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3 Summary

The exceptional drought period between 2018 and 2020 has caused considerable damage to
beech (Fagus sylvatica L.) forests in Central Europe. This thesis investigates the influence
of tree morphology and forest structure on the response of beech trees to drought stress in
northern Bavaria, Germany, using a combination of mobile laser scanning technology and
retrospective analyses of radial increment and 5'3C signal. The thesis consists of two main
parts:

In the first part, the influence of occlusion is investigated when recording single tree
morphology and forest structure using mobile laser scanning technology. For this purpose,
beech and spruce (Picea abies (L.) H. Karst.) stands were scanned at different times of the
year, both in leaf-on (summer) and leaf-off (winter) conditions, from the ground as well as
from the ground and from above using a crane. The analysis showed a substantial occlusion,
especially in the canopy area. Although the influence of occlusion on single tree
morphologies was less than expected, it still led, for example, to a reduction in measured
tree heights. At the stand level, ground scanning alone led to a loss of information in the
canopy space, reflected in changes in the point counts, the Clark-Evans index and the box-
dimension. A voxel size of at least 20 cm was suitable for reducing occlusion effects while
maintaining a high level of detail in the point clouds. These results were used to validate the
laser scanner technology for the subsequent analysis of drought effects.

In the second part, the influence of single tree morphology and forest structure on the
vulnerability of European beech to drought years 2018 to 2020 was investigated. For this
purpose, 990 beech trees in 240 drought-affected forest plots were analyzed. Tree
morphology, such as tree height and crown volume, was recorded using a mobile laser
scanner, while drought stress was assessed by examining core samples, §*3C signals, and
crown defoliation. There were clear responses of beech trees to drought, including increased
crown defoliation, reduced tree growth, and altered $**C signatures compared to pre-drought
values.

In terms of tree morphology, core analysis showed that dominant trees were particularly
affected by the drought. While these trees still showed increased growth in 2018, they
showed significant decreases in radial growth in 2019 and 2020. The §*3C signal increased
with increasing drought, indicating more substantial drought stress. In extreme drought, the
influence of competition on tree growth decreased. Morphological differences between trees
had a minor impact on drought resistance. Understory trees, however, showed some stability
in growth during drought years.

Concerning the stand structure, the results showed a correlation between crown closure and
defoliation in beech, indicating an increased susceptibility to drought in more open stands.
But the potential of silvicultural measures to reduce drought stress, as measured by
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increment and §°C signal, seems limited. However, the results suggest that increasing
structural complexity may increase drought resistance through compensatory effects of the
understory. Future forest management strategies could include promoting structural
diversity, promoting vital individuals during thinning, and actively enriching forests with
drought-resistant tree species to improve the adaptive capacity of beech-dominated forests
to climate change. Overall, the intensity of the 2018-2020 drought event was so severe that
it appears to have overridden many known rules and drivers of forest ecology and forest
dynamics (social position, morphology, competition).

This thesis provides insights into the complex effects of drought events on beech forests. It
highlights the need to adapt forest management to changing climatic conditions, particularly
by promoting structural diversity and selecting drought-resistant tree species to increase the
resistance of beech-dominated forests.



4 Zusammenfassung

Die aullergewohnliche Durreperiode zwischen 2018 und 2020 hat in Mitteleuropa
erhebliche Schaden an Buchenwaéldern (Fagus sylvatica L.) verursacht. Diese Arbeit
untersucht den Einfluss der Baummorphologie und der Waldstruktur auf die Reaktion von
Buchen auf Dirrestress in Nordbayern mittels einer Kombination von mobiler
Laserscantechnik und retrospektiven Analysen des Radialzuwachses und des §*C-Signals.
Die Arbeit gliedert sich in zwei Hauptabschnitte:

Im ersten Teil wird der Einfluss der Verdeckung (Okklusion) bei der Erfassung der
Baummorphologie und der Waldstruktur mittels mobiler Laserscantechnik untersucht. Dazu
wurden Buchen- und Fichtenbestdnde (Picea abies (L.) H. Karst.) zu verschiedenen
Jahreszeiten sowohl im belaubten (Sommer) als auch im unbelaubten Zustand (Winter) vom
Boden und mit Hilfe eines Krans auch von oben erfasst. Die Analyse zeigt, dass vor allem
im Bereich der Baumkronen eine starke Okklusion vorherrscht. Der Einfluss der Okklusion
auf die Einzelbaummorphologien war zwar geringer als erwartet, fiihrte aber beispielsweise
zu einer Reduktion der gemessenen Baumhohen. Auf Bestandesebene fiihrte der
Informationsverlust im Kronenbereich zu einer verringerten Punktdichte, Veranderungen
des Clark-Evans-Index und der Box-Dimension. Eine VVoxelgrofie von mindestens 20 cm
erwies sich als geeignet, um Okklusionseffekte zu reduzieren und gleichzeitig einen hohen
Detailgrad in den Punktwolken zu erhalten. Diese Erkenntnisse dienten der Validierung der
Laserscantechnik fir die anschlieBende Analyse der Durreeffekte.

Im zweiten Teil wurde der Einfluss von Einzelbaummorphologie und Waldstruktur auf die
Resistenz der Rotbuche gegeniber den Durrejahren 2018 bis 2020 untersucht. Dazu wurden
990 Buchen auf 240 Plots in von Durre betroffenen Waldgebieten (Frankische Platte,
Steigerwald) analysiert. Die Morphologie der B&ume, wie Baumhdhe und Kronenvolumen,
wurde mit einem mobilen Laserscanner erfasst, wéhrend der Dirrestress durch
Jahrringanalysen, 5'3C-Signalen und der Kronenverlichtung quantifiziert wurde. Es zeigten
sich deutliche Reaktionen der Buchen auf die Trockenheit, darunter erhohte
Kronenverlichtung, reduziertes Wachstum und verénderte §*3C-Signaturen im Vergleich zu
den Werten vor der Dirre.

In Bezug auf die Baummorphologie zeigte die Jahrringanalyse, dass insbesondere
dominante B&ume stark unter der Durre litten. Wé&hrend diese B&ume 2018 noch
Mehrzuwéchse aufwiesen, zeigten sie 2019 und 2020 deutliche Rickgénge. Mit
zunehmender Trockenheit nahm das §'°C-Signal zu, was auf verstiarkten Diirrestress
hinweist. Bei extremer Diirre nahm der Einfluss der Konkurrenz auf das Baumwachstum
ab. Morphologische Unterschiede zwischen den Bd&umen hatten nur einen geringen Einfluss
auf die Durreresistenz. Die unterstandigen Baume hingegen zeigten in den Durrejahren eine
gewisse Wachstumsstabilitat.
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Hinsichtlich der Bestandesstruktur zeigten die Ergebnisse eine Korrelation zwischen
Kronenschluss und Kronenverlichtung bei Buchen, was auf eine erhéhte Durreanfalligkeit
in offeneren Bestdnden hindeutet. Das Potenzial waldbaulicher MalRnahmen zur Minderung
von Trockenstress, gemessen am Zuwachs und am §*3C-Signal, scheint allerdings begrenzt.
Die Ergebnisse deuten darauf hin, dass eine Erhéhung der strukturellen Komplexitét die
Durreresistenz durch kompensatorische Effekte des Unter- und Zwischenstandes erhéhen
kann. Zukinftige Waldbewirtschaftungsstrategien konnten darauf abzielen, die strukturelle
Diversitat zu erhohen, vitale Individuen im Rahmen von Durchforstungen zu férdern und
die Walder aktiv mit dirreresistenten Baumarten anzureichern, um die Anpassungsfahigkeit
buchendominierter Wélder an den Klimawandel zu verbessern. Insgesamt wird deutlich,
dass die Intensitat des Durreereignisses 2018-2020 so gravierend war, dass viele bekannte
Regeln der Walddynamik (soziale Stellung, Morphologie, Konkurrenz) an Bedeutung
verlieren.

Diese Arbeit gibt einen Einblick in die komplexen Auswirkungen von Durreereignissen auf
Buchenwalder. Sie unterstreicht die Notwendigkeit, die Waldbewirtschaftung an die sich
andernden Klimabedingungen anzupassen, insbesondere durch die Forderung der
Strukturvielfalt und die Auswahl dirreresistenter Baumarten, um die Resistenz
buchendominierter Wélder zu erhéhen.

VII



5 Peer-reviewed paper

This dissertation is presented as a cumulative dissertation based on the following three lead
authorships. The original abstract and individual author contributions are provided for each
paper. In addition, one peer-reviewed co-authored paper has been published during the time
of this dissertation.

Lead authorships (Basis of the cumulative thesis)

Mathes, T., Seidel, D., H&berle, K.-H., Pretzsch, H. and Annighofer, P. 2023 What Are We
Missing? Occlusion in Laser Scanning Point Clouds and Its Impact on the Detection
of Single-Tree Morphologies and Stand Structural Variables. Remote Sensing 15,
450.

Mathes, T., Seidel, D. and Annighofer, P. 2023 Response to extreme events: do
morphological differences affect the ability of beech (Fagus sylvatica L.) to resist
drought stress? Forestry: An International Journal of Forest Research 96, 355-371.

Mathes, T., Seidel, D., Klemmt, H.-J., Thom, D. and Annighofer, P. 2024 The effect of
forest structure on drought stress in beech forests (Fagus sylvatica L.). Forest Ecology
and Management 554, 121667.

Co-authorships

Mataruga, M., Cvjetkovié, B., De Cuyper, B., Aneva, L., Zhelev, P., Mathes, T., ... & Villar-
Salvador, P. (2023). Monitoring and control of forest seedling quality in Europe.
Forest Ecology and Management 546, 121308.

VIl



5.1 Paperl

What Are We Missing? Occlusion in Laser Scanning Point Clouds and Its Impact on
the Detection of Single-Tree Morphologies and Stand Structural Variables

Mathes, T.; Seidel, D.; Haberle, K.-H.; Pretzsch, H.; Annighdofer, P.

Published in 2023 in Remote Sensing 15, 450, https://doi.org/10.3390/rs15020450

Impact Factor (2022): 5.0

Abstract

Laser scanning has revolutionized the ability to quantify single-tree morphologies and stand
structural variables. In this study, we address the issue of occlusion when scanning a spruce
(Picea abies (L.) H.Karst.) and beech (Fagus sylvatica L.) forest with a mobile laser scanner
by making use of a unique study site setup. We scanned forest stands (1) from the ground
only and (2) from the ground and from above by using a crane. We also examined the
occlusion effect by scanning in the summer (leaf-on) and in the winter (leaf-off). Especially
at the canopy level of the forest stands, occlusion was very pronounced, and we were able
to quantify its impact in more detail. Occlusion was not as noticeable as expected for crown-
related variables but, on average, resulted in smaller values for tree height in particular.
Between the species, the total tree height underestimation for spruce was more pronounced
than that for beech. At the stand level, significant information was lost in the canopy area
when scanning from the ground alone. This information shortage is reflected in the relative
point counts, the Clark—Evans index and the box-dimension. Increasing the voxel size can
compensate for this loss of information but comes with the trade-off of losing details in the
point clouds. From our analysis, we conclude that the voxelization of point clouds prior to
the extraction of stand or tree measurements with a voxel size of at least 20 cm is appropriate
to reduce occlusion effects while still providing a high level of detail.

Author Contributions

Thomas Mathes (T.M.), Dominik Seidel (D.S.) and Peter Annighdfer (P.A.) conceived the
ideas for the study; T.M., D.S., Hans Pretzsch (H.P.) and P.A. designed the methodology
for the study; T.M., D.S. and P.A. analyzed the data; T.M. wrote the first draft of the
manuscript; T.M., D.S., Karl-Heinz Haberle (K.-H.H.), H.P. and P.A. contributed to further

versions of the manuscript.
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5.2 Paperll

Response to extreme events: do morphological differences affect the ability of beech
(Fagus sylvatica L..) to resist drought stress?

Mathes, T.; Seidel, D.; Annighdfer, P.

Published in 2023 in Forestry: An International Journal of Forest Research, 96, 3, Pages
355-371, https://doi.org/10.1093/forestry/cpac056

Impact Factor (2022): 2.8

Abstract

Adaptive silvicultural approaches intend to develop forests that can cope with changing
climatic conditions. Just recently, many parts of Germany experienced 3 years of summer
drought in a row (2018-2020). This study analyzed the effects of this event on beech (Fagus
sylvatica L.) in two regions in northern Bavaria, Germany. For this purpose, 990 beech trees
were studied on 240 plots in drought-stressed forests. We examined trees of different social
position and different size. Their morphology (e.g., tree height, crown volume) was
recorded by laser scanning, and drought stress was quantified by tree core sample analyses.
In addition to increment analyses, the 8*3C signal was determined by year. Results show
that the dominant tree collective was particularly affected by the drought. They still
managed to perform well in 2018, but the radial growth decreased significantly in 2019 and
2020, partly resembling the performance values of subordinate trees. Subordinate trees, on
the other hand, provide some consistency in growth during drought years. The drought was
so severe that the effects of competition on tree growth began to disappear. The difference
in growth of two geographically distinct study areas equalized due to drought. With
continuing drought, increasing levels of the 5*3C signal were detected. Similar patterns at
different 513C levels were found across the social positions of the trees. The influence of
tree morphological variables on tree resistance to drought showed no clear pattern. Some
trends could be found only by focusing on a data subset. We conclude that the intensity of
the 2018-2020 drought event was so severe that many rules and drivers of forest ecology
and forest dynamics (social position, morphology, and competition) were overruled. The
influence of morphological differences was shown to be limited. The weakening of
dominant trees could potentially be no longer linear and drought events like the one
experienced in 2018-2020 have the potential of acting as tipping points for beech forests.


https://doi.org/10.1093/forestry/cpac056

Author Contributions

Thomas Mathes (T.M.), Dominik Seidel (D.S.) and Peter Annighofer (P.A.) conceived the
ideas for the study; T.M., D.S. and P.A. designed the methodology for the study; T.M., D.S.
and P.A. analyzed the data; T.M. wrote the first draft of the manuscript; T.M., D.S. and P.A.
contributed to further versions of the manuscript.
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5.3 Paper Il

The effect of forest structure on drought stress in beech forests (Fagus sylvatica L.)
Mathes, T.; Seidel, D.; Klemmt, H.J.; Thom, D.; Annighdofer, P.

Published in 2024 in Forest Ecology and Management 554, 121667,
https://doi.org/10.1016/j.foreco.2023.121667

Impact Factor (2022): 3.7
Abstract

The unprecedented drought between 2018 and 2020 had a significant impact on European
beech (Fagus sylvatica L.) forests in Central Europe. The role of different forest structures
in mitigating drought stress remains controversial. This contentious debate prompted our
study, in which we aimed to quantify the effect of forest structure on drought stress in beech
forests in two ecoregions of northern Bavaria, Germany. Using a mobile laser scanner, we
surveyed 240 plots in drought-stressed forests. We analyzed the responses of beech trees to
the drought period through radial growth, wood-derived &*3C signal, and crown defoliation.
Results revealed significant responses of beech forests in both regions to the drought event,
including increased crown defoliation, reduced tree growth, and altered §*3C signatures
compared to pre-drought conditions. Our results show a relationship between crown closure
and crown defoliation in beech, suggesting an increased vulnerability of beech to drought
in more open canopies. However, the potential for silvicultural intervention to mitigate
drought stress, as measured by BAI and &*3C signal, appears limited. Neighboring trees and
forest structure had little influence on average drought resistance. The §*3C signal showed
minimal responsiveness to variations in canopy openness, as well as to distinctions between
single and multi-layered forests. However, increased structural complexity within stands
tended to increase resistance due to the compensatory effects of understory trees. Future
forest management strategies could focus on promoting structural diversity, selecting
resilient individuals but also actively enrich the forests with more drought-adapted species
to increase the adaptive capacity of beech-dominated forests in the face of changing climate
conditions.

Author Contributions

Thomas Mathes (T.M.), Dominik Seidel (D.S.) and Peter Annighdfer (P.A.) conceived the
ideas for the study; T.M., D.S. and P.A. designed the methodology for the study; T.M., D.S.,
Dominik Thom (D.T.) and P.A. analyzed the data; T.M. wrote the first draft of the
manuscript; T.M., D.S., Hans-Joachim Klemmt (H.-J.K.), D.T. and P.A. contributed to
further versions of the manuscript.
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6 Introduction

6.1 Impact of drought stress on European beech forests

2023 was the hottest year since the beginning of weather records (Copernicus Climate
Change Service, 2024). The climate crisis continues to worsen, and the long-predicted
effects of wildfires, droughts, and floods are becoming increasingly visible. Yet, as in
previous years, global greenhouse gas emissions continued to rise in 2023. 36.8 billion tons
of carbon dioxide (CO>) or its equivalent were emitted (Friedlingstein et al., 2023). To make
matters worse, a significant portion of global warming is not directly attributable to current
emissions but results from slow feedback mechanisms and delayed additional effects
(Hansen et al., 2023). For Central Europe, a continuation of the trend towards more frequent
and more intense droughts is predicted (IPCC, 2018, Hari et al., 2020, Rakovec et al., 2022).
Between 2018 and 2020, for example, parts of Germany experienced an exceptional drought
with significant impacts on forests (Senf and Seidl, 2021, Thonfeld et al., 2022, Thom et
al., 2023). In total, 14 million cubic meters of broadleaf trees died, severely affecting
European beech (Fagus sylvatica L.) (BMEL, 2021). Beech is sensitive to summer droughts
such as those that occurred in Central Europe in 2003 and 2018 to 2020 (Scharnweber et
al., 2011, Schuldt et al., 2020, Del Martinez Castillo et al., 2022). In addition to severe
growth losses (Scharnweber et al., 2020, Leuschner et al., 2023), partial or complete crown
dieback, premature leaf drop, and leaf discoloration were observed (Nussbaumer et al.,
2020, Bigler and Vitasse, 2021, Arend et al., 2022). Beech trees were also susceptible to
secondary infestation leading to increased mortality (Corcobado et al., 2020, Langer and
BulRkamp, 2023). One of the major damage centers was located in northern Bavaria,
Germany (StMELF, 2023).

The decline of beech is becoming increasingly critical, especially due to its position as
Central Europe's most common broadleaf species (Forest Europe, 2020). Beech plays an
important role from an ecological and economic point of view (Ellenberg and Leuschner,
2010, Yousefpour et al., 2018). Beech forests of different types are Germany's dominant
potential natural vegetation, forming complex and unique deciduous and mixed forest
ecosystems associated with various faunistic and floristic species. The proportion of beech
in Germany is currently increasing, mainly due to the conversion of coniferous forests into
mixed deciduous forests. Consequently, the proportion of beech in the regeneration layer is
significantly higher than in older stands (Thinen-Institut, 2012).

The sustainable use of beech is closely linked to the goal of climate neutrality in Germany
and Europe (European Commission, 2019). Its contribution to climate protection results
from the CO. sequestration potential of healthy beech forest ecosystems on the one hand
(van der Woude et al., 2023), and from the use of wood as a renewable raw material on the
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other. However, beech forests can only fulfill their expected role in climate protection if
they are stable under climate change conditions. Studies show that different provenances
have specific adaptations. For example, Kramer et al. (2017) found significant differences
in temperature requirements for bud bursts, indicating local temperature adaptations. Cortan
et al. (2019) observed morphological adaptations to different climatic conditions,
highlighting the high adaptability of beech.

However, forest ecosystems are particularly vulnerable to extreme climate events due to
their relatively slow natural rates of adaptation (Allen et al., 2010). During this slow
adaptation process, extreme weather events, especially droughts, may increasingly act as
tipping points for ecosystems (Barnosky et al., 2012). Evidence from recent years supports
the prediction that the magnitude and speed of climate change will overwhelm the adaptive
capacity of many tree species and pose major challenges for forest management (Lindner et
al., 2010). A significant decline in growth is predicted for beech (Del Martinez Castillo et

al., 2022).

Adapting beech forests to climate change raises the question of the importance of forest
structures, such as layering or the degree of canopy closure, as well as about single tree
morphology in the context of drought stress mitigation. This is even more relevant as many
beech stands are in the mature phase (Thiinen-Institut, 2012) and need adaptation to climate
change. Against this background, the question arises of how existing stands can be
silviculturally managed to prolong the lifespan of beech-dominated stands and gain time for
a gradual conversion to other tree species. The targeted promotion of favorable structures
and single tree morphologies could decisively influence climate-adapted forest
management. These open questions are addressed in this dissertation.

6.2 Relationship between single tree morphology and drought stress

In this context, the influence of single tree morphology, such as tree height, crown volume,
or leaf area index, on drought stress in trees is discussed (Dobbertin et al., 2010, Adams et
al., 2015). It is hypothesized that more giant trees may be more drought-resistant due to
their extensive root systems and greater canopy surface area. Such trees may extract water
from the soil more effectively than trees in denser stands (Whitehead et al., 1984, Aussenac
and Granier, 1988).

However, there are also studies suggesting that more giant trees may be significantly less
resistant and subject to increased mortality during droughts (Bennett et al., 2015, Serra-
Maluquer et al., 2018, Stovall et al., 2019), which could be due to increased sensitivity from
higher radiation and evapotranspiration requirements. Exposed trees may have increased
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water requirements as a result of increased light exposure and associated transpiration rates
(McDowvell et al., 2006). The increased transpiration rates of large trees may be related to
increased hydraulic stress in situations of limited water availability (Ruehr et al., 2014).

The situation might be different for subordinate and smaller trees. These individuals also
compete with dominant trees for limited resources above and below the ground, and their
lower social position could be disadvantageous and lead to higher stress levels (Diaconu et
al., 2017). Luttschwager and Jochheim (2020) emphasize that thinning could stabilize
forests under drought conditions by removing understory trees, arguing that dominant trees
have better water storage behavior and higher adaptability to drought than understory trees.

