemplary in-situ measurements are shown, focusing on the relationships between soil moisture, tree physio-
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Table 4. Overview of the vegetation indices used and their equations

Index Equation

NDVI (Normalized Difference Vegetation Index)
NIR−Red
NIR+Red

NDRE (Normalized Difference Red-Edge Index)
NIR−RedEdge1
NIR+RedEdge1

Red-Edge Slope
RedEdge3−RedEdge1

∆λ

logical responses, and growth dynamics. Subsequently, results derived from remote sensing are presented, highlighting spatial

patterns and temporal developments in canopy condition. Together, these results provide a comprehensive view of the observed

tree responses to varying environmental conditions.390

4.1 In-situ monitoring data

4.1.1 Soil - stem growth

To analyse the relationship between soil moisture and tree growth, soil water content at 20 cm depth was compared with radial

growth of beech and oak.

In 2024, soil moisture remained relatively stable at around 45 % until approximately DOY 175 (Jun 23), followed by a395

gradual decline to about 25 % by DOY 230 (Aug 17). Correspondingly, radial growth in beech continued until around DOY

215 (Aug 2).

In contrast, 2025 was characterised by an earlier onset of soil drying. Soil moisture fell below 45 % before DOY 130 (May

10), showed a brief recovery around DOY 150 (May 30), and then declined again to approximately 25 % by DOY 190 (Jul 9).

This earlier decrease in soil moisture was reflected in reduced growth, with beech trees ceasing radial growth already around400

DOY 190.

Oak trees exhibited a similar pattern, with growth stopping earlier in 2025 (around DOY 205, Jul 24) compared to 2024,

although the overall radial growth was comparable between the two years.

Overall, the earlier soil moisture decline in 2025 resulted in a shorter growing period, particularly for beech.

4.1.2 Soil - stem hydration405

At levels below 20 % relative extractable water (REW), a stem water deficit begins to build up (Figure 7). TWDnorm reaches

higher values in 2025 than in 2024 for both species, and in beech even values higher than 1, i.e., significant drought stress.

4.1.3 Stem water flow - crown bark resistance

The water flow in the xylem of a selected oak and beech tree synchronously follows a change in electrical resistance in the bark

of the crown (Figure 8). The measured water flow densities of the beech tree were slightly higher than those of the oak tree at410
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Figure 6. Accumulative stem radial change of Quercus sp. (Q) and Fagus sylvaticus (F) during 2024 and 2025, together with the correspond-

ing soil moisture in 20 cm soil depth. The horizontal lines in the upper panel indicate the estimated time span of growth.

noon on all three days, and on July 10, they were almost twice as high before and after the midday overcast. The sap flow in

the beech tree always started one to two hours later than in the oak tree, but then rose steeply and ended earlier in the evening

(except on July 10). The changes in sap flow density follow the changes in resistance in the bark tissue of the crown with a

delay of 1 – 1.5 hours (second row panels, Figure 8). The amplitudes and absolute electrical resistances were significantly

higher in beech (7 - 14.4 kOhm) than in oak (2.6 - 4.3 kOhm). This delay between the resistance increase in the crown, which415

is related to the water content of the tissue, and the water flow in the trunk at a height of approximately 1.30 m is due, on the

one hand, to the low temporal resolution of the electrical resistance measurement (2 h vs. 10 min for sap flow), but above all to

the spatial distance. This also leads to the observed hysteresis between the two parameters (third row panels, Figure 8).

4.2 Multispectral monitoring

In the presented project, the study sites are monitored by performing multispectral UAS photography flights at least once a420

month. The two upper subplots in Fig. 9 show NDVI and the NDRE derived from these measurement flights of beeches and

oaks at all three locations, UAS1 being the observations at Site 1 and UAS2 and UAS3 the observations on Site 2 and 3

respectively. The NDVI, typically used to indicate vegetation vitality, remains relatively stable until autumn, when its values
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Figure 7. Mean normalized tree water deficit (TWDnorm) of Oak and Beeach in relation to soil moisture expressed as relative extractable

water (REW). Filled circles: 2024, open circles: 2025.

drop markedly. During the winter months, when trees are leafless, no measurement flights were conducted. With the onset of

spring and the emergence of new foliage, NDVI values rise again.425

The NDRE follows a similar seasonal trend; however, its variance is greater due to the direct use of the red-edge wavelength

range. This range is closely correlated with the water content of tree foliage and is therefore more responsive to heat stress or

to the drying phase that precedes leaf discolouration in autumn.

While NDVI and NDRE are dimensionless indices derived from reflectance ratios, a direct examination of the red-edge

spectral information enables a more detailed assessment of leaf vitality. The red-edge region is closely associated with the430

water status and physiological condition of tree foliage, and thus provides greater sensitivity to stress factors such as drought

or heat than vegetation indices alone (Boochs et al., 1990). The bottom subplot in Fig. 9 illustrates the transition from summer

to autumn with particular emphasis on the red-edge spectral range, using the red-edge slope (cf. Tab. 4). Notably, the red-edge

slope reveals a decline in leaf vitality as early as September, whereas NDVI and NDRE reflect this drop only from October

onwards. This earlier signal was consistently observed across all three study sites, underscoring the higher sensitivity of the435

red-edge slope to early signs of foliage stress.
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Figure 8. Relationship between sap flow density (SFD, top) and the index of resistance of the TreeSense pulse crown vitality sensors (middle)

of beech (F4, red) and oak (Q9, blue) at Site 1 on three sunny days in July 2024. The bottom panel illustrates the hysteresis between both

parameters. Lighter coloured dots are later in the day. Note that the resistance was measured every two hours and linearly interpolated to

match the 10 minute frequency of SFD.
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Figure 9. Averaged NDVI, NDRE, and red-edge slope values for beech and oak trees at three test sites, derived from UAS measurements

during the vegetation periods of 2024 and 2025.