However, despite their lower social position, understory trees may benefit from the shade
and microclimate under the canopy of more dominant but exposed trees. This microclimatic
potential could compensate for limitations imposed by their lower position and reduced
access to resources (Hardt Ferreira Dos Santos et al., 2020). Heat and drought could reduce
the growth of exposed tall trees relative to smaller trees, leading to a more even size
distribution and a more homogeneous vertical structure of the stand (Grote et al., 2016). van
der Maaten (2013) found that dominant beech trees were particularly sensitive to drought
compared to understory trees. Correspondingly, Meyer et al. (2022) found a shift in tree
mortality patterns from suppressed to more giant trees due to the 2018 to 2019 drought.

6.3 Relationship between forest structure and drought stress

Another possible strategy to increase the resistance of beech forests to climate extremes
could be to modify the forest structure through silvicultural interventions, such as thinning
(Del Campo et al., 2022). Several studies support thinning, including Martin-Benito et al.
(2010), Calev et al. (2016), and Sankey and Tatum (2022). The beneficial effects of
significantly reduced basal area, resulting in less dense forest stands, have been observed
for deciduous trees (Diaconu et al., 2017, Klesse et al., 2022) and conifer species (Giuggiola
etal., 2013, Sohn et al., 2016). According to Lagergren et al. (2008), the short-term benefits
of thinning include reduced transpiration and resource competition, resulting in increased
soil water availability. Positive effects of thinning during or after drought include improved
tree growth performance, as reported by Kohler et al. (2010), Brooks and Mitchell (2011),
and McDowell et al. (2007). In addition, the reduction in tree mortality and the increase in
vigor (Bréda et al., 1995) and the improved root development (Whitehead et al., 1984)
support thinning as a beneficial intervention.

Conversely, thinning can also lead to undesirable outcomes. Changes in the radiation budget
of the stand or the growth of ground vegetation after thinning can reduce soil moisture and
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increase the water requirements of the more exposed trees, which can negate the benefits of
thinning (Gebhardt et al., 2014, Bosela et al., 2021). Increased wind speeds and stronger
solar radiation can increase transpiration and evaporation rates (Bréda et al., 2006,
Lagergren et al., 2008). In addition, the increased leaf area of the favored trees and ground
vegetation can lead to increased transpiration and interception, counteracting the positive
effects (Hedwall et al., 2013). The importance of forest structure is also reflected in its
impact on the microclimate. As Zellweger et al. (2020) and Frenne et al. (2021) show,
higher canopy cover can mitigate forest warming. Thom et al. (2020) suggest that foresters
should take advantage of the buffering capacity of closed canopies in the face of climate
change. Excessive thinning can also reduce the structural complexity of the stand, impairing
its ability to moderate internal climatic conditions and potentially leading to greater
temperature and moisture fluctuations (Aussenac, 2000, Thom et al., 2020).

The importance of forest structure is, therefore, the result of a complex interplay of factors
such as thinning intensity and site conditions (Nilsen and Strand, 2008), tree species
(Leuschner et al., 2024), stand age (D'Amato et al., 2013), tree architecture and social
position in the stand structure (Bennett et al., 2015). Hence, determining the optimal forest
structure in beech stands is a complex balancing act. Therefore, this study aims to improve
understanding of the interactions between forest structure and drought stress in beech
forests.

6.4 Assessment of single tree morphology and forest structure using
laser scanning technology

There are several methods for assessing single tree morphology and forest structure.
Traditional approaches often rely on qualitative descriptions and variables, such as simple
quantitative measures like diameter at breast height (DBH) or tree position. Quantifying
features in vertical space, especially crown features such as crown delineation or crown
volume, requires considerable effort, leading to frequent standardizations or
approximations.

In contrast, terrestrial laser scanning (TLS) has in recent years enabled detailed capture of
forest structure, providing previously unattainable insights into ecosystem dynamics, as
demonstrated, for example, by studies by Seidel et al. (2015), Hyyppa et al. (2012) or Bayer
et al. (2013). For forest inventory purposes, TLS data allow for faster and more efficient
derivation of single tree morphologies, such as tree height and DBH (Liang et al., 2016).
This method not only streamlines the measurement of classical variables but also facilitates
the quantification of previously difficult traits. The accuracy of crown morphology

measurements, such as crown volume, has been improved, which is relevant to various tree
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physiological studies (Pretzsch et al., 2015, Jacobs et al., 2021) that used laser scan data to
illustrate the effects of drought stress on crown size and tree height.

Lidar-based scanners dominate mobile mapping in the field (Lee et al., 2019). In forestry,
laser scan data are typically collected from the ground or air. Ground-based scanning
includes two approaches: Terrestrial Laser Scanning (TLS) and Mobile Laser Scanning
(MLS), also known as Handheld Personal Laser Scanning. In TLS, three-dimensional point
clouds are created by single scans from fixed viewpoints (Lovell et al., 2011) or by
combining multiple scans (Dassot et al., 2011). However, this method is time-consuming
and expensive, as various scan locations are required to capture forest structures accurately.
Conversely, MLS is faster and less costly (Ryding et al., 2015).

When using TLS or MLS, scans are often performed from the ground. This leads to an
occlusion effect (van der Zande et al., 2008, Trochta et al., 2013, Ehbrecht et al., 2016,
Abeqgqg et al., 2017), which raises questions about the degree of information loss from a
single perspective and its impact on derived tree and forest structure variables. The degree
of information loss due to occlusion is likely to depend on the spatial distribution of
biomass, with dense stands being particularly affected (Li et al., 2021).

Species such as beech form dense canopies due to high shade tolerance and the development
of shade leaves, which can block laser beams even at lower stand heights (Matyssek et al.,
2010). Norway spruce (Picea abies (L.) H. Karst.) also develops dense canopies but loses
needles in lower stem sections due to light deficiency under dense conditions. In both cases,
laser scanners may have difficulties detecting the upper parts of the crowns when scanning
from the ground during the growing season. In winter, beech trees lose their leaves, which
improves the accessibility of ground-based laser beams, unlike spruce trees, which keep
their needles.

Strategies for dealing with occlusion in mobile laser scanning include reducing the spatial
resolution of the point cloud through voxelization (Stiers et al., 2020, Willim et al., 2020).
Voxelization can partially compensate for occlusion and spatial variation in point cloud
density, depending on voxel size. However, this also results in a loss of detail in the point
cloud and increased space-filling estimates.

The methodological basis of this study focuses on the investigation of occlusion in ground-
based mobile laser scanning, using a test setup that allows the scanning of forest stands from
both ground level and above. The aim was to quantify potential information loss, identify
patterns of this loss, and examine how these vary with different voxel sizes.



6.5 Research Objectives

This thesis analyzes the influence of single tree morphology and forest structure on the
response of European beech to drought stress in the years 2018 to 2020 using a combination
of mobile laser scanning technologies and retrospective analyses of radial increment and
S13C signal. This work is divided into two main parts: The first part focuses on detecting
single tree morphologies and forest structures using mobile laser scanning (Paper 1). The
second part is dedicated to investigating the influence of single tree morphology and forest
structure on the response of European beech to drought stress (Paper Il and Paper 111).

6.5.1 Occlusion in laser scanning point clouds (Paper I)

The first paper of this thesis focuses on the determination of single tree morphology and
forest structure using a mobile laser scanner. It deals with the phenomenon of occlusion in
beech and spruce. Scanning was performed on forest stands from ground level only and also
from both ground level and above using the KROOF crane experiment (Pretzsch et al.,
2014). Seasonal scanning was performed in summer (leaf-on) and winter (leaf-off) to assess
seasonal effects on beech trees. The specific hypotheses tested in this study were:

Seasonal comparison

H1.1) For beech, the occlusion effect leads to significant differences in single tree
morphologies when comparing summer to winter ground scans; for spruce there are no
significant differences.

H1.2) For beech stands, the occlusion effect results in a significant difference in stand
complexity when comparing summer to winter scans; for spruce there is no significant
difference.

Methodological comparison

H1.3) For single trees, the occlusion effect leads to smaller values for canopy morphologies
of all trees (e.g., lower height, smaller crown volume) when scanned only from the ground.

H1.4) For stands, the occlusion effect results in an underestimation of the stand structural
variables when scanned only from the ground.

H1.5) For stand specific variables, the occlusion effect is reduced in importance as the
resolution of the data decreases (voxel size increases).



6.5.2 Effect of single tree morphology on drought stress response of beech
(Paper 11)

The second paper focuses on the relationship between individual tree morphology and
drought stress in beech. By assessing numerous factors such as social position, structural
characteristics, and competitive environment, the study aims to correlate these aspects with
the drought stress response of beech. Two regions with different environmental conditions
will be studied. A crucial part of this research is using 8*C signals in annual rings as an
indicator of drought stress, complementing traditional increment analysis. Hypotheses
tested in this work include:

H2.1.1: The radial growth reaction of beech trees to drought stress depends on their social
position

H2.1.2: Trees that are accustomed to a warm and dry climate, as well as shallow sites, do
not react as strongly to drought events in their radial growth

H2.2: The drought-related 5*3C signal differs between different social positions

H2.3: Morphological differences affect resistance to drought indicated by: a) impact on tree-
ring growth and b) differences in stable carbon isotope signatures

H2.4: A lower competitive environment mitigates adverse drought effects

6.5.3 Effect of forest structure on drought stress response of beech (Paper I11)

The third paper investigates the role of forest structure and drought stress in beech forests.
The hypotheses are based on the assumption that multi-layered forests are more resistant to
drought events. The hypotheses tested are:

H3.1: Beech forests in both study regions responded to the drought period with (1)
defoliation, (2) growth decline, and (3) an increase in the 3**C signature.

H3.2: With increasing canopy openness, (1) defoliation and (2) growth decline was greater,
and (3) the 5'°C signature was more pronounced.

H3.3: Multi-layered beech forests exhibited (1) lower canopy defoliation and (2) higher
resistance (as measured by tree growth and §*3C signature) to the drought period compared
to single-layered forests.



7 Material and Methods

7.1 Study area

7.1.1 Occlusion in laser scanning point clouds (Paper I)

The study site for the first paper of this thesis was located in the Kranzberg forest near
Munich in southern Germany (Pretzsch et al., 2016). The KROOF experiment takes place
at this site on 0.5 ha, originally developed for drought stress research (Grams et al., 2021).
A canopy crane allows studies to be conducted at heights of up to 45 m (Figure 1c) and was
used in this study to complement ground scans with scans from above the forest canopy.
The forest consists mainly of spruce and beech, planted in the 1930s and 1950s (Pretzsch et
al., 2014). These species dominate Germany's forested areas (Thinen-Institut, 2012). Beech
was chosen because its single tree morphology and forest structure were investigated
concerning drought stress in papers 2 and 3. Inventory data show that beech trees reach
28 m and spruce trees 32 m, with an average diameter at breast height of 29 cm and 35 cm,
respectively (Grams et al., 2021). The stand consists of 639-926 trees/ha, with a volume
increase of 19.4-26.3 m*/ha*yr (Pretzsch et al., 2020).

Figure 1 The mobile laser scanner in the start position a) and attached to the crane b). During operation, it
was lifted over the canopy and moved smoothly over the canopy of the forest stand. Figure c) shows the
crane itself. Figure taken from Mathes et al. (2023b).




7.1.2 Effect of single tree morphology and forest structure on drought stress
response of beech (Paper 11, 111)

The second part of this thesis focused on two beech-dominated ecoregions in southern
Germany: the "Plateau” near Wirzburg and the "Steigerwald" near Bamberg (Figure 2). The
Plateau, located in the Southern Franconian Plateau, is characterized by a warm, dry climate
with an average annual temperature of 10.1 °C and precipitation of 576 mm (DWD, 2022a,
2022b). The soils formed from carbonate-rich limestone have limited water retention and
are defined as Eutric Leptic Cambisol with a tendency towards Rendzic Leptic Phaeozem
(FAO, 2014). This results in natural vegetation composed mainly of Hordelymo-Fagetum
and Galio odorati-Fagetum (Walentowski, 2006).

The Steigerwald area contrasts with a cooler average temperature (8.6 °C) and higher
precipitation (802 mm) (DWD, 20223, 2022b). Its soils, formed on Keuper, are deeper than
the Plateau's and are classified as Dystric Cambisol. This results in better water retention
and predominant natural vegetation of Luzulo-Fagetum, accompanied by Galio odorati-
Fagetum (Walentowski, 2006).
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Figure 2 Geographic location of the study sites; the red dot represents the study area in the Plateau. This
area is one of the warmest and driest areas in Germany. A bit more humid and cooler is the Steigerwald
(blue dot). The green shading in the left map indicates the distribution pattern of European beech (Fagus
sylvatica L.) in Europe, according to Caudullo et al. (2017). Map taken from Mathes et al. (2023a).

Both regions have sufficient nutrients for beech growth, but the summer water supply is
limited. The Plateau and the Steigerwald experienced significant water deficits between
2018 and 2020 (Thom et al., 2023). Detailed site conditions are tabulated in Table 1.




Table 1 Main characteristics of Plateau and Steigerwald study sites presented by climatic, geographic, and
soil data. The data basis is the Forest Atlas of Bavaria (LWF, 2005) and the climate stations of the German
weather service (DWD, 2022a, 2022b). The climate data cited refer to the reference period 1991-2020.
Table taken from Mathes et al. (2023a).

Study site Plateau Steigerwald
Latitude, longitude
(WGS 84) 49.7286N, 9.8156E 49.8721N, 10.4724E
Elevation (m.a.s.l) 270-350 400-460
Geology Muschelkalk Keuper
Soils. according to Eutric Leptic Cambisol (Clayic)
' g with a tendency to Rendzic Dystric Cambisol (Loamic)
the WRB ; ;
Leptic Phaeozem (Clayic)
Climate suboceanic suboceanic
Mean annual 10.1 °C 8.6 °C
temperature
Mea_n gnn_ual 576 mm 802 mm
precipitation
Potential vegetation/ | Hordelymo-Fagetum and Galio Luzulo-Fagetum, but also
plant association odorati-Fagetum Galio odorati-Fagetum

7.2 Data collection

7.2.1 Occlusion in laser scanning point clouds (Paper I)

The data were obtained from pure spruce and beech stands sections in two 30 m x 40 m
plots. Scanning was conducted in summer 2020 (leaf-on) and winter 2020/2021 (leaf-off for
broadleaves). Due to the lack of growth between these periods, the effects of the drought
experiment treatments were excluded. The ZEB HORIZON mobile laser scanner
(GeoSLAM Ltd., UK) was used, which can scan objects up to 100 m distance using the
time-of-flight principle and SLAM (simultaneous localization and mapping) technology
(Bauwens et al., 2016). This device, embedded with the Velodyne VLP-16 multibeam
LiDAR, operated at a wavelength of 903 nm and scanned 300,000 points per second with a
system accuracy of 1-3 cm.

Scanning was initially performed at ground level in a predetermined pattern, called the
‘ground scan' (Figure 3a). This was followed by a 'full scan' using the same path as the first
scan (under identical conditions) but supplemented by a canopy scan. For this, the scanner
was attached to a crane and moved vertically over the canopy and horizontally, capturing
data from the ground and above in one scan (Figure 3b). Consistency was ensured by using
a single starting point for each scan. Eight different scans were conducted for the two tree
species (beech and spruce), two methods (ground and full scan), and two seasons (summer
and winter). All scans were conducted under ideal weather conditions.
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(a) (b)

Figure 3 The walking paths (blue lines) for the beech plot for the two scan conditions a) ground scan and b)
full scan. The red dot indicates the same starting point in each scan. The walking path on the ground is
identical. A beech tree is shown as an example for better orientation. Figure taken from Mathes et al. (2023b).

7.2.2 Effect of single tree morphology and forest structure on drought stress
response of beech (Paper I1, 111)

Stands selected for the study had to meet specific criteria to ensure homogeneity: a) terrain
with less than 10 % slope, b) soil types limited to Dystric Cambisol (Steigerwald) and Eutric
Leptic Cambisol (Plateau), and c) a forest dominated by beech trees (more than 80 % of the
species) with no human intervention since 2018.

The forest area corresponding to these criteria was overlaid with a 60 m x 60 m grid. 240
plots were chosen for sampling - 120 each in the Steigerwald and the Plateau. On each plot,
a central tree that varied in social position (dominant to subordinate), size (in terms of
diameter), and forest structure (single to multi-layered) was selected. (Figure 4). Each
sampling point averaged approximately four trees, including the central tree and its
neighbors, as defined by their canopy interactions.
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(a) (b) (©)

Figure 4 Exemplary overview of selected mature beech stands; (a) single-layer stand, (b) single-layer stand
with regeneration, (c) multi-layer stand. Pictures from July 2021. Figure taken from Mathes et al. (2024).

Data were collected during winter 2020/2021 (leaf-off) and summer 2021 (leaf-on). A
mobile laser scanner (ZEB HORIZON, GeoSLAM Ltd., UK) was used in winter to capture
three-dimensional data of the forest within a 30 m radius of each central tree. The spiral
scanning methodology was extended at intervals with increasing radii of 7 m, 14 m, 21 m,
28 m, and 35 m (Figure 5).
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Figure 5 The walking path used with the mobile laser scanner to capture the forest stand on a plot (blue line).
The red dot marks the start and end points of the scan. The scan path started in the south and went directly
north to the central tree before the surrounding neighboring trees, marked with a red X, were scanned. The
spiral scan method was extended at regular intervals with radii of 7 m, 14 m, 21 m, 28 m, and 35 m. The
central tree is highlighted in this figure as an example of the point cloud.

During winter, two core samples were taken from each tree at breast height (increment
borer: Haglof Mora Coretax, diameter 5.15 mm). These samples were taken at 90° intervals
from the north and east. During the summer, the vitality of the sample trees was assessed
by crown condition. Trees were assigned to defoliation classes, categorized in 5 %
increments. A tree with full foliage was scored 0 %, while a tree with no foliage was scored
100 % (Figure 6). This assessment methodology aligns with the forest status assessment
approach used in Germany (Wellbrock and Eickenscheidt, 2018). The social position
assessment was based on the approach by Kraft (1884). We combined Kraft's classes 1 and
2 into the "dominant™ social position and Kraft's classes 4 and 5 into the "subordinate” social
position. Kraft's class 3 will be further referred to as "intermediate”. Crown competition was
also recorded, ranging from 'crowded' canopies to the more widely spaced 'discontinuous'
canopy structures.
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Figure 6 Beech trees with different degrees of crown defoliation. From a very vital crown (a) to a very thinned
crown (d). Pictures from July 2021.

7.3 Data processing

7.3.1 Occlusion in laser scanning point clouds (Paper I)

The mobile laser scanner data was processed using GeoSLAM HUB 6.1 for SLAM
registration. Scans were exported in .laz format and processed using the R package 'lidR'
(Roussel et al., 2020). Point clouds around specific tree collectives were clipped to a
30 m x 40 m area. Ground points were classified using the ground segmentation algorithm
(Zhang et al., 2016), and point heights were normalized using the spatial interpolation
algorithm (interpolation is done using a k-nearest neighbor approach with an inverse-
distance weighting). The point cloud was voxelized to 1 cm resolution to manage the data
volume and aligned using CloudCompare software (version 2.11.3, cloudcompare.org,
EDF R&D, Paris, France).

Twenty trees per species were identified for each scan from the resulting point cloud. Trees
were segmented using LIDAR360 (GreenValley International, Ltd., 2019) and manually
corrected using Cloud Compare software. Metrics were derived from each tree point cloud,
including total height, diameter at breast height, maximum crown projection area,
corresponding height, crown volume, and surface area. The diameter at breast height was
determined using circular fitting and the height from the maximum z-value of the point
cloud. The crown base, maximum crown projection area, crown volume, and crown surface
area were also calculated, with all morphologies determined using a voxel size of 1 cm.

Six circular subplots of a 5 m radius were clipped from each scan for forest structure
analysis. Relative point counts within these subplots were calculated by dividing the point

clouds into 1-meter-thick horizontal slices and counting each point. The mean point count
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for each height layer across the six subplots was determined, normalizing the maximum
mean value observed in the winter scans as 100 %, with other values proportionally
adjusted.

The spatial distribution of points was analyzed using the Clark-Evans (CE) index, a measure
of object distribution in space (Clark and Evans, 1954). This index assesses the horizontal
spread of points to evaluate clumping or regularity. Theoretically, the values of the CE index
range from 0, indicating extreme clumping (all points at a singular location), to 2.1491,
signifying a strictly regular hexagonal pattern. VValues below 1.0 suggest clumping, around
1.0 indicate randomness, and above 1.0 point towards a regular distribution. The analysis
was conducted using the "spatstat” package in R (Baddeley and Turner, 2005), with
horizontal strata projected onto a plane by nullifying the z-values of each voxel. Duplicates
were removed, and the Donnelly edge correction was applied to mitigate edge bias
(Donnelly, 1978, Pommerening and Stoyan, 2006).

The box-dimension was employed to measure structural complexity in the forest (Seidel,
2018), simultaneously considering object density and their three-dimensional distribution.
Calculations for the box-dimension were based on the respective point clouds of the
subplots, incorporating the maximum tree height as the upper limit and the voxel size set
(ranging from 5-50 cm) as the lower limit. This dimension was computed for three distinct
horizontal forest strata (1-12 m, 13-24 m, 25-36 m) and the overall forest.

Relative point counts, the CE index, and the box-dimension were derived for voxel sizes of
5cm, 10 cm, 20 cm, and 50 cm edge lengths.

7.3.2 Effect of single tree morphology and forest structure on drought stress
response of beech (Paper 11, 111)

Tree core samples

To determine annual ring widths, tree cores were cut horizontally along the ring direction
using a core microtome (Gértner and Nievergelt, 2010) and then air-dried. The ring widths
were then measured to within 0.01 mm. This measurement was done using a LINTAB 5
measuring table (Rinntech, Heidelberg, Germany) equipped with a Leica MZ 6
stereomicroscope (Wetzlar, Germany) and the TSAP-Win software (Rinntech, Version 4).

Cross-dating was performed on samples from cores with clearly visible annual rings. A
default value of 0.01 mm was used in cases where annual rings were missing. The average
of the measurements from two cores taken from one tree was calculated to set up a
chronology for each tree.

15



Stable isotope analysis (5°C)

For stable isotope analysis (8*3C) of the years 2016-2020, annual rings were isolated from
tree cores taken in the northern direction of each stem. Rings were coarsely segmented and
then finely ground using a ball mill (MM200, Retsch, Haan, Germany). To minimize
potential bias from plastic microtubes, stainless steel microvials (BioSpec, Bartlesville,
USA) and four-millimeter stainless steel balls were used. For §*C measurements, wood
samples were weighed into tin capsules. These samples were combusted in an elemental
analyser (NA 1110; Carlo Erba, Milan, Italy, and Vario Pyro Cube, Elementar, Hanau,
Germany). This system was coupled to an isotope ratio mass spectrometer (Delta Plus;
Finnigan MAT and IsoPrime 100, Isoprime, Stockport, UK). The resulting measurements
were then compared to a laboratory standard CO> gas, previously calibrated against a
secondary isotope standard (IAEA-CHs for 8'3C, calibration accuracy: 0.06 % SD). To
improve precision, a solid internal laboratory standard (SILS) of wheat flour was used and
calibrated against these references, with long-term precision below 0.2%.. Carbon isotope
data are presented as 6*3C relative to the international Vienna Pee Dee Belemnite (VPDB)
standard using the equation: §'3C [%] = [(Rsample/Rstandard) - 1] X 1000, where Rsample and
Rstandard represent the ratios of 13C/*2C in the sample and standard, respectively.

Laser scan data

The data collected by the mobile laser scanner were first processed using the GeoSLAM
HUB software to perform the SLAM registration. Each point cloud was clipped to a 30 m
radius around its central tree. Ground points were classified using the ground segmentation
algorithm (Zhang et al., 2016) and normalized using the spatial interpolation algorithm,
using a k-nearest neighbor approach with inverse distance weighting. The dataset was next
voxelized to a resolution of 1 cm3. The point clouds of individual trees were then identified
and extracted using LiIDAR360 software (GreenValley International, Ltd., 2019), based on
the method of Li et al. (2012). However, complications arose in segmenting certain trees,
such as incorrect or imprecise point assignments, requiring manual post-processing using
CloudCompare software (Version 2.11.3, cloudcompare.org, EDF R&D, Paris, France).
Metrics such as tree height, crown diameter, and crown volume were derived from the
resulting individual tree point clouds using LIDAR360. The Hegyi index, a distance-
dependent competition index, was also calculated considering the nearest ten neighbors
identified by their trunk coordinates.

The 30 m radius of the point cloud was chosen to analyze the entire forest structure,
complemented by a 10 m radius to study the immediate neighborhood. To assess the effects
of direct solar radiation on beech trees, the point cloud with a ten-meter radius was reduced
to its southern half, termed "Semicircle,” for additional analysis. (Figure 7). The point
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clouds were voxelized to a resolution of 20 cm, which proved to be a good compromise
between accuracy and occlusion reduction in the first part of this thesis.

Semicircle,r=10m

Figure 7 Overview of the respective cutting radii. In addition to the point cloud with a radius of 30 m, a point
cloud with a radius of 10 m was used, and a “semicircle” reducing the 10 m point cloud to the southern half
around the central tree. Figure taken from Mathes et al. (2024).

Spatial point distribution in this study was quantified using the Clark and Evans aggregation
index (CE index), calculated using the spatstat R package (Baddeley and Turner, 2005).
Evenness and skewness analyses were conducted to further explore the distribution
characteristics within the forest (Figure 8). These analyses focused on the distribution
patterns of the CE index, the tree height distribution, and the diameter at breast height (dbh)
distribution of a plot. This assessment was performed across the three different point cloud
radii, 30 m, 10 m, and the 10 m semicircular radius. The box-dimension, which reflects the
complexity of the forest structure, was also calculated for each of these point clouds,
according to the methodology described in Seidel (2018).
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Figure 8 Overview of exemplary selected stands (cross-section through the laser scan point clouds) and how
their vertical space-filling can be characterized using the CE index. (a) single-layer stand, (b) double-layer
stand, (c) multilayer stand. Figure taken from Mathes et al. (2024).

7.3.3 Intra-annual variation of the 8!3C signall

In addition to the inter-annual §*3C signals described above, the intra-annual variation of
the 513C signals was measured. In winter 2022, cores were taken from twelve trees in the
Plateau and in the Steigerwald. Six cores were selected for either high or low resistance
index, according to Mathes et al. (2023a). These cores were sectioned using a core
microtome (Gértner and Nievergelt, 2010), scanned at high resolution, and measured using
CooRecorder software version 9.8.1.

The experimental setup used a laser ablation isotope ratio mass spectrometry (LA-IRMS)
system consisting of a UV laser (Teledyne LSX-213 G2+, Nd:YAG laser; wavelength 213
nm), a sample chamber (isoScell, Terra Analitic, Alba lulia, Romania), a combustion oven,
a Cryoflex trace gas system (Sercon, Crewe, UK) to collect the produced CO> with liquid
nitrogen (LN?2) traps, a GC column (Rt-Q-Bond column, Restek, 0.53 mm ID, 30 m, 20 um),
and an IRMS for §**C measurement (HS2022, Sercon, Crewe, UK). The laser is aimed at a
wood sample in a sealed chamber with settings of fluence 4 Jicm?,
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laser output 22.5 %, 20 Hz. Within each annual ring, ten shots were programmed. These
gases and particles were then transported via helium to an oven to completely oxidize all
carbon to COz. This CO, after drying in a Nafion trap, was collected in two trap stages and
analyzed through a GC column that separated CO_ from other gases. Finally, the 5!3C of the
CO, was measured by IRMS. The §'3C signals of these cores were explicitly analyzed for
the years 2016 to 2022. The analyses were performed at the Swiss Federal Institute for
Forest, Snow, and Landscape Research WSL,; details of the measurement procedure can be
found in Saurer et al. (2023).

7.4 Statistical analysis

7.4.1 Occlusion in laser scanning point clouds (Paper I)

A paired Wilcoxon rank sum test with Bonferroni adjusted p-values was used to analyze
differences in single tree morphologies and forest structure metrics. This approach was
chosen because the data did not consistently show a normal distribution or homogeneity of
variance for all variables examined. A significance level of p < 0.05 was used for all
statistical analyses.

7.4.2 Effect of single tree morphology and forest structure on drought stress
response of beech (Paper 11, 111)

Increment and 8'3C signal analysis

The growth increment analysis for 2016-2020 aimed to exclude aging effects and focus on
drought effects. Relative increments were calculated against the maximum value per tree
during this period. The Kruskal-Wallis test was used to identify differences in growth and
S13C signal, followed by post-hoc analysis using the Wilcoxon rank sum test with
Bonferroni corrected p-value.

Resistance Indices

The Resistance Index (RT) was calculated to measure the impact of water stress-induced
growth reduction from 2016 to 2020. The index was derived by dividing the arithmetic
means of 2020 and 2019 by those of 2016 and 2017. Two indices were calculated: the
Resistance Index for annual Basal Area Increment (Resistance Index BAI) and the §'°C
signal (Resistance Index 5'3C). Values of RT BAIl and RT &*3C below 1 indicate a reduction
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in radial growth and stomatal conductance due to prolonged drought. For the forest structure
analysis, the mean and standard deviation of these indices and defoliation were calculated
for each plot.

Regression analysis methods

GAM was used for regression analysis to investigate the relationship between annual basal
area increment (BALI), resistance indices (RT BAI, RT §*3C), competition intensity (Hegyi-
Index), and tree morphological variables. Model selection was based on Akaike's corrected
information criterion with a Gaussian data family and identity link function. The number of
knots was limited to three, adjusted by generalized cross-validation (R package MuMIn
(Barton, 2022)).

Drought-responsive trees were identified based on resistance indices for logistic regression
analysis. Trees were classified for reduced or increased RT BAI and lower or higher RT
d13C discrimination. Logistic regression was performed on a balanced dataset, with model
accuracy and selection using the R package MuMIn and evaluated with the caret package

(Kuhn, 2022).

Statistical analysis of canopy closure and regional differences

Differences between canopy closure levels and study regions were analyzed using the
Wilcoxon rank-sum test with Bonferroni-corrected p-values, which was chosen due to the
lack of normal distribution and homogeneity of variance for all variables studied.

Implementation of non-linear models

After z-transforming the variables, a Boruta feature selection analysis (R package “Boruta”
(Kursa and Rudnicki, 2010)) identified key stand structural variables for explaining RT BAI
and RT §!3C. These variables were incorporated into a generalized additive model (GAM)
using the restricted maximum likelihood (REML) method (R package “mgcv” (Wood
2011)). The model set a maximum of three knots to prevent overfitting, with automated
adaptation via generalized cross-validation. Concurvity was checked to ensure reliable
estimates.

Multiple logistic regression focused on extreme values of the resistance indices to
investigate relationships between tree morphological variables, resistance indices, and
defoliation. For this analysis, the highest and lowest 10 % of plots regarding drought
response were selected. Model selection was guided by Akaike's information criterion (AIC)
(R package “bestglm” (McLeod et al., 2020)), and variance inflation factor was used to
assess multicollinearity. The Tjur R2 measured predictive power, and Odds Ratios (ORs)
were calculated to evaluate associations (R package “sjPlot” (Ludecke, 2023)).
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7.4.3 Intra-annual variation of the 8*3C signal

The Mann-Whitney U test was used to examine potential differences in the intra-annual
313C signal between regions and groups categorized by high or low resistance index. This
non-parametric statistical test was chosen because of the violation of assumptions for
parametric tests and its robustness to outliers. The results of this test helped to evaluate
whether the region or the resistance index had a significant effect on the intra-annual §*C
signal.

7.5 Overview

This section provides a comprehensive overview of the data sets collected during this
dissertation (Table 2). It includes information on the types of data collected, their geographic
locations, and the time of data collection. Each dataset is linked to the specific research
papers to which it contributed.

Table 2 Overview of the data sets and their use in the dissertation's peer-reviewed publications.

Type of Data Geographical Location | Time of Data Collection | Used in
Paper

Mobile Laser Kranzberg Forest, Summer and Winter Paper I, II,

Scanner Point Plateau, Steigerwald; 2020/2021 11|

Clouds Germany

Tree Ring Widths | Plateau, Steigerwald,; Winter 2020/2021 Paper II, 111
Germany

Isotope Signals Plateau, Steigerwald; Winter 2020/2021 Paper I, 111
Germany

Forest Structure, Plateau, Steigerwald; Summer 2021 Paper I, 111

Crown Condition | Germany

Surveys

Intra-annual 8*3c | Plateau, Steigerwald; Winter 2022/2023 -

signal Germany

All analyses in this thesis were performed using R 4.3.0 (R _Core Team, 2023).
Visualizations were created using the R package "ggplot2" (Wickham, 2016).
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8 Results

This chapter presents the main results of the three papers on which this thesis is based. In
addition, the intra-annual trend of the 6*3C signal is presented in a subchapter.

8.1 Occlusion in laser scanning point clouds (Paper 1)

Analysis of spruce and beech tree point clouds revealed apparent morphological differences
at the individual tree level, especially between ground scans and full scans. Ground scans
had less detail in the upper part of the canopy compared to full scans (Figure 9 (1, 2) vs.
Figure 9 (3, 4)). Seasonal changes, especially the presence or absence of leaves, affected the
appearance of beech trees more than spruce trees (Figure 9 a vs. Figure 9 b).

a) b)
(1) (2) (3) (4) (1) (2) ©) (4)

Figure 9 Single tree point clouds resulting from different scanning times and methods. Figures a) (1)-(4) show
the same beech and figures b) (1)-(4) show the same spruce. The individual tree silhouettes were derived from
the scans full scan winter (1), full scan summer (2), ground scan winter (3), ground scan summer (4). Figure
taken from Mathes et al. (2023b).

The seasonal comparison at the individual tree level partially confirmed the observed visual
differences. The total tree height for beech was slightly lower in summer scans than in
winter scans. For Norway spruce, however, significant seasonal differences were observed
for maximum crown projection area, crown volume, and crown area, all smaller on average
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in winter 2020/2021 than in summer 2020. No significant differences were observed for
total tree height and height of maximum crown projection area in Norway spruce.

There was a pronounced differentiation in structural complexity between the seasons at the
stand level. Box-dimension, as an indicator of structural complexity, showed significant
seasonal variation. For spruce, box-dimension values were larger in summer than in winter,
indicating a more complex structure during the growing season. In contrast, beech showed
larger box-dimension values in the crown area in winter.

Methodological comparisons between ground scans and full scans indicated that full scans
typically resulted in a more comprehensive capture of structural complexity, especially in
the upper height ranges of the trees. Larger box-dimension values were obtained from full
scans compared to ground scans. In addition, full scans were more effective at capturing
more points over the entire height range of the trees, particularly in the canopy regions.

As the voxel size increased from 5 cm to 50 cm, the CE index showed that the divergence
between the ground and full scan trend lines decreased with increasing voxel size (Figure
10). With increasing voxel size, there was a general increase in CE index values over each
height section. This increase suggests a more regular spatial arrangement of voxels because
of increasing size. In addition, the height threshold, indicating a tendency toward regular
distribution, shifted slightly downward with decreasing spatial resolution, while the maxima
of the corresponding curves shifted upward.
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(a) Beech 5 cm voxel (b) Beech 10 cm voxel (c) Beech 20 cm voxel (d) Beech 50 cm voxel
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Figure 10 The CE indices for beech (a)-(d) and spruce (e)-(h) stands for the ground and full scans from winter
over the height range. The black curve shows the plot for the ground scan, and the gray curve for the full scan
(n= 6, respectively). Shaded in gray is the height range in which the scans differ significantly from each other.
Figure taken from Mathes et al. (2023b).
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8.2 Effect of single tree morphology on drought stress response of beech
(Paper I1)

During the 2018-2020 drought period, drought conditions pronouncedly influenced the
growth dynamics of dominant tree species (Figure 11). Specifically, dominant beech trees
showed an increase in radial growth increment during the first drought year of 2018.
However, as the drought persisted into 2019, a marked decrease in growth rate was
observed, falling below the metrics recorded in 2016 and 2017. This trend continued in
2020. In contrast, the radial increment of subordinate beech trees in 2020 was similar to
previous years, except 2016, which showed a significant deviation from 2017, 2018, and
2019 metrics.
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Figure 11 Increments for the years 2016-2020 in dependence of social position for the annual (a) radial
increment for the entire collective and (b) basal area increment (BAl). Lowercase letters (a, b, ¢, d) indicate
significant differences across the years for the respective social position. Capital letters (A, B, C) show
significant differences between social positions within the same year. Sample size for the specific social
position: dominant (n = 620), intermediate (n = 175), subordinate (n = 195). Figure taken from Mathes et al.
(2023q).

When data were analyzed by study areas, radial growth trends among trees of identical
social positions in the two regions showed consistency. A consistent decrease in mean
relative diameter growth was documented within the dominant cohort, with apparent
differences between drought-free (2016, 2017) and drought-affected (2019, 2020) years.
Regarding the §*3C isotopic signature, it was found that trees with lower social dominance
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exhibited increased §'3C discrimination (Figure 12). This discrimination increased from
drought-free to drought-affected years.

A A A A A B B B B o]
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2016 2017 2018 2019 2020 2016 2017 2018 2019 2020 2016 2017 2018 2019 2020
Year

social position EI dominant - intermediate - subordinate

Figure 12 6*3C values across the years 2016-2020 for trees of the different social positions. Lowercase letters
(a, b, c) indicate significant differences within a social position. Capital letters (A, B, C) show significant
differences between social positions within the same year. Sample size for the specific social position:
dominant (n = 620), intermediate (n = 175), subordinate (n = 185). Figure taken from Mathes et al. (2023a).

No significant variance in RT §'*C was detected among social positions when evaluating
resistance indices based on social position. All social positions responded to the drought
period. In contrast, a clear trend in resistance values of the BAI was observed from dominant
to subordinate tree classes.

No clear relationships between morphological traits and resistance indices were found
within the entire sample set. However, when the focus was narrowed to specific subsets of
trees with pronounced resistance indices, somewhat stronger morphological distinctions
were observed. Trees with distinct single tree morphologies, such as increased DBH or
height, were predisposed to reduced growth under drought conditions.

In the competitive context, there was a decrease in basal area growth associated with
increased competition. The magnitude of this competitive effect was found to be temporally
variable. Following the 2018 drought, particularly in 2020, the detrimental effects of
competition on growth metrics were weakened. Specifically, trees in highly competitive
environments experienced increased growth during drought intervals compared to pre-
drought periods. The influence of competitive dynamics on *C discrimination was found
to be less deterministic.
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8.3 Effect of forest structure on drought stress response of beech
(Paper 111)

In the two study regions, beech forests showed distinct defoliation, growth decline, and
changes in 8'3C signals during the 2018-2020 drought period compared to pre-drought
conditions. Defoliation was significant in both regions, with 51 % and 35 % leaf mass loss
in the Plateau and Steigerwald, respectively (Table 3). Growth reduction was significantly
more pronounced in the Plateau, although differences between regions were not statistically
significant. The 5'3C signal showed no significant differences between the regions.

Table 3 Mean and standard deviation (sd) of defoliation, Resistance Index BAI (RT BAl), and Resistance
Index 6'3C (RT 6'3C) per plot for both study areas. An asterisk (*) marks significant differences between the
two study areas. A plus (+) marks significant deviations from 0 % for defoliation or from 1 for the RT values.
The total sample size for Plateau and Steigerwald was n = 120. Table taken from Mathes et al. (2024).

Study region mean sd mean RT sd RT BAI mean RT Sd RT 6%3C
defoliation | defoliation | BAI 813C
(%) (%)
Plateau 0.51*+ 0.15%* 0.87+ 0.38* 0.97+ 0.03
Steigerwald 0.35*%+ 0.09* 0.93+ 0.29* 0.97+ 0.03

With increasing canopy openness, there were significant changes in defoliation in both
regions (Figure 13). However, variations in canopy closure did not lead to significant
changes in BAI and §'3C resistance indices during the drought period.
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Figure 13 Relationship between crown closure and defoliation (defo.) and resistance indices (RT) BAI resp.
&'3C (mean and standard deviation (sd) per plot) for the two study areas, Plateau (upper row) and Steigerwald
(lower row). The blue trend line is based on a linear model and only plotted for the models where the slope
parameter significantly differs from zero. The blue bands around the solid lines indicate the 95 % confidence
interval. n = 240. Figure taken from Mathes et al. (2024).

Regarding forest structure, no significant differences were observed between multi-layer
and single- or double-layer beech stands concerning defoliation and resistance indices.
Although some differences in mean defoliation were observed in the Plateau, these were not
statistically significant.

Boruta analysis of forest structure variables derived from laser scanning data identified
several key variables, but the overall predictive power for defoliation and resistance indices
(BAI, 3°C) remained low. The best model was for mean defoliation within a 30 m radius
in the Steigerwald, with an adjusted R? of 0.29.

Logistic regression models highlighted the Hegyi index as a crucial variable for explaining
drought resistance, while box-dimension and CE evenness were relevant for specific aspects
of drought resistance. The results indicated that lower box-dimension and higher
competition increased the likelihood of an elevated mean RT BAI during drought. The
Hegyi index also significantly influenced the standard deviation of RT BAI, indicating more
significant variability in tree growth during drought. However, models for the 5!3C isotope
showed low explanatory power. Conversely, the models for mean defoliation showed a

higher fit, with significant effects of both box-dimension and CE evenness.
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8.4 Intra-annual variation of the 63C signal

The intra-annual trend of the 3'3C signal showed pronounced variation within and across
the years (Figure 14). During each drought year from 2018 to 2020, there was an increase
in the 613C signal, followed by a decrease at the beginning of the following year. An
exception to this pattern occurred in 2017, where 3*3C values decreased throughout the year.

The mean trend lines for the two groups, categorized by high or low resistance index,
showed similar patterns, although trees with a lower resistance index tended to have higher
013C values. Analysis of the means showed significant differences between these groups in
the middle of the 2016 growing season and toward the end of the 2018 growing season, the
first year of drought.
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Figure 14 Intra-annual variation of §"C values differentiated by their resistance index. The lines represent the
means of the §"3C values for 'resistance index low' (dark red) and 'resistance index high' (dark blue) based on
six individual measurements. Ten individual measurements were made within each ring. Gray bands indicate
periods with significant differences between the two groups (Mann-Whitney U test). Vertical dashed lines
mark the beginning of a new growing season. n=12.

The examination of '*C values from the Plateau and Steigerwald regions from 2016 to 2020
revealed broadly similar patterns (Figure 15). The intra-annual pattern of 6'*C values for
both regions showed a comparable trend and no significant differences. However, there was
a tendency for trees in the Steigerwald region to experience less drought stress over the
observation period compared to those in the Plateau.

29



During the three drought years (2018-2020), a marked increase in 8'*C values was observed
towards the end of each year. In 2016, this increase was less pronounced in both regions,
and in 2017, the trend was even reversed, indicating a decrease in drought stress as the
growing season progressed.
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Figure 15 Intra-annual variation of 6™C values between the Plateau (dark red) and Steigerwald (dark blue)
study over the study period from 2016 to 2020. The lines represent the average 6™C values in each region
based on six measurements. Ten individual measurements were made within each ring. Vertical dashed lines
mark the beginning of a new vegetation period. The lines are not statistically different (Mann-Whitney U
test). n=12.
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9 Discussion

9.1 Occlusion in laser scanning point clouds (Paper 1)

9.1.1 Seasonal comparison

In the seasonal comparison of single tree morphologies and forest structures, occlusion
effects were detected for individual trees and entire stands of beech and spruce, confirming
hypotheses H1.1 and H1.2. In particular, beech trees exhibited lower height measurements
during the summer scans, a phenomenon attributed to their dense canopy, which prevented
the laser beams from fully reaching the treetops. This effect is consistent with the high
crown plasticity of Beech trees, which leads them to form dense canopies with extensive
green foliage in the lower stem areas during growing seasons due to their shade tolerance
(Masarovicova and Stefan¢ik, 1990, Dieler and Pretzsch, 2013). Conversely, although
spruce trees form dense canopies, they tend to lose needles in lower stem sections under
dense conditions due to light deficiency (Matyssek et al., 2010), resulting in less occlusion
compared to beech.