4.3 Preliminary interpretation of results

The results presented in this study represent an initial assessment of the ongoing measurements and therefore only allow for a

preliminary interpretation. Nevertheless, several consistent patterns can already be identified across the different datasets.

First observations indicate that tree growth varies systematically between the three study sites, with the highest growth rates440

occurring at the moistest site and the lowest growth rates at the driest site. This suggests that site-specific water availability

plays a key role in controlling growth dynamics.

Furthermore, differences between the investigated tree species become apparent. Beech appears to respond more directly to

changing environmental conditions than oak, showing a faster decline in growth during periods of low soil moisture, but also

a more rapid recovery when conditions improve.445

The influence of environmental drivers also seems to vary between sites. At the intermediate site, tree growth appears to

be most strongly controlled by climatic variability. In contrast, growth at the moist site may be less limited by short-term
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fluctuations due to generally sufficient water availability, while trees at the driest site may exhibit a higher degree of adaptation

to water-limited conditions.

Across all sites, soil moisture appears to have a stronger influence on growth dynamics than temperature. Periods of higher450

water availability are consistently associated with increased growth, highlighting the importance of water supply as a primary

limiting factor.

These observations provide a first indication of species-specific and site-dependent responses to varying environmental

conditions. However, further analyses based on longer time series and additional measurements are required to confirm these

patterns and to better understand the underlying processes.455

5 Conclusions and outlook

The presented work documents the measurement instruments employed in the project, provides example datasets, and illustrates

selected cross-correlations. It is conceived as a reference paper that documents and harmonises established in-situ and remote-

sensing approaches for tree vitality monitoring. The individual measurement techniques themselves are not novel, as many

have been widely applied in environmental research and have proven to be robust and reliable. In this context, the most recent460

technological component is the use of uncrewed aircraft systems (UAS) to acquire high-resolution multispectral data.

At the outset of this study, the research questions guiding the project were defined. These questions aim, on the one hand, to

enhance the climate resilience of beech and oak and, on the other hand, to strengthen forestry revenues in regions expected to

be increasingly affected by climate change.

The project’s results are intended to inform maintenance and thinning measures and to support decision-making in forestry465

practice. Beyond short-term management interventions, the findings aim to contribute to future planting recommendations

by providing insights into the site-specific performance and drought resilience of beech and oak. In this context, the project

addresses the question of whether sites currently suitable for these species will remain viable under future climatic conditions.

The novelty of this study does not lie in the development of individual measurement techniques, but in the integrative

combination of all in-situ and remote-sensing approaches within a coherent monitoring framework. This integrated setup, as470

implemented in the DryTrees project, demonstrates the potential of combining multi-source observations across spatial and

temporal scales.

The temporal, spatial, and spectral resolution of the measurement setup at the three study sites is considered sufficient to

address the research questions defined at the beginning of the study.

A central objective is to assess the transferability and scalability of ground-based and UAS-derived observations to satellite475

data. Initial analyses indicate, however, that Sentinel-2 imagery does not reveal measurable drought-stress effects at tree scale

at the study sites, even during the markedly dry years of 2018 and 2019. Consequently, future analyses will require alternative

satellite products with higher spatial resolution. In this context, PlanetScope imagery, with a ground sampling distance of

approximately 3 m, represents a promising option.
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Based on sap flow measurements, stand-level water use will be quantified for our study sites as a function of soil moisture480

and be linked to remotely sensed data to upscale water-use estimates to larger scales.

In addition, interannual tree-ring width measurements will be analysed to assess growth responses to extreme drought years,

which have occurred with increasing frequency in recent decades. Intra-annual stem radius measurements will be examined to

investigate growth dynamics during pronounced drought phases.

Future research should focus on disentangling short-term physiological stress responses from longer-term structural vitality485

changes in beech and oak. In particular, the potential of PAR-related proxies (Gamon et al., 2023; D’Odorico et al., 2025)

derived from multispectral UAS data should be systematically evaluated along environmental gradients such as elevation and

site exposure.

A comparative analysis of PAR proxies, red-edge-based metrics (e.g. red-edge slope), and PRI may provide insights into their

relative sensitivity to acute drought stress, heat events, and phenological changes. Coupling these remote-sensing indicators490

with high-frequency in-situ measurements (sap flow, electrical resistance) offers the opportunity to identify early-warning

signals of tree stress and to quantify potential time lags between physiological responses and spectral changes.

Beyond univariate correlations, future work should aim to develop integrative vitality indices that combine multispectral

UAS observations with ground-based measurements into a multivariate assessment framework. Such indices could support

the definition of stress thresholds and vitality classes, potentially contributing to early detection of critical stress states and495

mortality risk.

Finally, the transferability of UAS-derived indicators to satellite-based observations should be further investigated. Given

the limited sensitivity of Sentinel-2 at tree scale, higher-resolution satellite products such as PlanetScope represent a promising

avenue for upscaling site-level monitoring to landscape-scale assessments.
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