Despite pronounced occlusion, no significant differences were observed in other crown
morphologies of beech, such as the height of maximum crown projection area, crown
projection area, crown volume, and crown surface area. This may be due to the availability
of complete winter scans as a reference, which helped to correctly assign points to specific
trees despite sparse data in the upper crown area. However, spruce showed unexpected
morphological variation between summer and winter scans, suggesting that the noise
inherent in laser scanning and the algorithmic processing used to calculate metrics can cause
small but significant differences in tree morphology (Hyyppa et al., 2020, Trzeciak and
Brilakis, 2021). The mobile laser scanner used in this study is known to have high noise
levels, especially at longer distances. The accuracy of MLS scans at a distance of 5 m is
about 20 times lower than that of TLS, with the range noise of the scanning device estimated
to be around £30 mm (GeoSLAM, 2020, Trzeciak and Brilakis, 2021). This noise level
resulted in deviations in diameter at breast height measurements that were larger than the
specified range noise and consistent with findings suggesting a maximum error of up to 4
cm (Huncaga et al., 2020).

At the stand level, box-dimension values for each season were within plausible ranges for
both tree species (Seidel et al., 2019, Seidel et al., 2020, Stiers et al., 2020, Willim et al.,
2020). Seasonal variations in the box-dimension values were observed for both tree species.
For beech, these variations could be attributed to foliage and environmental influences such
as slight leaf movement, which amplifies noise and results in more scattered point clouds in
leaf-bearing trees compared to leaf-off trees (Guzman et al., 2020, Neudam et al., 2022). At
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the stand level, occlusion of beech was particularly pronounced in the canopy layer during
summer scans, resulting in smaller box-dimension values in the 26-36 m height range. In
summary, there were differences in single tree morphology and forest structure of beech
stands. Contrary to initial expectations, similar differences were also found for spruce,
leading to the rejection of hypotheses H1.1 and H1.2.

9.1.2 Methodological comparison

One result of the methodological comparison focusing on individual tree morphologies was
that both beech and spruce had lower heights when scanned only from the ground, as
hypothesis H1.3 assumed. This result is mainly attributed to the more pronounced occlusion
effects in ground scans, where biomass obstructs the laser beams, leading to incomplete
detection of the upper parts of the canopy. For spruce, an evergreen species with a pyramidal
crown shape, this height difference was more pronounced than for beech. This difference
may be influenced by the evergreen nature of spruce and its crown shape, which makes it
difficult to detect the top of the tree in dense stands. The high tree density of the study area
(639-926 trees per hectare, standing stem volume of 802-981 m?3/ha) further limited the
visibility of the crown to the laser beams.

Due to occlusion, other crown morphologies derived from ground scans were smaller than
those derived from full scans. In spruce, for parameters such as height of maximum crown
projection area, maximum crown projection area, and crown area. For beech, a similar
pattern was observed only for the crown area. In contrast, the crown volume was larger
when scanned from the ground only. This unexpected result can be partly attributed to the
noise inherent in the mobile laser scanner and the methods used to calculate crown
morphology. In particular, the convex hull method, which creates a large enveloping hull
around the canopy, can significantly change the derived metrics from only minor differences
in the point clouds (Yan et al., 2019). In combination with noise, this method is likely to be
a contributing factor to the observed differences.

The extent to which these differences are relevant for future research depends on the specific
research question and the level of accuracy required. Compared to traditional measurement
methods associated with more significant uncertainty, such as vertex height measurements
(Sterenczak et al., 2019), the MLS technique is a robust tool for determining single tree
morphologies. Differences in single tree morphologies were small, although occasionally
significant, with occlusion effects causing a systematic underestimation of tree height of
approximately 1.04 % for beech and 2.19 % for spruce in the methodological comparison.
Since not all canopy-related single tree morphologies were smaller when scanned from the
ground only, hypothesis H1.3 must be rejected.
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The methodological comparison for both tree species at the forest structure level showed
that the biomass of the canopy was not recorded as well when scanning only from the
ground. Lower proportions of detected points and lower values for the CE index and box-
dimension evidence this. This finding supports hypothesis H1.4, which is consistent with
the expectation that reduced laser penetration into the upper canopy layers due to occlusion
leads to the underestimation of the stand structural variables. Differences were also
observed in the lower range despite both scans being conducted in close temporal proximity
under identical weather conditions. This variance is attributed to unavoidable noise in the
data, such as that introduced during SLAM (Simultaneous Localization and Mapping)
processing, small wind gusts, etc. In a full scan, each object in the stand is scanned from a
greater variety of perspectives and distances than in a ground scan. Trzeciak and Brilakis
(2021) found that object recognition, mainly of edges and corners, becomes increasingly
difficult as the distance from the object increases. The additional viewpoints in the full scans
likely led to increased blurring during the SLAM process, resulting in increased noise in
these scans.

Concerning spatial resolution, hypothesis H1.5 postulated that increasing voxel size could
mitigate the loss of information in the upper canopy layers. This hypothesis was confirmed
as the differences between the datasets (ground scan vs. full scan) decreased with increasing
voxel size. However, even at a point cloud resolution of 50 cm, some differences persisted,
especially in terms of relative point counts. For the CE index, a reduction in spatial
resolution resulted in larger values per height level. Consequently, comparisons between
different resolutions, such as 5 cm and 20 cm for the CE index, may reveal differences of
similar magnitude to those observed in other studies comparing different forest types (Stiers
et al., 2020, Willim et al., 2020). This highlights the importance of considering the spatial
resolution of point clouds when comparing stand structural variables. Notably, the overall
characteristics and trends of the curves, such as the number of maxima and minima, are
largely preserved, which is critical for accurately characterizing forest structure. The choice
of spatial resolution thus represents a typical trade-off situation. A voxel size of 20 cm is an
appropriate compromise to reduce the effect of occlusion on the data.
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9.2 Effect of single tree morphology on drought stress response of beech
(Paper 1)

9.2.1 Growth reaction in dependence of social position

The study examined the effects of the 2018-2020 drought years on the diameter increment
patterns of dominant beech trees, confirming the first hypothesis (H2.1.1) that the radial
growth response of beech trees to drought stress depends on their social position. However,
the response patterns were more complex than expected. Contrary to expectations, the
severe drought of 2018 led to an increase, rather than a decrease, in growth. The "carry-over
effect” could explain this phenomenon, where stored carbon reserves, predeveloped buds,
and water reserves allow for increased growth in the first year of drought (Hacket-Pain et
al., 2015, Chakraborty et al., 2021). Furthermore, wood formation occurs early in the
growing season, with approximately 75 % of the total annual ring in beech trees formed by
the end of June (Cufar et al., 2008, Michelot et al., 2012). The onset of drought stress in late
June 2018 may explain why growth was not severely affected that year.

In the subsequent years of 2019 and 2020, the ongoing drought resulted in a decrease in
diameter increment compared to 2016, 2017, and 2018. This decrease could be attributed to
reduced carbon reserves formed in the first year of drought, which affected tree ring width
in subsequent years as the drought persisted. Similar patterns were observed following the
historic drought of 2003 in the Steigerwald region, where a more pronounced reduction in
radial growth occurred in the following year, 2004 (Zimmermann et al., 2020). In addition,
droughts affect both above- and belowground plant compartments, particularly reducing
fine root biomass (Meier and Leuschner, 2008), likely contributing to reduced water and
nutrient uptake in the years following 2018.

Additionally, beech mast events could limit growth. Moderate to high masting was observed
in 2016, 2018, and 2020 (StMELF, 2019, 2020), and previous research has linked drought-
associated seed production to reduced radial growth in beech (Hacket-Pain et al., 2017).
While this was not evident in 2018 (when an increase in growth was observed), it can be
confirmed for 2020. The reduction in growth during this year could be attributed to both
masting and drought, as beech fruit production relies on current photoassimilates,
independent of old carbon reserves (Hoch et al., 2013), and is more pronounced in dominant
trees. The significant growth reduction in dominant trees may indicate that some individual
trees have crossed a tipping point, not necessarily in 2018, but due to prolonged drought
conditions. Some trees showed no growth or even died.

In contrast, the growth of subordinate trees remained relatively constant over the study
period from 2016 to 2020. This suggests that the severe drought of 2018 to 2020 did not
intensify existing environmental limitations for this group. Subordinate trees, although
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responding to reduced water availability (as indicated by §'3C signals), may benefit from
reduced competitive pressure during drought years. The stress on neighboring dominant
trees could facilitate the performance of understory trees by stabilizing their growth. This
effect could suggest a stabilizing role of understory trees in the ecosystem, provided that
their presence does not increase stress on dominant trees. An alternative explanation could
be Liebig's Law of the Minimum, which postulates that the subordinate trees, limited
primarily by light availability, are less responsive to drought conditions (Odum, 1959).

9.2.2 Growth reaction in dependence of the study area

In the Steigerwald, trees adapted to a slightly cooler climate and deeper, water-storing soils
showed higher radial growth in 2018 than in the Plateau. This pattern is consistent with
Walthert et al. (2021), who found that deep soil water reserves helped mitigate drought
stress in beech trees that year.

However, in 2019 and 2020, growth declines were similar between study sites, challenging
the idea that trees on drier sites are better adapted to drought (Bolte et al., 2016, Cuervo-
Alarcon et al., 2021). This suggests that the prolonged drought event overcame differences
in habitat or forest history, resulting in similar drought responses among all beech trees
studied. This uniform response indicates the potential for severe drought to function as an
ecosystem tipping point. It rejects hypothesis H2.1.2, which suggested that trees in warmer,
drier climates on flat sites would be less affected in their growth by drought.

9.2.3 8C signature in dependence of social position

Analyses of the relationship between the §'3C signature and social position showed that
subordinate trees had lower 5'3C values, possibly due to the assimilation of CO, emitted by
respiration, which is depleted in *C closer to the ground surface (Berry et al., 1997). In
addition, variations in light access affect 5'3C values, with studies showing an increase in
513C with higher irradiance (Farquhar et al., 1989, Hanba et al., 1997). More intense
competition resulting in greater shading is associated with lower §*3C values (Mélder et al.,
2011). Temperature also influences §**C, with higher summer temperatures leading to
higher 5!3C values (Porter et al., 2009). Subordinate trees, shielded by the canopy of
dominant trees, are less exposed to temperature extremes and benefit from the cooler interior
forest climate.

For dominant trees, the 5!3C signal increased during drought-influenced years (2018-2020),

suggesting altered stomatal conductance in response to increased drought stress. However,
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contrary to expectations, §*3C values in 2020 were lower than in 2019 and not different from
2018, even though 2020 was very dry. This could be due to increased defoliation, as
observed in 2020, where reduced foliage may have been better supplied with water, resulting
in a lower 8'3C signal. Defoliation in beech, an anisohydric species, is a response to drought
stress and xylem dehydration but can lead to additional damage, such as sunburn or beetle
infestation (Bruck-Dyckhoff et al., 2019, Schuldt et al., 2020).

For the subordinate collective, a significant increase in 5'3C values was observed in 2019
and 2020, coinciding with a decrease in the growth of the dominant trees. This suggests that
these trees also experienced drought stress, indicating resistance to one-year droughts but
susceptibility to persistent multi-year droughts. The exact cause, whether different light
conditions or altered stomatal conductance, remains unclear but highlights that prolonged
droughts affect all social classes of beech trees, potentially acting as a tipping point for the
species. In summary, hypothesis H2.2, that drought-related 5'3C isotope signals differ
between social classes, was supported, although §*3C trends were similar across years.

9.2.4 Effect of morphological differences to drought resistance

When resistance was defined as the ratio of basal area increment in 2019-2020 compared to
2016-2017, there were no clear correlations between resistance and tree morphology across
the dataset. This finding contradicts expectations and suggests that tree morphology may
not significantly influence resistance. However, existing literature suggests that this is
unlikely (Bennett et al., 2015, Stovall et al., 2019). An explanation could be that other
factors, such as soil variability, pathogens, or genetics, could overshadow morphological
response patterns.

A focused analysis of trees with a stronger response to the drought period showed that RT
BAI tended to decrease with increasing height and social position. This pattern, where more
giant beech trees with extensive crowns are more susceptible to drought, is consistent with
the "structural overshoot" theory, which suggests that trees can grow beyond their
sustainable capacity under favorable conditions, making them more vulnerable during water
shortages (Jump et al., 2017). Their greater exposure to radiation and wind increases
hydraulic stress (Skomarkova et al., 2006, Bennett et al., 2015, Grote et al., 2016). When
RT &8BC was considered, there were less significant correlations with morphological
variables. However, more giant trees with larger box-dimensions had lower resistance,
possibly because a larger photosynthetically active area requires more resources. However,
non-significant models for canopy area and volume challenge this explanation.

Contrary to expectations, more giant trees in the upper canopy, which are expected to use
water more rapidly and experience more drought stress, had a higher probability of having
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a higher RT §'3C. This could be because these trees shed more leaves, reducing stress on
the hydraulic system and allowing for a better supply of the remaining leaves. Another
explanation for the diffuse response pattern, which is not strongly related to morphological
variables, could be that the severe and prolonged droughts overwhelmed differences that
might be apparent under milder drought conditions. This is supported by the observation
that RT 8'3C decreased similarly across social positions. Therefore, hypothesis H2.3,
suggesting significant morphological influences on drought resistance, can only be partially
accepted. Significant morphological variables affecting resistance were identified in a
subset of the data but with limited scope and accuracy.

9.2.5 Competitive environment and its effect on tree performance

Competition, which can be managed through silvicultural treatments such as thinning,
significantly affects tree growth. Basal area increment (BAI) was highly dependent on the
level of competition faced by each tree, supporting the silvicultural principle that growth is
enhanced by removing competitors (e.g., Chakraborty et al., 2021). However, prolonged
drought was observed to reduce the influence of competition. Despite their initial
advantages, such as better access to light and more extensive root systems, trees with low
competition showed declining performance over time during prolonged droughts. This
suggests that their competitive advantages become detrimental under drought conditions.
On the other hand, trees under highly competitive pressure showed less change in basal area
increment. This could be due to more drought-damaged neighbors, freeing up resources for
these suppressed trees, or because water use by dominant trees decreased under stress,
leaving a similar amount for suppressed trees. As a result, hypothesis H2.4, that reduced
competition mitigates the effects of drought, cannot be fully accepted for prolonged drought
scenarios. The extreme nature of the drought may have overwhelmed the competitive
advantage of dominant trees due to their higher resource requirements for maintaining
greater biomass.
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9.3 Effect of forest structure on drought stress response of beech
(Paper 111)

9.3.1 Response of beech forests to prolonged drought

The results indicate that beech forests in both study areas responded to the drought period
with defoliation, reduced growth, and changes in the 5'3C signature, consistent with findings
from other studies (e.g., Rohner et al. (2021) or Walthert et al. (2021)). Defoliation in beech
IS a stress response due to its anisohydric stomatal regulation and cavitation-sensitive xylem
(Schuldt et al., 2020, Arend et al., 2022, Weithmann et al., 2022). Less leaf mass and thus
reduced photosynthetic capacity led to a decrease in radial increment during the drought
period, as confirmed by several studies (Scharnweber et al., 2020, Debel et al., 2021). In
addition, an elevated §'3C signature in both study areas indicated water stress.

Comparing the two study areas, the Plateau experienced higher mean crown defoliation,
suggesting greater drought sensitivity due to limited water availability on the shallower soils
(Chakraborty et al., 2013, Weber et al., 2013, Klesse et al., 2022). Legacy effects from past
droughts may have contributed to this increased sensitivity (Kannenberg et al., 2020,
Neycken et al., 2022). However, differences in 83C signatures between regions were
insignificant, possibly due to similarly high-stress levels across plots during the extreme
drought. Overall, the hypothesis that beech stands in both regions would respond to drought
with defoliation, growth reduction, and an increase in 3*3C signature is accepted.

9.3.2 Effects of stand structure on the drought response

The results indicate a relationship between crown closure and defoliation in beech forests,
particularly in the Plateau. An increase in defoliation with decreasing crown closure
suggests that more open canopies may make beech trees more vulnerable to drought. Open
canopies expose trees to direct sunlight, which can lead to adverse effects such as sun scald
and predispose trees to further disturbances such as beetle infestation (e.g., Agrilus viridis
L.), potentially triggering a cascade of damage (Manion, 1981, Brick-Dyckhoff et al.,
2019). In addition, defoliation increases the risk of future tree mortality (Petit-Cailleux et
al., 2021). It creates canopy gaps that increase temperatures and decrease humidity in the
forest, which could worsen drought stress and further increase defoliation.

Contrary to initial expectations, no significant changes in the resistance indices BAI and
813C in response to canopy closure were observed. Reduced leaf mass was expected to
decrease radial increment and an altered §'*C signature due to reduced photosynthesis.
However, the lack of such effects could be attributed to the compensatory influence of
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increased space for the remaining trees, which could offset the effects of reduced crown
foliage. Moreover, the remaining crown could still receive sufficient water and nutrients,
allowing for adequate sugar production for wood formation and preventing an altered §'3C
signature. This observation is consistent with Roloff's (1986) findings that damaged beech
trees do not always show reduced growth rates. Furthermore, Weithmann et al. (2022)
describe that the extreme drought event in 2018 led to the development of smaller leaves
with improved water use efficiency in sun-exposed canopies. However, severely defoliated
beech trees remain highly susceptible to pathogens and wood decay, which affects stem
stability and break resistance (Purahong et al., 2021, Langer and BulRkamp, 2023).
Hypothesis H3.2 was partially supported, confirming the association between open canopies
and increased defoliation but not finding the expected more significant growth decline and
more pronounced &3C signature. This suggests that the effects of drought on beech forests
may be more diverse than previously thought.

Hypothesis H3.3 postulated that multi-layer beech forests would show lower canopy
defoliation and higher resistance (as measured by tree growth and §*3C signature) than
single-layer forests. However, the results did not support this hypothesis. There was no
significant difference in drought response between multi-layer and single-layer forests.
There were no significant correlations for the 30-meter cutting radius, which represents the
forest structure, the 10-meter cutting radius, which represents the immediate neighborhood,
and the 10-meter semicircle immediately to the south, which assesses the potential effects
of direct sunlight on beech trees. This finding suggests that the relationship between forest
structure, defoliation, and resistance indices is more complex than initially thought.

More robust relationships were identified by focusing on a subset of the data. For example,
plots with more tree competition were more likely to have increased resistance in basal area
growth. This may be due to smaller trees competing with more giant trees, as is often the
case in stands with abundant understory. Under prolonged drought conditions, growth
partitioning may favor smaller trees (Bose et al., 2022, Mathes et al., 2023a, Pretzsch et al.,
2023). Stands with a mix of dominant and subordinate beech trees were more resistant and
may recover more quickly from drought. The results also indicated that stands with smaller
box-dimensions, characterized by lower complexity, have a higher likelihood of
maintaining average BAI. These could be selectively thinned stands where treatments are
focused on selected trees.

The models on §*3C signal responses with mean competition as a determining factor yielded
low explanatory power, consistent with Rothenbuhler et al. (2021), who also found no
systematic differences in 8!3C tree-ring records between dead and live trees. In conclusion,
hypothesis 3.3 was rejected as the results provided limited evidence that multi-layer beech
forests are less susceptible to canopy defoliation or more drought-resistant than single-layer
forests.
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9.4 Intra-annual variation of the 8!3C signal

The 8'3C signal of beech varies during the year, reflecting changes in environmental
conditions (Figure 14 and Figure 15). In particular, the observed increases in §'3C values
within the dry years 2018-2020 indicated an increased drought stress situation. A substantial
rise in 813C values was observed mainly in the second half of the growing season, which
can be interpreted as an exhaustion of the soil water reserves accumulated during the winter
half-year. Sarris et al. (2013) also attribute the increase of 5'3C values in Pinus halepensis
in dry years to the fact that the productive growing seasons are mainly limited to early to
mid-spring and mid-to-late autumn. Thus, the latewood absorbs the carbon sequestered and
stored during the drought-induced summer dormancy, resulting in high 'C values.

The influence of interannual changes in water availability on wood §'3C has already been
described (Warren et al., 2001, Leavitt, 2002, Kagawa et al., 2003). The observed intra-
annual decrease in $*3C values in 2017 could, therefore, be due to a sufficient water supply
of the vegetation and corresponds to the pattern observed for beech by Helle and Schleser
(2004). The minimum &'3C values are found in the latewood of the annual ring. At the end
of the annual ring, the 8'3C values increase again. This increase in 5'3C marks the gradual
transition to storage-dependent growth (Helle and Schleser, 2004). Skomarkova et al.
(2006) state that 10 to 20 % of a beech annual ring seems to be influenced by the carbon
cycle of the previous year.

The §*3C values tend to be higher in the Plateau, which could be attributed to the shallower
soils and lower precipitation compared to the Steigerwald. The low expression of significant
differences between the groups formed (study area, resistance index) indicates a high
variability of responses at the individual tree level, which underlines the complexity of
adaptation mechanisms to different environmental conditions (Weigel et al., 2023).

The observed variability of the 3!3C signal within one year may lead to uncertainties when
using isotope data averaged over one year or measured separately for latewood and
earlywood. Especially in the case of tiny annual rings, an imprecise separation at the annual
ring boundary of the core may lead to a bias of the signal.

9.5 Effect of drought stress on beech wood quality

The significant crown defoliation observed in this study suggests that wood quality may
also be affected, as described by Langer and BulRkamp (2023). Therefore, the current
damage to beech trees is also associated with several economic challenges, such as increased
harvesting costs due to the increased proportion of crown deadwood, reduced timber
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revenues due to the rapidly progressing timber degradation, and missed optimal harvesting
time.

Stimmelmayer (2022) examined the central trees of this study concerning wood quality to
determine whether drought stress - recognizable by changes such as defoliation, a changed
313C signature, or a decline in growth - also affects wood quality. The study used the
methodology of acoustic and electrical resistance tomography, originally developed for tree
inspection in traffic safety and has only been used to a limited extent in forestry. The results
showed that these tomographic methods provide insights into the trunk's interior but have
limited information about wood quality. Acoustic tomography, suitable for diagnosing
pronounced defects such as cavities or decay, revealed only a few defects in the wood of
the beech trunks examined in this study. On the other hand, electrical resistance tomography
provided a more detailed picture of the trunk’s interior. However, the interpretations are
unclear due to the variability of the electrical conductivity of the red heartwood (Hanskoétter,
2004). Beech trees in the Plateau appear to have a high proportion of red heart and decay,
with understory beech affected and trees with large stem diameters. There is also evidence
that crown defoliation is reflected in changes in stem moisture distribution. Beech trees with
a large diameter at breast height are particularly affected, as they show an increased
variation in electrical resistance tomograms, which could be interpreted as a consequence
of embolisms. Furthermore, beech trees with fragile cores show, on average, larger stem
diameters and pronounced crown defoliation. This can be interpreted as an effect of
moisture reduction in the process of heavy defoliation. The study by Stimmelmayer (2022)
illustrates the complexity of assessing wood quality under dry stress conditions and the
limitations of tomography as a method for investigating wood quality in standing trees.

9.6 Response of other tree species to the 2018-2020 drought event

Strong but heterogeneous effects of the 2018-2020 drought on Central European forest
ecosystems have also been demonstrated for other tree species (Buras et al., 2020). Thom
et al. (2023) found that the average annual growth rate of trees decreased by about 41 % for
Bavaria, Germany, during the exceptional drought event 2018-2020. Of the twenty tree
species studied, thirteen showed significant growth losses. In particular, the conifer species
Picea abies and Pinus sylvestris were more vulnerable than the deciduous species Fagus
sylvatica, Quercus robur, and Quercus petraea. For Norway spruce, Schmied et al. (2022)
found that high structural diversity in a tree's environment favors growth and improves its
performance under drought. More giant trees in the study were more climate-sensitive. The
pronounced sensitivity of spruce and pine to drought may be due to their isohydric behavior,
which manifests in reduced photosynthesis and thus reduced production of photoassimilates
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for growth during drought, in contrast to anisohydric species such as beech (Martinez-
Sancho et al., 2017). While effective stomatal regulation provides protection during short-
term droughts by reducing water demand (Hartmann, 2011), it could prove
counterproductive for spruce during prolonged droughts, leading to premature stomatal
closure and making trees vulnerable to carbon deficiency (Hartmann, 2011, Lévesque et al.,
2013, Hartl-Meier et al., 2014, Vitasse et al., 2019).

Senf et al. (2020) show that drought is an important factor in tree mortality on a continental
scale and suggest that a future increase in drought could trigger widespread tree mortality
in Europe. Spiecker and Kahle (2023) also conclude that forest tree mortality in the Black
Forest primarily depends on the climatic water balance, which shows a strongly decreasing
trend from 1954 to 2020. Contrary to expectations that site diversity and factors such as
forest structure and tree species composition significantly influence mortality, the data
suggest that trees respond similarly to changes regardless of site and stand factors. SiRel
and Briiggemann (2021), based on findings from the drought year 2018, suggest that several
Quercus robur L. stands in the Rhine-Main valley will be threatened by severe forest
mortality in the coming decades. Successive droughts pose a significant threat to forests
under climate change, even in forest ecosystems with comparatively good water supply, like
floodplain forests with tree species such as Quercus robur L., Acer pseudoplatanus L., and
Fraxinus excelsior L. (Schnabel et al., 2022). Overall, a potential reduction in the vigor of
Central European tree species under more intense droughts due to climate change can be
expected to shift the distribution of tree species in Europe (Allen et al., 2010, Buras and

Menzel, 2018).

9.7 Mitigating drought stress through species interactions

One strategy for adapting forests to climate change may be to use silvicultural measures to
create mixed and structurally rich forests. The survival risk can be distributed among
complementary tree species with different requirements. Therefore, a structurally rich stand
can recover more quickly after disturbances and is considered more climate-resilient.
Silvicultural guidelines such as those of Utschig et al. (2011) recommend the conversion of
monospecific forests into more stable mixed forests to adapt to climate change. Although
greater tree diversity is not systematically correlated with increased drought resistance
(Grossiord, 2020), studies suggest that integrating other tree species, such as silver fir (Abies
alba) or oak species, into beech forests can increase the drought tolerance of beech (Jonard
etal., 2011, L ebourgeois et al., 2013, Metz et al., 2016, Magh et al., 2019). The benefits of
these mixed stands increase with tree size (Schwarz and Bauhus, 2019). A possible
explanation for this could be the "hydraulic lift" or "hydraulic redistribution™ that has been
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observed in various ecosystems, including mixed beech forests (Zapater et al., 2011,
Tochterle et al., 2020). This phenomenon occurs when there is a pronounced water gradient
between the roots and the soil, for example, during periods of drought, which can lead to
the release of water from the roots. Therefore, as climate change continues, tree species
diversity should be promoted at all stages of stand development. In particular, regeneration
should take place at an early stage, with emphasis on introducing species other than beech.
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10 Conclusion

In this thesis, the influence of single tree morphology and forest structure on the response
of European beech to drought stress in the years 2018 to 2020 was analyzed using a
combination of mobile laser scanning technology and retrospective analyses of radial
increment and 5'3C signal. The thesis consists of two main parts:

The first part of the thesis focused on detecting single tree morphology and forest structure
using mobile laser scanning (Paper ). By using a crane to make full scans, we could quantify
the occlusion effect apparent in the ground scans in more detail. The results showed that
occlusion was pronounced in the canopy region of the stands. For single tree morphologies,
occlusion plays a role, especially when extracting single tree point clouds from the entire
point cloud. Relying solely on a single ground scan in the leaf-on state made accurate and
comparable extraction of beech trees challenging. The noise of the laser scanner, in
combination with the algorithms used to calculate the metrics, affected the morphology of
the individual trees. Overall, no very pronounced differences could be detected for the
crown-related variables. However, occlusion-induced biases were most evident in height
estimates, with a methodological comparison revealing an underestimation of
approximately 1.04 % for beech and 2.19 % for spruce.

At the stand level, significant information was lost in the canopy region when scanning from
the ground only. Increasing the voxel size can compensate for this loss of information but
at the cost of losing detail in the point clouds. The results suggest that the voxelization of
point clouds with a voxel size of 20 cm effectively reduces occlusion effects while
preserving essential information. The quantification of information loss in this thesis serves
as a basic framework for adjusting ground scans to account for the occlusion effect. The
first part of the thesis is intended to raise awareness of the occlusion effect in mobile laser
scanning and to encourage further research and improvement in this area.

The second part of the thesis was dedicated to investigating the influence of single tree
morphology and forest structure on the response of European beech to drought stress (Paper
Il and Paper I11). Beech suffered significantly from the 2018-2020 drought period, with
pronounced crown defoliation, reduced growth, and changes in the 5'°C signature compared
to the pre-drought period. The intensity of the 2018-2020 drought event was so severe that
it appears to have overridden many known rules and drivers of forest ecology and forest
dynamics (social position, morphology, competition). The drought disproportionately
affected the dominant tree community, the very trees targeted by forest management
approaches and previously considered as anchors of stability against weather extremes,
especially storms. This could lead to increased mortality of large trees, increased interior
forest temperatures, and exacerbated drought stress. This is a typical pattern known for
tipping points.
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However, understory trees provide some consistency in growth during drought periods.
They also play a crucial role in regulating the microclimate within the forest stand.
Therefore, forest management strategies should consider measures to promote and enhance
the understory to ensure the stability of the forest ecosystem.

The results showed a correlation between canopy closure and defoliation, particularly in the
Plateau, suggesting that beech is more susceptible to drought in more open canopies. In
contrast, the effectiveness of forest management practices in reducing the effects of drought
stress, as indicated by basal area increment and §'C values, appears to be limited. On
average, neighboring trees and forest structures had a minimal effect on drought resistance.
The severity of drought stress was not significantly reduced by an open or a closed forest
canopy. However, forests with a greater structural complexity tended to have higher
resistance, possibly due to the understory compensating for some losses in the upper canopy.
This finding highlights the importance of maintaining and promoting structural diversity in
beech forests. This includes promoting a mix of tree ages and sizes to create a more resilient
forest structure that can withstand drought. Multi-layered forests with a substantial
understory can help mitigate the effects of canopy defoliation through drought damage in
the following tree layer, which would otherwise increase the susceptibility to the next
drought. The remarkable variation in the data may reflect a wide range of adaptability and
intraspecific diversity within beech populations, suggesting some degree of adaptation to
extreme climatic conditions such as those observed during the 2018-2020 drought period.
For this adaptive process, an early regeneration of the beech forests could be of advantage.
During thinning and other silvicultural treatments, priority should be given to maintaining
and promoting drought-tolerant and vigorous individuals. This may include selecting trees
based on growth patterns, as well as health indicators (crown defoliation) and other
characteristics. At the same time, however, quality timber production should not be
neglected.

In addition, introducing a diversity of tree species could further strengthen the forest's ability
to adapt to environmental stresses. Although beech is the dominant broadleaf species in
Central Europe, the increasing frequency and intensity of droughts may make it necessary
to introduce or promote more drought-resistant species in forests. There will be fewer rather
than more sites within the beech optimum in Germany. Increasing the diversity of tree
species and provenances could increase forest ecosystems' long-term stability and
functionality in the face of climate change. Silvicultural measures such as group selection
create different conditions that favor regeneration and the development of tree species
mixtures, limiting the intervention to specific areas and leaving the rest of the site untreated.
The results highlight the importance of adaptive silvicultural practices that consider
changing climatic conditions, although the overall potential to reduce drought stress appears
limited.
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Ongoing research and monitoring are essential to understanding the complex interactions
between forest structure, species composition, and drought-related climatic stressors.
Overall, the results of this thesis contribute to a better understanding of how beech trees
respond to drought events. This understanding is essential for the conservation of beech
forests in the face of climate change and contributes to the knowledge of the ecological
resilience of forests. Nevertheless, recurrent multi-year droughts, such as the 2018-2020
event, are expected to permanently change growth dynamics, stand structure, and species
composition in forests.
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Abstract: Laser scanning has revolutionized the ability to quantify single-tree morphologies and
stand structural variables. In this study, we address the issue of occlusion when scanning a spruce
(Picea abies (L.) H.Karst.) and beech (Fagus sylvatica L.) forest with a mobile laser scanner by making
use of a unique study site setup. We scanned forest stands (1) from the ground only and (2) from
the ground and from above by using a crane. We also examined the occlusion effect by scanning in
the summer (leaf-on) and in the winter (leaf-off). Especially at the canopy level of the forest stands,
occlusion was very pronounced, and we were able to quantify its impact in more detail. Occlusion
was not as noticeable as expected for crown-related variables but, on average, resulted in smaller
values for tree height in particular. Between the species, the total tree height underestimation for
spruce was more pronounced than that for beech. At the stand level, significant information was lost
in the canopy area when scanning from the ground alone. This information shortage is reflected in
the relative point counts, the Clark-Evans index and the box dimension. Increasing the voxel size
can compensate for this loss of information but comes with the trade-off of losing details in the point
clouds. From our analysis, we conclude that the voxelization of point clouds prior to the extraction
of stand or tree measurements with a voxel size of at least 20 cm is appropriate to reduce occlusion
effects while still providing a high level of detail.

Keywords: mobile laser scanner; forest structure; accuracy; voxel size; Fagus sylvatica L.; Picea abies
(L.) H.Karst

1. Introduction

Laser scanning has revolutionized the ability to quantify single-tree morphologies
and stand structural variables, e.g., [1-3]. By using terrestrial laser scanners, the structures
of trees and stands can be recorded more quickly and accurately than with conventional
methods [4]. During the last several years, this technology has opened new opportunities
for environmental scientists and foresters [5]. The aboveground structure of a forest is one
of the key features of forest ecosystems and especially influences which ecosystem services
are provided by the system. For example, Gough et al. [6] found a significant influence of
the forest structure on forest productivity, and Bauhus et al. [7] observed its effects on forest
stability and resilience. Moreover, the forest structure is related to biodiversity, e.g., [8,9],
and to microclimate regulation, e.g., [10,11].

For forest inventory purposes, single-tree morphologies, such as the tree height and
diameter at breast height, can be derived from laser scanner data, e.g., [12]. One advantage
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is that such classic variables can be measured faster and more efficiently with laser scanners.
However, it is also possible to quantify characteristics that have hardly been measurable to
date. The technique has also enabled more precise and efficient ways of measuring crown
morphologies, such as the height of the maximum crown projection area, the maximum
crown projection area, the crown volume and the crown surface area. These are of interest
for several tree physiological relationships (e.g., [13]). Jacobs et al. [14] showed, on the basis
of laser scan data, that drought stress affects the crown size and tree height.

Lidar-based scanners are currently the dominant solution for outdoor mobile map-
ping [15]. For many forestry-related questions, laser scan data are either collected from the
ground or from the air. When scanning from the ground, there are basically two different
approaches: terrestrial laser scanning (TLS) and mobile laser scanning (MLS), also often
called handheld personal laser scanning (HPLS). In TLS, the three-dimensional point cloud
is achieved through single scans with a fixed viewpoint [16] or by combining multiple
single scans [17]. Since multiple scan locations are required to accurately capture the forest
structure and to reduce occlusion, the method is time-consuming and costly. MLS, on
the other hand, is faster and therefore more cost-efficient [18]. This technology uses an
inertial measurement unit to determine the position of a laser while the laser takes distance
measurements of its surroundings.

When scanning from the air, the scanner is attached to an aircraft, for example, an
unmanned aerial vehicle (drone) or a light aircraft (airborne laser scanning (ALS)). ALS
has a high area coverage but, presently, still has a lower point cloud resolution than terres-
trial /mobile laser scanning from the ground. Additionally, difficulties arise in obtaining
detailed tree structures due to canopy occlusion [19]. Mobile laser scanners, on the other
hand, are well suited for scanning forest stands and individual trees with a high level of
detail, e.g., [20,21].

Aerial scans and ground-based scans are limited to a single perspective of the forest,
either from above or below the canopy. This necessarily results in an occlusion effect,
e.g., [22,23]. It remains unclear how much information is missed by being restricted to
one perspective and how this affects tree and stand structural variables derived from laser
scans. Most likely, the amount of information missed due to occlusion depends on the
distribution of biomass in space. Especially dense stands can be assumed to be susceptible
to either approach [24].

Beech (Fagus sylvatica L.) is a tree species that forms very dense stands due to its high
shade tolerance and pronounced development of shade leaves [25]. Such canopies can act
as shields against laser beams even at lower stand heights. Spruce (Picea abies (L.) H.Karst.)
also forms dense canopies but loses its needles in lower stem sections under dense stand
conditions due to the lack of light. In both cases and for both species, laser scanners are
likely unable to detect the upper crown due to occlusion when scanning from the ground
during the vegetation period. In winter, on the other hand, beech trees shed their leaves,
whereas spruce trees do not lose their needles. Due to increased visibility in winter, the
accessibility of beech canopies with laser beams from the ground should be better for beech
than for spruce in the leaf-off period.

To obtain stable estimations of structural and morphological variables, the issue of
occlusion is often addressed by reducing the spatial resolution of the point cloud based
on so-called voxelization, e.g., [26,27]. Voxelization has the potential to compensate for
occlusion and the spatial variation in the point cloud density with distance from the scanner
to a certain degree, depending on the voxel size. However, voxelization is also accompanied
by a loss of detail in the point cloud and an increase in space-filling estimates. While voxels
should not be too small to ensure reduced occlusion, they should also not be too large to
prevent severe losses in resolution. A voxel size of 10 or 20 cm side length is often chosen
as a compromise [22,27,28].

In this study, we intended to address the issue of occlusion in mobile laser scanning
from the ground by making use of a study site with the possibility of scanning a forest
stand from below and above. The aim was to quantify the potential loss of information
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and to detect the pattern showing where information is lost and how the loss changes with
different voxel sizes. To do this, we scanned forest stands (1) from the ground only and
(2) from the ground and from above by using the crane experiment KROOF [29]. We also
examined the seasonal effect for beech by scanning in the summer (leaf-on) and winter
(leaf-off) seasons.

The hypotheses of this work were driven by two assumptions. First, the effect of
occlusion (information loss) in deciduous species is stronger in summer than in winter
because the leaves reduce the visibility of the upper parts of the crown (seasonal compar-
ison). Second, there is occlusion in the tree crown when scanning only from the ground.
Even under the best conditions (no leaves), an occlusion effect remains due to the lack
of perspectives of the objects of interest from above (methodological comparison). The
specific hypotheses were:

Seasonal comparison

H1. For beech, the occlusion effect leads to significant differences in single-tree morphologies when
comparing summer to winter ground scans; for spruce, there are no significant differences.

H2. For beech stands, the occlusion effect results in a significant difference in stand complexity
when comparing summer to winter scans; for spruce, there is no significant difference.

Methodological comparison

H3. For single trees, the occlusion effect leads to smaller values for canopy morphologies of all trees
(e.g., lower height and smaller crown volume) when scanned only from the ground.

Ha4. For stands, the occlusion effect results in an underestimation of the stand structural variables
when scanned only from the ground.

H5. For stand-specific variables, the occlusion effect is reduced in importance as the resolution of
the data decreases (voxel size increases).

2. Materials and Methods
2.1. Study Area

The study area was located in the Kranzberg Forest (48° 25'09.8”N; 11°39'39.8”E) in the
southern part of Germany, about 35 km northeast of Munich [30]. Within the forest, there
is the unique Kranzberg Forest Roof (KROOF) experiment on an area of 0.5 ha [31]. The
KROOF experiment was originally designed as a drought stress experiment. In addition to
water retention by roofs, a canopy crane had been installed at the KROOF experimental site
(Figure 1c). This allows research to be conducted at heights of up to 45 m. In this study, this
crane was used to complement the ground scans with scans from above the forest canopy.

The mixed stand primarily consists of pure tree groups of Norway spruce (Picea abies
(L.) H.Karst.) and European beech (Fagus sylvatica L.) trees that were planted in 1951 & 2 y
and 1931 =+ 4 y, respectively [29]. These two tree species are among the most common tree
species in Germany, with forested area shares of 25% for spruce and 16% for beech [32], and
are coniferous and deciduous, respectively. According to inventory data for the KROOF
site, beech trees had a height of about 28 m and spruce trees had a height of about 32 m on
average [31]. The average diameter at breast height (dbh) was about 29 cm for beech and
about 35 cm for spruce [31]. In total, there were 639-926 trees per ha with a stand basal area
of 54.0-60.1 m?>-ha~!, a standing stem volume of 8§02-981 m3ha~!, and a mean periodic
volume increment (1998-2016) of 19.4-26.3 m*-ha~1.y 1 [33].
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Figure 1. The mobile laser scanner in the start position (a) and attached to the crane (b). During
operation, it was lifted over the canopy and moved smoothly over the canopy of the forest stand.
Figure (c) shows the crane itself.

2.2. Data Collection

Data were collected in the pure sections of spruce and beech stands. The two areas
selected for scanning each had a size of 30 m x 40 m (1200 m?). The areas were scanned
during two different seasons of the year, in summer 2020 (during the vegetation period,
leaf-on for deciduous trees) and in winter 2020/2021 (leaf-off for deciduous trees). There
was nearly no growth between summer and winter scans, and we can also exclude possible
influences of the different treatments of the drought experiment. To record the plots, we
used the ZEB HORIZON mobile laser scanner (GeoSLAM Ltd., Nottingham, UK). The
ZEB HORIZON mobile scanner is able to scan objects up to a distance of 100 m from the
scanning device using the time-of-flight principle and SLAM (simultaneous localization
and mapping) technology (e.g., [34]). As a data collector, Velodyne VLP-16 multibeam
LiDAR is embedded in the device. The wavelength of the laser was 903 nm, the scan rate
was 300.000 points per second and the range noise was 30 mm with expected system
accuracies of 1-3 cm. Each scan followed the same predefined scanning procedure.

First, the specific areas (beech and spruce) were only scanned from the ground, fol-
lowing a predefined walking pattern (Figure 2a), further referred to as the “ground scan”.
For the second scan, the same walking path was used as for the first scan (with otherwise
identical conditions) but was then complemented by a canopy scan. To do this, the scanner
was attached to the crane and moved up vertically over the top of the canopy (Figure 1)
while operating. The crane was then set in motion horizontally by turning it clockwise and
moving the scanner along the horizontal crane axis. This allowed the area to be scanned
from above and below within one single scan (Figure 2b). This scan is further referred to as
the “full scan”. The starting point of the scans was always the same. In total, 8 different
scans were performed (2 plots (beech and spruce), 2 conditions (ground scan and full scan)
and 2 seasons (summer and winter)). The scans were performed under optimal weather
conditions (no wind, fog, rain, or frost).
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Figure 2. The walking paths (blue lines) for the beech plot for the two scan conditions, (a) ground
scan and (b) full scan. The red dot indicates the same starting point in each scan. The walking path
on the ground is identical. A beech tree is shown as an example for better orientation.

2.3. Data Processing

The data collected by the mobile laser scanner were first processed using the manufacturer-
specific software GeoSLAM HUB 6.1 [35], which means that actual SLAM registration was
performed. This was carried out with the default software configuration, turning off
any additional sharpening or filtering. After preprocessing, the individual scans were
exported in the .1az file format. The R package “lidR” [36] was used to further process the
exported point clouds. The point clouds were clipped to the specific tree collective (area
size 30 m x 40 m). Ground points were then classified using the Ground Segmentation
Algorithm [37]. With the Spatial Interpolation Algorithm (interpolation is performed using
a k-nearest neighbor approach with inverse-distance weighting), the heights of the points
were normalized. To reduce the amount of data, the point cloud was initially voxelized to a
resolution of 1 cm (representative voxel size of 1 cm?). To ensure that the point clouds of
the different scans overlapped exactly, they were aligned using CloudCompare software
(version 2.11.3, cloudcompare.org, EDF R&D, Paris, France).

From the remaining point cloud, the point clouds of 20 single trees per species and
scan were identified. Trees were then precut using the software LIDAR360 [38]. The tree
segmentation algorithm used was developed based on the method described by Li et al. [39].
Each tree was manually postprocessed using Cloud Compare software for better quality.
The full scan from winter was used as a reference for segmenting the same trees from the
ground-based scans. By overlaying the single-tree point clouds, it was possible for each
point to be assigned to the correct tree, even for scans that recorded very few points in the
upper canopy.

From each single-tree point cloud, the following single-tree morphological variables
were calculated: total tree height (tth), diameter at breast height (dbh), height of maximum
crown projection area (hcpa), maximum crown projection area (cpa), crown volume (crvol)
and crown surface area (csa). The dbh was determined using circular fitting (height range
of 1.29-1.31 m) (R package “circular” [40]), and the height was obtained from the maximum
z-value of each point cloud. The crown base was defined as the height where the horizontal
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cross-section of the crown first reached five times the base area of the tree. The maximum
crown projection area (cpa) and corresponding height (hcpa) were calculated where a
horizontal cross-section of 20 cm thickness reached its maximum value. The crown volume
and crown surface area were computed using a convex hull around the remaining point
cloud above the crown base (R package “geometry” [41]). All single-tree morphologies
were calculated with a voxel size of 1 cm.

From each scan, we clipped six circular subplots with a radius of 5 m at identical points
for stand structure analysis. For these subplots, we calculated the relative point counts
in three-dimensional space, the Clark—Evans index and the box dimension, as described
below. We calculated the change in the point counts with height relative to the respective
maximum value (relative point counts). For this calculation, we cut 1 m thick horizontal
slices from the point clouds and determined the number of points for each of them. For
each height layer, the mean value for each of the 6 subplots was calculated. The largest
mean value for the respective winter scans (ground scan and full scan) was defined as
100%, and all other values were calculated in relation to the largest value.

We used the aggregation index from Clark and Evans [42] to calculate the spatial
description of the point distribution (CE index). The CE index is widely used to characterize
forest structures, e.g., [26,27]. The CE index examines the horizontal distribution of objects
for clumping or regularity. The calculated value theoretically ranges from 0 (strongest
clumping, where all objects are at the same point) to 2.1491 (strictly regular hexagonal
pattern). Aggregation values less than 1.0 indicate a tendency towards clumping, values
around 1.0 indicate a random distribution, and values above 1.0 indicate a tendency towards
a regular distribution. The calculation was performed with the R package “spatstat” [43].
Before the calculation, we projected the 1 m thick horizontal strata onto a plane by setting
the z-value of each voxel to zero. Duplicate voxels were deleted. To avoid edge bias,
Donnelly edge correction was applied [44,45].

The box dimension can be used as a measure of the structural complexity of forests [46]
and is often used to differentiate different forest structures, e.g., [26,27]. It considers the
density and three-dimensional distribution of objects at the same time. The box dimension
was calculated based on specific subplot point clouds. We used the maximum tree height
as the upper cut-off. The lower cut-off, which is the smallest box-edge length used in the
box-dimension calculation, was defined as the respective voxel size tested (5-50 cm). We
calculated the box dimensions for three horizontal forest strata of each 3D point cloud
(1-12m, 13-24 m and 25-36 m), as well as for the overall forest. Details on the box
dimension can be found in Seidel [46] and Sarkar and Chaudhuri [47].

The relative point counts, the Clark-Evans index and the box dimension were derived
for voxels of 5 em (5 em?), 10 em (1 dm?), 20 em (8 dm®) and 50 em (125 dm®) edge lengths.

2.4. Data Analysis

To determine differences in the single-tree morphologies and metrics for the stand
structure, we used the paired Wilcoxon rank-sum test with Bonferroni-corrected p-values,
since the normal distribution and the homogeneity of variance could not be confirmed for
all of the studied variables. The significance level of p <0.05 was chosen for all statistical
tests conducted in this study. All statistical procedures were performed using R 4.1.2 [48].

3. Results
3.1. Visual Assessment of Single-Tree Point Clouds

Clear morphological differences between the point clouds of spruce and beech could
already be detected visually at the single-tree level (Figure 3a vs. Figure 3b). These
differences were apparent between the ground scans and the full scans (Figure 3(1,2) vs.
Figure 3(3,4)). The point clouds of the ground scans (Figure 3(3,4)) lose much detail in
the upper parts of single-tree crowns. Additionally, the effects of seasonality could be
detected visually to a certain extent for beech, obviously less so for spruce: for the full
scans, Figure 3a(1) shows a smaller, more narrow crown appearance in the winter, when
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there are no leaves, compared to the summer (Figure 3a(2)), when there are leaves on the
tree. However, differences could also be detected between the seasons from the visual
inspection of ground scans: when comparing Figure 3a(3,4), the point cloud density in
the upper crown layer seems to decrease even more in summer compared to winter. Such
differences could not be detected visually for spruce (Figure 3b(3,4)).

®) “) 1 (3] ®) 4)
(b)

Figure 3. Single-tree point clouds resulting from different scanning times and methods. Figure
(a) (1-4) shows the same beech, and figure (b) (1-4) shows the same spruce. The individual tree
silhouettes were derived from the full scan in winter (1), full scan in summer (2), ground scan in
winter (3), and ground scan in summer (4).

3.2. Seasonal Comparison
3.2.1. Single-Tree Morphologies (H1)

The seasonal comparison at the single-tree level only partly confirms the visual impres-
sions of Figure 3, namely, that the single-tree morphologies in the respective scans differ
depending on the season in which they were recorded (Figure 4). The overall differences
were not very pronounced for the crown-related variables, which were derived from the
part of the point clouds where the occlusion effect was most noticeable when scanning from
the ground. Only the total tree height of beech trees was estimated to be slightly lower on
average for the summer scans compared to the winter scans. Other crown-related variables
were not significantly different for beech (hcpa, cpa, crvol, and csa, cf. Figure 4, Beech c—f).
In addition to the total tree height, the dbh of beech trees was also significantly bigger in
summer 2020 than in winter 2020/2021 (cf. Figure 4, Beech a; Table S1). We could also
detect significant differences for spruce scans (bottom row in Figure 4) for the diameter
at breast height, the maximum crown projection area, the crown volume and the crown
surface area, which were all smaller on average in winter 2020/2021 than in summer 2020.
No significant differences were found in the total tree height or the height of the maximum
crown projection area. Table S1 shows the mean differences + standard deviations between
ground scans in summer and ground scans in winter for both tree species and whether the
difference is significant between the species.
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Figure 4. Seasonal comparison of single-tree morphologies of beech and spruce (n = 20 for each
species). Shown are the total tree height (tth) (a), diameter at breast height (dbh) (b), height of
maximum crown projection area (hcpa) (¢), maximum crown projection area (cpa) (d), crown volume
(crvol) (e) and crown surface area (csa) (f) for ground scans conducted in winter and summer.
Asterisks indicate significant differences between scans (*: p < 0.05; ns: p > 0.05).

3.2.2. Stand Structure (H2)

Pronounced seasonal differences in stand structural complexity could be found for
whole stands when comparing the winter and summer ground scans (Figure 5). The box
dimension was significantly influenced by the seasonal effect. Across all height ranges of
the point clouds, the values of the box dimension differed significantly. In addition, there
were also species-specific differences. While the box dimension of spruce (Figure 5, bottom
row) was always larger in summer than in winter, the picture was slightly different for
beech (Figure 5, upper row). For beech, the box-dimension values from the winter ground
scans were larger for the highest point cloud layer (25-36 m) compared to the summer
ground scans. The largest values for the box dimension were found in the medium height
range of 13-24 m for the stands of both species. The differences in the box dimension at
resolutions of 10, 20 and 50 cm are shown in Figure S1. At these resolutions, the same
trends seen at the 5 cm resolution are observed. However, these are not that pronounced.
In particular, for beech, the pronounced difference in the 25-36 m height range at a 5 cm
resolution becomes progressively smaller with reduced resolution.
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Figure 5. Seasonal comparison of different point cloud sections for the beech and spruce stands
across the winter and summer ground scans. The boxplots are based on six circular subplots, each
with a radius of 5 m. Shown are the box dimensions for point cloud sections of 1-12 m, 13-24 m
and 25-36 m and the total point cloud. Asterisks indicate significant differences between the scans
(*: p < 0.05). The resolution of the point cloud was 5 cm.

3.3. Methodological Comparison
3.3.1. Single-Tree Morphologies (H3)

The methodological comparison of the two scanning methods (ground scan and
full scan) in winter, the optimal scanning season, shows differences in the single-tree
morphologies (Figure 6). The resulting total tree height was lower on average when
scanning from the ground (Figure 6, left column) for both tree species. The effect was more
pronounced for spruce than for beech (Table 1). The same is true for the crown surface
area. Furthermore, for beech, the derived diameter at breast height was smaller and the
crown volume was larger for the ground scans compared to the full scans (Table 1). For
spruce, significant differences were especially found in the height of the maximum crown
projection area and the maximum crown projection area itself (Figure 6, Spruce(c,d)).
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Figure 6. Methodological comparison between the ground scans and full scans conducted in winter
of the single-tree morphologies of beech and spruce (n = 20 for each species). Shown are the total tree
height (tth) (a), diameter at breast height (dbh) (b), height of maximum crown projection area (hcpa)
(c), maximum crown projection area (cpa) (d), crown volume (crvol) (e) and crown surface area (csa)
(f) for both winter scans. Asterisks indicate significant differences between the scans (*: p < 0.05; ns:
p > 0.05).

Table 1. Mean difference + standard deviation between the full scan in winter and the ground scan
in winter for beech and spruce (n = 20 for each species). The data are presented in absolute (abs.)
and relative values (rel. in %). Listed are the single-tree morphological variables total tree height
(tth), diameter at breast height (dbh), height of maximum crown projection area (hcpa), maximum
crown projection area (cpa), crown volume (crvol) and crown surface area (csa). The p-value indicates
whether the difference is significant between beech and spruce.

Beech (abs.)
—0.30 £ 0.34

Beech (rel.)
—1.04 £1.20

Spruce (abs.)
—0.74 £ 045

Spruce (rel.)
—2.19 +1.34

p-Value
0.001

dbh (m)

—0.01 £ 0.01

—3.35+£5.02

0.00 + 0.01

—0.18 + 2.42

0.025

hepa (m)
cpa (m?)

—0.88 £ 2.78
+0.43 £ 5.68

—4.00 = 12.68
+1.59 £ 21.16

-124+241
-112+1.44

—4.94 +9.58
—6.42 +8.23

0.685
0.602

crvol (m?)

+4.85 £+ 103.09

+1.22 £ 26.00

—3.88 £17.47

—1.11 + 4.98

0.052

csa (m?)

—2.31 +41.29

—0.73 £12.98

—5.97 £13.31

—1.72 +3.84

0.445
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When analyzing the differences in the morphological variables of both species, they
were surprisingly similar (Table 1). However, besides the dbh, one especially significant
difference could be found between the species: namely, the total tree height underestimation
for spruce was more pronounced than that for beech. For all other variables, the p-value
is above the significance level of 0.05, and the effect size is hence in a similar range for
both species.

3.3.2. Stand structure (H4)

The methodological comparison at the stand level shows that the values of the box
dimension were larger in the full scan compared to the ground scan for both tree species
(Figure 7). The values in the lower two height ranges for both tree species were close
together (1-12 m and 13-24 m) (first two columns in Figure 7). However, the differences
were clearly greater in the upper height range of 25-36 m, where a lot of information on
the structural complexity is lost. Here, the full scans result in a significantly higher box
dimension, with the effect being slightly larger for spruce than for beech. Additionally, for
the full point clouds, the box dimension is significantly larger for the full scans compared
to the ground scans (last column in Figure 7).

height 1-12 m

height 13-24 m height 25-36 m overall height

2.5
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Figure 7. Methodological comparison of different point cloud sections for the beech and spruce
stands between the ground scans and full scans conducted in winter. The boxplots are based on six
circular subplots, each with a radius of 5 m. Shown are the box dimensions for point cloud sections
of 1-12 m, 13-24 m and 25-36 m and the total point cloud. Asterisks indicate significant differences
between the scans (*: p < 0.05). The resolution of the point cloud was 5 cm.

An analysis of the relative point counts with height also showed that significantly
fewer points were recorded over almost the entire height spectrum when scanning from the
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ground compared to the full scan (Figure 8a,b). The difference was particularly apparent
in the crown regions of the stands for both tree species. At heights where the maximum
number of points (100%) for the full scans were recorded (27 m for beech and 28 m for
spruce), they only accounted for 16% for beech and 8% for spruce on a relative scale at the
corresponding heights. The heights at which the maximum number of points were reached
were lower in the ground scans than in the full scans for beech and spruce.
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Figure 8. Methodical comparison between the ground scans and full scans conducted in winter for
relative point counts (rPC) (a,b) and CE indices (c,d) over the height range. The black curve shows
the counts for the ground scan, and the gray curve shows those for the full scan. The curves are based
on six circular subplots, each with a radius of 5 m. Shaded in gray is the height range in which the
scans differ significantly from each other. The resolution of the point clouds was 5 cm.

Similar trends were found for the CE index, but the trends were more consistent
(Figure 8c,d). The CE values for both tree species were highest in the crown area, indicating
that the points were more regularly distributed in space there. When comparing the ground
scans to the full scans, the scans in the lower height range hardly differ from each other. For
the higher parts of the stand, the CE values diverge. For the full scans, the regularity in the
distribution pattern further increased in the higher canopy layers (gray lines in Figure 8c,d).
The difference starts to become significant at a height of 17 m for beech, (Figure 8c) and at
22 m for spruce (Figure 8d). Additionally, for the ground scans, the CE index for both tree
species remains below 1.0 over the entire height range.

3.3.3. Spatial Resolution (H5)

The observed loss of information in the ground scan point clouds (e.g., Figures 7 and 8)
decreases with decreasing spatial resolution, i.e., with increasing voxel size. In Figure 9,
this is exemplified by the relative point counts. When increasing the voxel size from 5 cm
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to 50 cm, the trend lines of the ground and full scans become increasingly similar; i.e., for a
voxel size of 5 cm, the number of points in the canopy was underestimated, which becomes
less and less pronounced from 10 cm voxels through 20 cm voxels to 50 cm voxels. This
was true for both tree species. However, even at 50 cm voxels, significant differences in the
canopy range remain between the point counts of the ground scans and full scans.
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Figure 9. The relative point counts (rPC) with height for beech (a-d) and spruce (e-h) stands for the
ground and full scans from winter. The black curve shows the relative counts over the height range
for the ground scans, and the gray curve shows those for the full scans. The curves are based on six
circular subplots, each with a radius of 5 m. Shaded in gray is the height range in which the scans
differ significantly from each other.

For changing resolutions, the CE index (Figure 10) shows a similar picture to rPC
(Figure 9), namely, that an increasing voxel size decreases the divergence between the
trend lines of the ground and full scans. However, the initial differences between the CE
values were not as pronounced to start out with, meaning that the CE values point in a
very similar direction, even at a voxel resolution of 5 cm. In addition, the CE index values
generally increase in each height section with increasing voxel size. The arrangement of
voxels in space becomes more and more regular due to the effect of increasing the voxel
size. The height threshold, above which the tendency towards a regular distribution is
indicated, shifts slightly downward with decreasing spatial resolution. At the same time,
the maxima of the respective curves shift upward (Figure 10a—d). For spruce, it was similar
(Figure 10e-h).
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Figure 10. CE indices for beech (a-d) and spruce (e-h) stands for the ground and full scans from
winter over the height range. The black curve shows the plot for the ground scan, and the gray curve
show the plot for the full scan. The curves are based on six circular subplots, each with a radius of
5 m. Shaded in gray is the height range in which the scans differ significantly from each other.

The differences in the box dimension at resolutions of 10, 20 and 50 cm are presented
in Figure S2. With a lower resolution, the same trends seen with the 5 cm resolution are
observed. However, the significance range differs and is generally not as pronounced.

4. Discussion
4.1. Seasonal Comparison

In the seasonal comparison (summer and winter), occlusion effects could be detected
in the data for single trees and whole stands (Figures 3-5), as assumed with H1 and H2.
The tree heights of beech were especially affected by the time of scanning (Figure 4 and
Table S1). They were lower for beech in summer, most likely because the dense canopies of
beech trees prevented sufficient laser beams from reaching the top sections of the trees on
average. Beech is a tree species with high crown plasticity [49]. As a result, beech forms a
dense canopy and develops many green leaves in the lower part of the stem during the
vegetation period due to its higher shade tolerance, e.g., [50]. Spruce also forms dense
canopies but loses its needles in lower stem sections under dense stand conditions due to
the lack of light [25,51]. For beech, the greater photosynthetically active mass in the lower
canopy results in a greater reduction in the laser beam compared to spruce.

However, we could not detect any differences in the other crown morphological vari-
ables of beech (hcpa, cpa, crvol and csa). Here, we would have expected larger deviations,
because the ground scan in summer was strongly thinned out in the upper crown area,
and the crown architectures were no longer easily recognizable. An explanation for why
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no differences appeared could be that the full scans from winter were available as orien-
tations when the trees were manually cut out from the point cloud. With the full scan
from winter, the points could be assigned to the correct tree. However, the upper crown
area was still only very sparsely populated with points, and without the full winter scan
reference, it would have been unclear which tree they belong to. However, overall, the
three-dimensional space of the single-tree point cloud was occupied in such a way (cf.
Figure 3a(4)) that the algorithms used calculated very similar single-tree morphologies,
although the occlusion was pronounced.

We did not expect any differences for spruce, because growth was already complete
when the summer scan was performed at the end of August 2020, and the winter scan
was performed before the start of the 2021 growing season. So, no major growth should
have taken place between the summer and winter scans. Initially, we could not detect such
differences visually since this species does not shed its needles in winter (Figure 3b(3,4)).
However, the results show that even more single-tree morphological variables differ from
each other than for beech (Figure 4). This could indicate that the noise of the laser scanner
in combination with the algorithm used to calculate the metrics affect the morphologies of
the individual trees in such a way that even two identical scans in a row result in slightly
different values. The differences are small, but still significant (Figure 4 and Table S1). MLS
scans are known for their comparatively high level of noise [52]. The accuracy of MLS
scans at a distance of 5 meters is about 20 times lower than those produced by TLS [53].
The range noise (noise along an axis perpendicular to the target) of the device used in this
study is estimated to be around £30 mm, according to the manufacturer [54]. Trzeciak
and Brilakis [53] found that the range noise of the ZEB Horizon scanner was 40-50 mm
at 40 meters. Based on these numbers, the scanner has an error of approx. +/—0.1%
(4/4000 cm). The deviations we observed for the dbh measurement, for which we can
exclude an occlusion effect, are on average 3.08% for beech and 1.04% for spruce in the
seasonal comparison (Table 51) (methodological comparison: beech: 3.35%; spruce 0.18%
(Table 1)). The deviations we determined are therefore larger than the specified range noise
from Trzeciak and Brilakis [53] and are more in line with the findings of Hun¢aga et al. [55]
according to which the dbh could be determined with a maximum error of up to 4 cm.

At the stand level (Figure 5), the values of the box dimension (>2) for each season are
within a plausible range for both tree species, e.g., [27,56,57]. Depending on the season
(winter or summer), we found different values of the box dimension in both tree species. In
the case of beech, this could be due to the foliage. It is also conceivable that environmental
influences such as slight leaf shaking, which cannot be avoided, even when there is no
wind, could additionally amplify the noise. Neudam et al. [20] and Guzman et al. [58]
also concluded that leaf-bearing trees produce more scattered point clouds than leafless
trees. At the stand level, occlusion is particularly evident in the canopy layer of beech trees
(Figure 5). The crown architecture is only captured to a limited extent in the summer scan,
which is reflected by smaller values for the box dimension in the height range from 26 to
36 m (Figure 5, third column above). For the total stand (overall height), the values from the
summer scan are, however, larger than those from the winter scan, which is consistent with
the findings of previous studies, for example, by Neudam et al. [20]. Seasonal differences
in the box dimension of spruce were not expected. We can only explain the deviations in
our data as noise in the point cloud.

In summary, we found differences in single-tree morphologies and stand complexity
for beech. However, contrary to our expectations, we also found such differences for spruce.
Thus, we have to reject hypotheses H1 and H2.

4.2. Methodological Comparison
4.2.1. Single-Tree Morphologies

The comparison between the ground and full scans resulted in lower heights for both
tree species when scanned only from the ground, as assumed in H3. This is most likely
due to the more strongly pronounced occlusion effects of the crown in the ground scans
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(Figure 6a). The laser beams are blocked by the biomass, which means that the upper
canopy sections are not fully detected. The very large number of laser beams was not
sufficient to determine the same height in the ground and full scans for beech in winter
conditions. In the case of spruce, as an evergreen tree species, this difference is greater than
in the case of beech. Besides the evergreen condition of spruce, its pyramidal crown could
play a role in this finding. In a dense stand, this crown shape makes it very difficult to detect
the top of it. In the study area, the density of the trees was also very high (639-926 trees per
hectare, standing stem volume of 802-981 m*-ha~!). The visibility of the crown is therefore
limited for the laser beams.

We expected the canopy morphologies from the ground scans to be smaller than those
from the full scans because of the occlusion. In addition to some height values, this was
also true for the height of the maximum crown projection area, maximum crown projection
area and crown surface area for spruce. For beech, this was only true for the crown surface
area. The crown volume, in contrast, was greater when scanning only from the ground.
As with the seasonal comparison, we attribute this result, on the one hand, to the noise
of MLS and, on the other hand, to the methods we used to calculate the tree canopy
morphologies. For example, the convex hull method spans a relatively large hull around
the crown. This in itself can result in relatively large changes in the derived quantities
due to only a few differences in points in the point clouds [59], specifically for the crown
volume. In combination with the noise, we therefore explain the differences as originating
from this.

To what extent the deviations determined in this study are relevant for future studies
depends on the research question and its accuracy requirements. Especially since traditional
methods, such as vertex height measurements, are also associated with uncertainties [60],
which can sometimes be larger, the MLS technique seems to nevertheless be a very suitable
tool for determining single-tree morphologies. Overall, the differences in the single-tree
morphologies were small, even though they were partly significant. Occlusion effects led
to a systematic underestimation only for height, in the range of 1.04% for beech and 2.19%
for spruce, regarding the methodological comparison.

4.2.2. Stand Structure

At the level of the stand structure, the methodological comparison for both tree species
shows that the biomass in the canopy is not captured as well when scanning only from
the ground (Figures 7 and 8). This is reflected by lower proportions of points detected
and by lower values for the CE index and the box dimension, especially in the canopy, as
we postulated with Hypothesis 4. This is in line with our expectations that the reduced
number of laser beams reaching the top canopy layers because of occlusion results in
underestimations in this vertical range of the stands. There are also differences in the
lower range, although both scans were performed in a direct temporal sequence (both
scans were performed within one hour under the same weather conditions). Again, this
must be attributed to inevitable noise in the data, e.g., during the SLAM processing itself,
due to small wind gusts, etc. In the full scan, each object in the forest stand is scanned
from far more different perspectives and distances than in the ground scan. Trzeciak
and Brilakis [53] found that edges and corners become less and less recognizable as the
distance to the object increases. In the full scan, the additional view from above likely led
to increased blurring in object recognition during the SLAM procedure, and as a result, the
noise in the full scans increased.

In summary, since not all canopy-related single-tree morphological variables were
smaller when only scanning from the ground, we must reject Hypothesis H3. Hypothesis
H4, on the other hand, can be accepted, since the ground scans underestimated the upper
canopy layers, which significantly affected the stand structural variables.
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4.2.3. Spatial Resolution

The problem of losing information in the upper canopy layers and underestimating
these ranges could be overcome by increasing the voxel size, as we have assumed with
Hypothesis 5 (Figures 9 and 10). As the voxel size increases, the differences between the
data sets (ground scan and full scan) decrease. However, even at a point cloud resolution of
50 cm, some of the differences remain in the point clouds between the full and ground scans.
These were more pronounced for the relative point counts than the CE index. However, for
the CE index, a reduction in spatial resolution resulted in larger values per height level. As
a consequence, for example, when comparing the 5 and 20 cm resolution values for the CE
index, the differences can reach orders of magnitude, which corresponds to the findings
described in other studies between different forest types, e.g., in studies by Stiers et al. [26]
and Willim et al. [27]. This underlines the importance of considering the spatial resolution
of point clouds when comparing stand structural variables, whereby the characteristics and
trends of the respective curves (e.g., the number of maxima and minima of each curve) are
mainly maintained, which is again elementary for characterizing the structure of a stand.
The choice of spatial resolution here resembles a typical trade-off system. To us, a voxel
size of 20 cm seems to be an appropriate size to reduce the effect that occlusion has on the
data and still provide enough detail at the forest stand level. The same conclusion was also
made by Heidenreich and Seidel [21].

To compensate for the occlusion effect, one could introduce a correction factor across
the vertical range of the stand. For studies where a high level of detail is required, it might
be useful to combine MLS ground scans with drone scans to mimic the full-scan approach
used here. Once the occlusion is determined for a stand type, it could be minimized with
correction factors for other ground scans in similar stands. When transferring the results of
this work to other forests, it should be considered that the performance of scanning devices
depends on the environment, particularly illumination conditions, with sunlight reducing
the scanner range [61,62].

Hypothesis H5 (occlusion is reduced as the resolution of the data decreases) can be
accepted, since a reduction in the point cloud resolution also reduced the effect of occlusion
on stand structural variables (i.e., box dimension, relative point counts and CE index).
However, reducing the point cloud resolution also changed the range of the stand structural
variables, which needs to be considered when changing the point cloud resolution.

5. Conclusions

By using a crane to produce full scans, we were able to quantify the occlusion effect,
apparent in every ground scan, in more detail. The effect was pronounced in the canopy
range of the stands. For single-tree morphologies, occlusion plays a role, especially when
extracting single-tree point clouds from the entire point cloud. With only a single scan
from below, beech trees could not be extracted accurately and comparably. The noise of
the laser scanner in combination with the algorithms used to calculate the metrics affected
the morphologies of the individual trees. Overall, we could not detect very pronounced
differences in the crown-related variables. It is the nature of these variables that they
are derived from the parts of point clouds where the occlusion effect is most noticeable
when scanning from the ground. However, here, occlusion effects led to a systematic
underestimation only for height, in the range of 1.04% for beech and 2.19% for spruce,
regarding the methodological comparison.

At the stand level, a significant amount of point information was lost in the canopy
range when scanning from the ground alone. Increasing the voxel size can compensate
for this loss of information but comes with the trade-off of losing details in the point
clouds. From our analysis, we conclude that the voxelization of the point clouds prior to
the extraction of stand-specific variables with a voxel size of 20 cm can be appropriate to
reduce occlusion effects while still providing enough detail.

The quantification of the information loss in this study could be a basis for future
ground scans to be adjusted for the occlusion effect. We hope this paper will increase
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the awareness of the occlusion effect of MLS and open the door for further research and
improvements in this area.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/rs15020450/5s1, Table S1: Mean difference =+ standard deviation
between the ground scan in winter and the ground scan in summer for beech and spruce (n = 20 for
each species). The data are presented in absolute (abs.) and relative values (rel. in %). Listed are
the single-tree morphological variables total tree height (tth), diameter at breast height (dbh), height
of maximum crown projection area (hcpa), maximum crown projection area (cpa), crown volume
(crvol) and crown surface area (csa). The p-value indicates whether the difference is significant
between beech and spruce. Figure 51: Seasonal comparison of different point cloud sections for
the beech and spruce stands across the winter and summer ground scans depending on different
spatial resolutions. The boxplots are based on six circular subplots, each with a radius of 5 m. Shown
are the box dimensions for point cloud sections of 1-12 m, 13-24 m and 25-36 m and the total
point cloud. Asterisks indicate significant differences between the scans (*: p < 0.05; ns: p > 0.05).
Figure S2: Methodological comparison of different point cloud sections for the beech and spruce
stands between the ground scans and the full scans conducted in winter depending on different
spatial resolutions. The boxplots are based on six circular subplots, each with a radius of 5 m. Shown
are the box dimensions for point cloud sections of 1-12 m, 13-24 m and 25-36 m and the total point
cloud. Asterisks indicate significant differences between the scans (*: p < 0.05; ns: p > 0.05).
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Adaptive silvicultural approaches intend to develop forests that can cope with changing climatic conditions.
Just recently, many parts of Germany experienced 3 years of summer drought in a row (2018-2020). This study
analysed the effects of this event on beech (Fagus sylvatica L.) in two regions in northern Bavaria, Germany.
For this purpose, 990 beech trees were studied on 240 plots in drought-stressed forests. We examined trees
of different social position and different size. Their morphology (e.g. tree height, crown volume) was recorded
by laser scanning, and drought stress was quantified by tree core sample analyses. In addition to increment
analyses, the §3C signal was determined by year. Results show that the dominant tree collective was particularly
affected by the drought. They still managed to perform well in 2018, but the radial growth decreased significantly
in 2019 and 2020, partly resembling the performance values of subordinate trees. Subordinate trees, on the other
hand, provide some consistency in growth during drought years. The drought was so severe that the effects of
competition on tree growth began to disappear. The difference in growth of two geographically distinct study
areas equalized due to drought. With continuing drought, increasing levels of the §*3C signal were detected.
Similar patterns at different §'3C levels were found across the social positions of the trees. The influence of tree
morphological variables on tree resistance to drought showed no clear pattern. Some trends could be found only
by focusing on a data subset. We conclude that the intensity of the 2018-2020 drought event was so severe that
many rules and drivers of forest ecology and forest dynamics (social position, morphology and competition) were
overruled. The influence of morphological differences was shown to be very limited. The weakening of dominant
trees could potentially be no longer linear and drought events like the one experienced in 2018-2020 have the
potential of acting as tipping points for beech forests.

Introduction

European beech (Fagus sylvatica L.) is a widely distributed,
ecologically and economically important tree species in central
Europe (Ellenberg and Leuschner, 2010). Currently, the species’
share in Germany is increasing because it is commonly used to
convert conifer forests to mixed broadleaf forests (Thinen-Insti-
tut, 2012). However, beech is sensitive to summer droughts like
those that recently occurred in central Europe in 2003 and 2018
(Jump et al., 2006; Scharnweber et al., 2011; Brandl et al., 2020;
Leuschner, 2020; Schuldt et al., 2020; Maringer et al., 2021; Del
Martinez Castillo et al., 2022).

The frequency and severity of droughts will most likely con-
tinue to increase in central Europe (Seidl et al., 2017; IPCC, 2018;
Hari et al., 2020; Rakovec et al., 2020). This implies major man-
agement challenges for many beech-dominated forests in cen-
tral Europe.

Forest ecosystems in general are particularly vulnerable to
extreme climate events due to their relatively slow natural adap-
tation rates (Allen et al., 2010). During this slow adaptation
process, extreme weather events - like temperature extremes
- may increasingly become tipping points for the ecosystems
(Barnosky et al., 2012). A typical situation known to drive ecosys-
tems towards tipping points is a situation where accelerating
change caused by a positive feedback drives the system to a
new state (van Nes et al., 2016). Transferred to the beech forests,
a tipping point could be defined as a non-reversible change of
the species composition. To date, it is not clear whether tipping
points preventing a long-term survival for beech as a species
have already been reached in some areas in Germany. It also
remains unclear to what extent silvicultural measures may help
to increase the lifespan of beech-dominated stands to provide
a time window to continue converting them to other species
over time.
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In this context, the guestion arises whether individuals in a
stand are equally affected by drought events and if not, which
individuals of a stand are more strongly affected than others. One
important related variable is the social position of the trees within
the stand. Allen et al. (2010) and McDowell et al. (2008) found
that trees with an increased stand space and hence improved
resource availability suffer less from drought mortality. Such trees
can develop more extensive individual root systems over time,
and thereby increase their ability to extract water from the soil
during and after drought periods compared with trees in dense
stands (Whitehead et al., 1984; Aussenac and Granier, 1988).
Diaconu et al. (2017) showed that beech trees with a lower social
position in a stand are less resilient towards drought events. Sim-
ilar results regarding the effect of thinning on drought tolerance
indices have been presented by Sohn et al. (2016) who found that
for broadleaves, thinning improved drought resistance.

On the other hand, the water demand of exposed trees
increases due to an increased exposure to light and the
accompanying transpiration rate (Anders et al., 2006; McDowell
et al., 2006). The increased transpiration rates of large trees are
related to higher hydraulic stresses in situations with limited
water availability. This was often used as an explanation for
their greater susceptibility to drought events (Zang et al., 2012;
Bennett et al, 2015). Van der Maaten (2012) showed that
dominant beech trees are particularly more sensitive to dry
conditions compared with intermediate trees.

For understory trees, differing processes may apply. On the
one side, in terms of social position, understory trees may appear
less vigorous, but could benefit from the shade and microcli-
mate under the canopy of the more dominant but exposed
trees. Heat and drought may, for instance, reduce the growth
of exposed tall trees in relation to small trees and lead to a
more equal size distribution and a more homogeneous vertical
structure of the stand (Grote et al., 2016). On the other hand,
these individuals are also competing with the dominant trees for
the limited resources above- and belowground, and their lower
social position could be a disadvantage and result in higher stress
levels. Meyer et al. (2022) found a shift of tree mortality from
suppressed to large tree individuals in response to the 2018/2019
drought. Littschwager and Jochheim (2020) conclude that thin-
ning by removing understory trees should be employed to sta-
bilize forests under drought conditions, because dominant trees
have more water conservation behaviour and higher adaptability
to drought compared with understory trees.

In this context, the role of tree metrics, like tree height, crown
volume and leaf area index is discussed as possible allometric
characteristics that relate to drought stress for trees (Dobbertin
et al., 2010; Adams et al., 2015; Bennett et al., 2015; Seidel et al.,
2016; Stovall et al., 2019). For beech, however, there are not many
studies in this regard. Tree metrics such as crown diameter, crown
area and crown volume could relate to the level of drought stress
for various reasons. A larger crown volume, for example, is cou-
pled with a larger leaf mass and consequently with higher tran-
spiration. Variables describing the growth shape of the tree, such
as the height to diameter ratio (H/D ratio) or the box-dimension,
a measure of structural complexity of the trees (Seidel, 2018)
could also be relevant for drought susceptibility. The impact of
the soil is also discussed. Weber et al. (2013) conclude that beech
trees near their dry distribution limit of the species are adapted

to extreme conditions already, while changes in the growth pat-
terns of beech under mesic conditions have to be expected.

In this study, we focused on analysing the effects of drought
stress on the growth of individual beech trees. We recorded their
social position, structure (diameter, tree height, crown diameter,
crown volume and position) and competitive environment using
a mobile laser scanner (MLS). We combined this with retro-
spective analysis techniques targeted towards tree growth. In
addition to an increment analysis, we determined the §'*C signal
of single year rings. The §3C values of year rings have been
reported to show drought signals more precisely than tree-ring
width alone (Andreu et al., 2008).

The hypotheses of this study address the effects of drought on
radial growth (H1), as well as the effects on the §C signal (H2).
Furthermore, we shed light on how morphological differences
affect resistance to drought (H3) and whether these effects can
be influenced by the management of competition (H4). The
specific hypotheses were:

H1.1: The radial growth reaction of beech trees to drought
stress depends on their social position.

H1.2: Trees that are accustomed to a warm and dry climate, as
well as shallow sites, do not react as strongly to drought events
in their radial growth.

H2: The drought-related §'3C signal differs between different
social positions.

H3: Morphological differences affect resistance to drought
indicated by: (1) impact on tree-ring growth and (2) differences
in stable carbon isotope signatures.

H4: A lower competitive environment mitigates adverse
drought effects.

Materials and methods

Study area

This study was conducted on two sites, referred to as the
‘Plateau’ and ‘Steigerwald’. Both sites were located in two beech-
dominated (F. sylvatica L.) forest areas in southern Germany
(northern Bavaria) (Figure 1).

The first study area, near Wurzburg on the Southern Franco-
nian Plateau (‘Plateau’), is a low-lying plateau landscape (LWF,
2005). For the reference period 1991-2020, the area has been
characterized by a warm dry climate with an average annual
temperature of around 10.1°C and an annual average precipita-
tion of 576 mm (cf. Table 1) (DWD, 2022aq, b).

According to the World Reference Base for Soil Resources
(WRB) (FAQ, 2014), the soils of the Plateau are classified as
Entric Leptic Cambisol (Clayic) with tendency to Rendzic Leptic
Phaeozem (Clayic). These soils are comparably shallow, formed
from carbonate-rich parent material (shell-bearing limestone).
Their water holding capacity is relatively small, which is why they
are classified as moderately dry to moderately fresh (German Soil
Classification Working Group (Arbeitskreis Standortskartierung,
2016)). The potential natural vegetation of the Plateau is
predominantly Hordelymo-Fagetum and Galio odorati-Fagetum
(Walentowski, 2006).

The second study area rises steeply from the flat undulating
landscape of the Plateau and is near Bamberg in the Steigerwald
region (‘Steigerwald’). The region is cooler (8.6°C) and has a
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Figure 1 Geographic location of the study sites; the red dot represents the study area on the Southern Franconian Plateau. This area is one of the
warmest and driest areas in Germany. A bit more humid and cooler is the Steigerwald (blue dot). The green shading indicates the distribution pattern
of European beech (Fagus sylvatica L.) in Europe according to Caudullo et al. (2017).

Table 1 Main characteristics of the study sites Plateau and Steigerwald presented by climatic, geographic and soil data. The data basis is the Forest
Atlas of Bavaria (LWF, 2005) and the climate stations of the German weather service (DWD, 2022q, b). The climate data cited refer to the reference

period 1991-2020.

Study site Plateau

Steigerwald

Latitude, longitude 49.7286,9.8156

Entric Leptic Cambisol (Clayic) with tendency

49.8721,10.4724
400-460

Keuper

Dystric Cambisol (Loamic)

to Rendzic Leptic Phaeozem (Clayic)

Elevation (m.a.s.l) 270-350
Geology Muschelkalk
Soils according to the WRB

Climate Suboceanic
Mean annual temperature 10:1°€
Mean annual precipitation 576 mm

Potential vegetation/plant association
odorati-Fagetum

Hordelymo-Fagetum and Galio

Suboceanic

8.6°C

802 mm

Predominantly Luzulo-Fagetum, but also
Galio odorati-Fagetum

higher average precipitation (802 mm) than the Plateau (cf.
Table 1) (DWD, 2022a, b). The soils in the Steigerwald have
formed on Keuper and are classified as Dystric Cambisol (Loamic).
These are deeper than those in the Plateau and consequently
have a slightly better water regime (LWF, 2005). The potential
natural vegetation of the Steigerwald is predominantly Luzulo-
Fagetum, but also Galio odorati-Fagetum (Walentowski, 2006).
In both regions, nutrients are not considered as growth-
limiting for European beech, but the summer water supply is.
Plateau and Steigerwald experienced pronounced water deficits
in the years 2018-2020. Measurements of soil moisture at the
Wirzburg (Plateau) forest climate station showed that drought
stress started here at the end of June in each year (<40 per

cent available water capacity) (Zimmermann and Raspe, 2019;
Zimmermann et al., 2020). A summary of the site conditions is
presented in Table 1.

Sampling design

The sampling design followed a hierarchical approach, beginning
with a pre-stratification based on geodata from a forest man-
agement plan. The resulting study area included only stands that
met the following characteristics: (a) the slope of the forest sites
was <10 per cent to minimize slope and exposure effects, (b) only
soils classified as Dystric Cambisol (Steigerwald) and Entric Leptic
Cambisol (Plateau) were selected and (c) only stands that were
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Table 2 Characterization of the recorded trees; classified according to the two study sites Plateau and Steigerwald. Min = minimum, Max = maximum,

SD =standard deviation.

Study site Plateau Steigerwald
Number of trees 464 526

Min Mean Max SD Min Mean Max SD
DBH (cm) 9.0 359 84.0 15.2 8.0 431 92.0 203
Total tree height (m) 6.9 26.3 379 5.9 8.8 29.4 42.4 6.9
BAI (cm? year—1) 0.6 12.7 68.6 9.4 0.2 19.6 105.4 16.5

mainly composed of beech as dominant tree species (species
share >80 per cent), with no silvicultural treatments since 2018
were considered. This was to assure that the forest structure
recorded at the end of 2020 would not have been affected by
any recent disturbances like thinning.

The potential forest area was then covered with a randomly
placed point grid with a resolution of 60 x 60 m. Only sample
points that had @ minimum distance of 50 m to recently dis-
turbed areas or to the forest edge to minimize edge effects were
considered. The coordinates of the point grid were transferred
to a Global Positioning System (GPS) device (Garmin GPSMAP
66sr). In the field, a total of 240 trees were selected, 120 in the
Steigerwald and 120 on the Plateau. The selection was doneina
way that minimized the spatial extent of all the plots within each
study area. Trees belonging to different social positions (dom-
inant, subordinate), tree dimensions (small, large timber) and
forest structures (single-layered, multi-layered) were selected.
For each of these eight possible combinations, 15 samples were
selected per study site (2 x 2 x 2 x 15=120). In addition to this
first ‘central’ tree, its closest neighbours were also included in the
study. These were all the trees that interacted (‘touched’) in the
canopy with the central tree. Depending on the density of the
forest, between zero and seven neighbours were identified per
central tree. On average, there were about four trees per sample
point in total (cf. Table 2).

Data collection

Data collection took place in the winter of 2020/2021 (no leaves
on the tree, leaf-off) and in summer of 2021 (during the veg-
etation period, leaf-on). During the data collection campaign in
the winter, the diameter at breast height (DBH) of each sample
tree was measured. The social position assessment was based on
the approach by Kraft (1884). We combined Kraft’s classes 1 and
2 into the ‘dominant’ social position and Kraft’s classes 4 and 5
into the ‘subordinate’ social position. Kraft's class 3 will be further
referred to as ‘intermediate’. This addresses potential assignment
difficulties during data collection and divides the datainto classes
that were expected to respond similarly to drought (Grote et al.,
2016; Diaconu et al., 2017).

During the summer campaign, the crown condition of the
sample trees was assessed, as an important indicator for the
vitality of the trees. The assessment was based on assigning the
trees to defoliation classes, which are divided in 5 per cent steps.
A Q per cent means the complete foliage of a tree, 100 per cent

means its complete defoliation. The assessment is analogous to
the forest status assessment in Germany (Wellbrock and Eicken-
scheidt, 2018). The approach was carried out by using binoculars.
Crown competition was coded as follows: ‘1’ competition from
one side, ‘2’ from two sides, ‘3’ from three sides and ‘4’ from four
sides.

Three-dimensional (3D) data on the individual trees and the
surrounding forest structure were recorded with a MLS (ZEB HORI-
ZON, GeoSLAM Ltd, UK) in leave-off condition for optimal visibility.
Today, laser scanning techniques can be used for recording forest
structural data efficiently (Seidel et al., 2015). The forest was
recorded within a radius of 30 m around the central tree. After
starting the scan, the central tree was approached from south
to north (for later point cloud orientation), circled with the MLS
and marked with a pronounced ‘up’-‘down’ movement of the
scanning device for automated identification in the 3D data (for
details, see below). Then, the MLS path continued in a spiral
manner around the central tree. The radius of the spirals was
about 7, 14, 21, 28 and 35 m, respectively. The mobile scanner
continuously scans the surroundings up to 70 m from the device
using the time-of-flight principle and the simultaneous localiza-
tion and mapping (SLAM) technology (e.g. Bauwens et al., 2016).

Tree-growth core samples were also collected from each sam-
ple tree during the winter campaign. Two core samples from each
tree were extracted in an angle of 90° to one another (north and
east) at breast height. An increment borer from Mora with 5 mm
diameter was used.

Data and sample processing
Laser scan data

The data collected by the MLS were first processed using the
manufacturer-specific software GeoSLAM HUB (GeoSLAM, 2020),
which means the actual SLAM registration was performed. After
pre-processing, the individual scans were exported in the .laz file
format. The R package lidR (Roussel et al., 2020) was used to fur-
ther process the exported point clouds. The point clouds were cut
to aradius of 30 m around the stem foot coordinate of the central
tree from the respective scans. The ground points were then clas-
sified using the Ground Segmentation Algorithm (Zhang et al.,,
2016). With the Spatial Interpolation Algorithm (interpolation
is done using a k-nearest neighbour approach with an inverse-
distance weighting), the height of the points was normalized. To
further reduce the amount of data, the point cloud was voxelized
to a resolution of 1 x1x1 cm (1 cm?). From this remaining
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point cloud, the point clouds of single trees were identified
and extracted using the software LIDAR360 (GreenValley Inter-
national, Ltd, 2019). The tree segmentation algorithm used was
developed based on the method described by Li et al. (2012).
However, this segmentation was not successful in all cases,
especially not for complex forest structures. In these cases,
we manually post-processed the single-tree points clouds with
the software CloudCompare (Version 2.11.3, cloudcompare.org,
EDF R&D, Paris, France). From the final single-tree point clouds,
LIDAR360 was used to calculate tree height, crown diameter,
crown area and crown volume for the sample trees. The box-
dimension, a measure of the structural complexity of the trees
(Seidel, 2018), was calculated based on the single-tree point
clouds using the upper cut-off as tree height and a lower cut-
off of 10 cm. We considered the nearest 10 neighbours when
calculating the Hegyi index (distance-dependent competition
index). These were selected based on their tree trunk coordinates.

The total number of trees differs depending on the study
sites due to the different number of neighbours. An overview of
the total number of sampled trees, their height and basal area
increment (BAI) is given in Table 2.

Tree core samples

To measure the width of the annual growth rings, the tree cores
were cut horizontally (in the direction of the year rings) with
a core microtome developed by the Swiss Federal Institute for
Forest, Snow and Landscape Research (Gdrtner and Nievergelt,
2010; Schollaen et al., 2017). The cores were then air dried and
the ring widths were measured to the nearest 0.01 mm using a
measuring table (LINTAB 5; Rinntech, Heidelberg, Germany) with
a stereo microscope (MZ 6; Leica, Wetzlar; Germany) and the
TSAP-Win software package (Rinntech, Version 4). Cross dating
was performed using respective site samples of unambiguous
cores. For apparently missing year rings, the value 0.01 mm was
entered, to identify them later. A chronology for each tree was
built by calculating the arithmetic mean of the two cores of
one tree.

Stable isotope analysis (§*3C)

From the tree core taken in the northern direction of each stem,
the annual rings were separated for the years 2016, 2017, 2018,
2019 and 2020 under the microscope using a scalpel. After an
initial coarse manual comminution of each year ring (also using
the scalpel), the samples were milled to fine powder with a ball
mill (MM200, Retsch, Haan, Germany). To exclude bias due to
abrasion in plastic microtubes, the samples were transferred to
stainless steel microvials (BioSpec, Bartlesville, US) and supple-
mented with two 4-mm stainless steel balls. These were subse-
quently clamped in a ball mill, which ground each sample twice
for 10 min at a frequency of 25 sec™!. Between millings, the
process was paused for 30 sec, to avoid overheating and cool the
containers. In case of a sample weight of < 9 mg, the mass loss
during milling caused by the electrostatic adhesion of wood to
the ball, as well as in the container itself, was sometimes greater
than optimal. This mass could not be completely regained after
grinding. Therefore, samples with <9 mg were directly crushed by
hand so that they were small enough to be weighed in the mass

spectrometer (Balance: CP2P, Sartorius, Gottingen, Germany). If
the weight was < 2 mg, no comminution was performed.

For the measurement of §C, the wood samples were
weighed into tin capsules. The samples were combusted in an
elemental analyser (NA 1110; Carlo Erba, Milan, Italy and Vario
Pyro Cube, Elementar, Hanau, Germany) that was coupled via
a ConFlo I1I reference system to an isotope-ratio mass spec-
trometer (Delta Plus; Finnigan MAT and IsoPrime 100, Isoprime,
Stockport, UK) and measured against a laboratory working
standard CO, gas, previously calibrated against a secondary
isotope standard (IAEA-CH6 for §13C, accuracy of calibration 0.06
per cent SD). Wheat flour as solid internal laboratory standard
(SILS) was calibrated against these references and were run after
every 10th sample. The long-term precision for the SILS was
<0.2 per cent. Carbon isotope data are presented as §13C relative
to the international Vienna Pee Dee Belemnite standard: §'3C
[0/0]:[(Rsompte/Rsmndmd) - 1] x 1000; where Rsample and Rstandard
are the ratios of 1>C/'?C in the sample and standard.

Statistical analysis

The growth increment was analysed for the years 2016-2020.
This short period allowed excluding possible ageing effects and
thereby focusing on the drought effects. The relative increment
was calculated in relation to the maximum value observed per
tree in the 5-year period.

To determine differences in growth and §*3C signal, we used
the non-parametric Kruskal-Wallis test, since normal distribution
and homogeneity of variance could not be confirmed for the
data. For post hoc analysis, we used the Wilcoxon Rank Sum Test
with Bonferroni corrected P-value. The significance level P < 0.05
was chosen for all statistical tests conducted in this study.

Resistance index

As dependent variable, the resistance index (RT) was calculated
to quantify the tree-specific degree of water stress-induced
growth depression from 2016 to 2020. The index is defined as
quotient of the arithmetic mean value from the years 2020 and
2019 in relation to the arithmetic mean value from the years
2016 and 2017. The RT was calculated for the annual BAI (RT BAI)
as well as for the §13C signal (RT §'3C). If the RT BAI < 1, then the
arithmetic mean of 2019 and 2020 is smaller than that of 2016
and 2017, and the prolonged drought has resulted in reduced
radial growth. A RT 83C <1 means that the *C discrimination
of 2019 and 2020 is smaller than that of 2016 and 2017. We
examined whether this RT correlated with any of the calculated
morphological variables. To test whether the RT was affected by
social position, we used the Student’s t test.

Regression analysis

For regression analysis, we used generalized additive models
(GAM), since the relationship between response and explanatory
variable could not be specified in advance. GAM regressions were
used for (i) the analysis of the competition intensity and the
annual BAI and (i) the relationships of the resistance indices (RT
BAIL, RT §'3C) and the tree morphological variables. For the latter,
the plot ID was set as random effect and the fixed effect variables
were the study area, DBH, tree height, crown diameter, crown
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area, crown volume, box-dimension and H/D ratio. For each of
our dependent variables (RT BAI, RT §13C), we first ran all possible
model combinations of independent variables using the model
dredging function of the R package MuMIn (Barton, 2022). The
model selection was based on the Akaike information criterion
corrected. The data family was set to ‘Gaussian’ with an ‘identity-
link function’. The number of knots was set to a maximum of
three with automated adaption via generalized cross-validation.

Based on the Resistance Indices, we identified the tree indi-
viduals, which showed a pronounced response to drought years.
For these individuals, we used a logistic regression model (func-
tion glm) with a binary response variable describing the influ-
ence of tree morphological variables on the resistance indices.
We defined the binary response as follows. For the RT BAIL, we
classified trees as individuals with ‘reduced BAT, if their BAI
decreased by 50 per cent or more (RT BAI <0.5) or as individuals
with ‘increased BAT', if their BAI doubled (RT BAI > 2). For the RT
813C, trees with a value < 0.925 were classified as individuals
with ‘lower *C discrimination’ and trees with a RT §:3C > 1.025
were classified as individuals with ‘higher 1>C discrimination’. We
calculated the logistic regression for a balanced data set. The
binary variable was assigned to an equal number of observations,
which were randomly selected (in the groups ‘reduced BAI’ and
‘increased BAT', as well as in the groups ‘lower *C discrimination’
and ‘higher 3C discrimination’ were the same number of trees
each). The model selection was also performed with the R pack-
age MuMIn, as described above. The accuracy of the models
(overall agreement rate averaged over cross-validation itera-
tions) was computed with the R package caret (Kuhn, 2022). All
statistical procedures were performed using R 4.1.1 (R Core Team,
2020).

Results

Growth reaction in dependence of social position

The drought years 2018 through 2020 had the greatest impact
on the growth of dominant trees (Figure 2a). Although the mean
radial increment was not significantly different between 2016
and 2017, the dominant beech trees responded with an increase
inincrement in the first drought year of 2018. As the drought con-
tinued, the increment in 2019 decreased significantly below that
of 2016 and 2017. This response pattern continued in 2020. Even
though the absolute increment decreased, it initially continued to
lie above that of the intermediate or subordinate trees for most
years observed, but it finally did not for the year 2020.

The radial increment of the subordinate beech trees in 2020
did not differ from that of the other years. Only the increment of
the year 2016 was significantly different from that of the years
2017, 2018 and 2019 (Figure 2a).

Similar trends could be observed for the BAIL Here, however,
the BAIs of the dominant trees continued to lie above those of
the intermediate or subordinate trees for all the years observed,
including 2020 (Figure 2b). The trends across the observed years
within the specific social position were similar to Figure 2a (due to
the relationship of radial increment and BAI), with the exception
that for the subordinate collective, the increments from 2018 to
2020 were no longer significantly different from that of 2016 and
2017.

Growth reaction in dependence of the study area

The radial growth of the individuals within the same social posi-
tion in the two study areas was quite similar (Figure 3). For the
dominant collective (Figure 3a), an overall downward trend was
observed in the average relative diameter increment. Values in
drought-free years (2016 and 2017) differed significantly from
those in 2019 and 2020. Trees in the Steigerwald showed the
highest relative diameter increment in the 5-year period in 2018.
In contrast, the relative diameter increment on the Plateau con-
tinuously decreased. In 2019 and 2020, the increment values of
the two study areas did not significantly differ from one another.

For the subordinate trees (Figure 3b), the two study areas did
not differ in their values in 2016 and 2020. Looking at the growth
trend over the years, the tree relative diameter increment fell
below the 2016 level in 2017 and 2018, but recovered in 2019
and 2020, depending on the study area. The trees on the Plateau
did not significantly differ anymore from the value recorded in
2016, the trees in the Steigerwald remained at the level of 2017.

813C signature in dependence of social position

The 3C discrimination differed according to social position
(Figure 4). With a decrease in the social dominance of a tree,
a lower 813C value was observed, indicating an increase in 3C
discrimination. However, the trend across the years was similar
for all social classes, increasing from the drought-free years (2016
and 2017) to the drought-influenced years (2018-2020). The
mean §*3C value for 2018-2020 was higher than that of 2016~
2017 for all social positions. Changes between the years were not
all significant, but in general, the years 2018-2020 or 2019-2020
were different from 2016 to 2017 (cf. Figure 4).

Resistance in dependence of social position

The RT §'3C did not differ between the social positions, but
the mean value lay significantly below 1 for all social classes
(Figure 5a). The same is true for the RT BAIL, which also sig-
nificantly differed from 1 (Figure 5b). When visually inspecting
the boxplot, the significance of the differences appears to be
based on the sample size. Also, the RT BAI showed a positive
significant trend from the highest (dominant) social position to
the lowest (subordinate) (Figure 5b). The values of the ‘dominant’
and ‘intermediate’ social position were < 1 (0.812, 0.896) and
the mean value from the subordinate trees was greater than 1
(1.118).

Resistance in dependence of morphological differences

For the total number of sample trees, there were no clear trends
between tree morphology variables and resistance. Neither
for tree-ring growth (RT BAI) (Supplementary Appendices 1
and 2), nor for differences in §'3C signature (RT §3C) (Supple-
mentary Appendices 3 and 4). The multivariate analysis did
not lead to a significant improvement of the models either
(Supplementary Appendix 5). Therefore, we focused on the
collective of the trees, which showed a strong RT response. When
analysing only those trees that responded most notably in RT BAI
when comparing the years 2016-2017 and 2019-2020, we found
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7 out of 11 morphological variables to be significantly different
between the two time periods (Figure 6).

The logistic models showed a higher probability of decreased
BAI during drought (<0.5) for trees with larger DBH, tree height,
crown diameter and observed defoliation (Figure 6a-c, ). The
opposite trend could be observed for increasing crown length and
H/D ratio (Figure 6d, e).

Model accuracies for the single predictor variables ranged
from 0.652 to 0.717. Other metrics examined, such as crown
volume and box-dimension, were not significant.

The same analysis using RT §*C led to five significant variables
out of 11 (Figure 7). The logistic models showed an increased
probability of a higher RT §'3C (>1.025) for a higher defoliation
and an increasing tree height (Figure 7c, d). The probability of a
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lower RT §'3C (<0.925) increased as the crown length and box-
dimension increased (Figure 7 a,b).

Model accuracies ranged from only 0.58 to 0.72. Other metrics
examined, such as DBH, crown diameter and crown volume, were
not significant. Multivariate approaches could also not improve
the models (Supplementary Appendix 6).

The trends in Figures 6 and 7 are not primarily influenced by
differences in social position. Reducing the models to a specific
social position led to similar results with equal trends.

Competitive environment and its effect of tree
performance

As is to be expected, increasing competition led to a decrease
in BAIL, which can be seen by the general negative trend
of the data across both study sites in Figure 8. However,
the intensity of the competition effect differed between the
years. The most apparent differences were found where
competition was low (Hegyi index around 0-2). Here, in the
years following the drought of 2018 (especially in 2020),
the effect of competition on BAI continuously decreased

compared with the years 2016-2018 in both study areas.
With increasing competition (Hegyi index >2), the differ-
ences between years and sites disappeared and the overlap-
ping confidence intervals indicated no significant differences
(Figure 8).

When considering the RT indices, the effect of competition as
explanatory variable also showed a complex pattern (Figure 9).
The RT BAI increased with increasing competition, showing
that individuals in a highly competitive environment tended
to have a higher BAI during the drought years, compared
with the pre-drought years (Figure 9a,b). This is true for both
competition metrics, namely the Hegyi index and the simpler
‘Crown Competition’ class used here. The effect of competition
on the RT §'3C was less obvious and pronounced. The effect
of increasing crown competition on the RT §3C (Figure 9d)
was significant and negative, but had a very low accuracy
of only 0.534, with wide confidence intervals including the
equal probability value of 0.5. No significant effect could be
found for the Hegyi index as variable (Figure 9¢c). Thus, the
strength of competition obviously has less influence on *C
discrimination.
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Discussion

Growth reaction in dependence of social position

In short, the drought years of 2018-2020 have had the great-
est impact on diameter increment patterns of dominant beech
trees. These results confirmed the first hypothesis (H1.1), namely
that the radial growth reaction of beech trees to drought stress
depends on their social position. However, the patterns were
not as straightforward as we had anticipated beforehand. In
particular, the first heavy drought in 2018 was not followed by a
decrease in growth during the vegetation period of 2018, but an
increase. The reason could be the ‘carry-over effect’ described,
e.g. by Chakraborty et al. (2021), Elling et al. (2007) and Hacket-
Pain et al. (2015). Stored carbon reserves, buds already developed
and water reserves enable an increased growth in the first year
of drought. In addition, wood is formed early in the vegetation
period. Cufar et al. (2008) and Michelot et al. (2012) confirmed
that by the end of June, 75 per cent of the total annual ring of
beech trees is already formed. Thus, the within-year response of
the tree also depends on the time when the drought becomes
effective. Data from the Wurzburg forest climate station indicate
that the drought stress period actually began during the last days
of June (Zimmermann and Raspe, 2019). This could explain why
drought stress did not have a severe impact on growth in 2018.
In 2019 and 2020, the continued drought led to a decrease
in diameter increment for the dominant beech trees, compared
with the years 2016 and 2017 (and 2018) (Figure 2). An obvious
explanation for this is that less carbon reserves could finally be
formed in the first drought year 2018, which then caused a reduc-
tion in tree-ring width in the following years, when the drought
continued. For the historical drought year of 2003, a stronger

decrease of the radial growth was also only found in the year fol-
lowing the actual drought (2004) in the Steigerwald region (Zim-
mermann et al., 2020). In addition, drought does not only affect
aboveground plant compartments, but also belowground plant
compartments. Especially the living fine root biomass is known to
decrease first during drought events (Meier and Leuschner, 2008).
Reduced fine root mass due to the extreme year 2018 may have
caused reduced water as well as nutrient uptake capacity in the
following years.

Also, the effects of beech masting, which are known to
include temporary growth restriction, must be considered. In the
years 2016, 2018 and 2020, medium to high fructification was
observed for beech growing in the study areas (StMELF, 2019,
2020). Previous studies observed a severe reduction in radial
growth due to the combination of seed production and drought
in beech (Hacket-Pain et al., 2017). This could not be verified
for 2018 (increase in growth) but could be confirmed for 2020. In
this regard, the growth decrease could also be caused by masting
in addition to the drought, as beech fruit production is supplied
by current photoassimilates, it is independent from old carbon
reserves (Hoch et al., 2013) and is higher for dominant trees.
Overall, the sharp drop in growth of the dominant collective could
already be an indication that a tipping point has been exceeded
for some individual trees, not necessarily in 2018 but through
the persisting drought. Finally, no growth and even death was
registered for some trees.

The growth of the subordinate trees essentially remained
constant in our study. Neither the 2018 peak nor the 2019, 2020
growth decrease was evident in this collective. This suggests
that the severe drought of 2018-2020 did not have a reinforc-
ing effect, next to all other possible environmental limitations
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Figure 6 Logistic regression plot for the probability of a higher RT BAI for different variables (a-f). A lower RT BAI was defined as <0.5, a higher RT BAL
was defined as >2. The dashed line indicates the threshold value (probability = 0.5). From each class, 36 trees were selected. All models are significant.
Ribbons around solid lines indicate the 95% confidence interval. ACC stands for the accuracy of the specific model.

that this collective of trees is confronted with (possible reduced
access to light and nutrients trough competition with dominant
trees). Possibly, the effect of drought even counterbalances the
effect of competition. So even though the understory trees also
respond to the reduced water availability (see the §'3C pattern
in Figure 4), the competitive pressure of their neighbours might
decrease in drought years. It could be that the neighbours suffer
more strongly from the drought, which in return might increase
the performance of the understory trees. This counteracts the
drought effect and the performance appears constant. For a
collective of trees, this could mean that the understory trees have
a stabilizing effect on the ecosystem, as long as their presence
does not increase the stress for the dominant trees. We did not
explicitly study this here, but this might be an interesting focus
for future studies. A further explanation could also simply be
Liebig’s Law of the Minimum. It states that for an organism the

‘essential material available in amounts most closely approach-
ing the critical minimum needed will tend to be the limiting one’
(Odum, 1959). Consequently, the subordinate collective, which
primarily suffers from lack of light, does not respond strongly to
the drought impulse.

Growth reaction in dependence of the study area

The trees in the Steigerwald were adapted to a slightly cooler
climate with more precipitation in the past and to deeper soils
with a higher water holding capacity. This framework could be the
explanation for the significant increase in radial growth in 2018
here (Figure 3). Walthert et al. (2021) concluded in their study
that water reserves in deep soil layers prevented drought stress
in beech trees for the year 2018.

10
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However, it is remarkable that the relative increases between
the study areas were no longer significantly different in 2019
and 2020 (Figure 3). In this respect, our results cannot support
previous studies stating that trees growing on a dry site were
better adapted to drought (Bolte et al., 2016; Cuervo-Alarcon
et al, 2021). The observed multi-year drought event seems to
have overruled the effects of different growing habitats or forest
stand history in view of the relative diameter increment for the
whole tree collective, with the result that all beech trees from
both sites show similar responses to the drought. This is a further
indication for the potential of severe and long-lasting drought
events of becoming tipping points for entire systems. Finally,
hypothesis H1.2, according to which trees that are accustomed
to a warm and dry climate, as well as shallow sites, do not react

as strongly in their radial growth to drought events, could not be
accepted.

§13C signature in dependence of social position

Similar to the analysis of radial growth, our results for the §3C
signature showed an effect of the social position (Figure 4). One
reason for the lower §3C value of the subordinate trees could
be the assimilation of CO,, which is emitted by respiration. Res-
piration leads to discrimination of *3C, so atmospheric CO, was
significantly depleted in **C closer to the ground surface (Berry
et al., 1997). This reduces the abundance of 3CO, in the air,
resulting in more negative §*C values in the lower canopy (Da
Silveira et al., 1989; Knohl et al., 2005). Subordinate trees could

11
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therefore assimilate more 13C-depleted CO,, which is conse-
quently reflected in the §*C signature and may explain the
observed pattern.

Another mechanism, which could contribute to the observed
pattern, is the differences in light access. Several studies showed
an increase of §3C in tree biomass with increasing irradiance
(Farquhar et al.,, 1989; Hanba et al., 1997). This is in line with
Molder et al. (2011), who found that more intense competition
- i.e. greater shading - is associated with a smaller §3C value.
But temperature could have had an influence as well. Porter
et al. (2009) demonstrated a strong positive association between
813C signature and maximum summer temperatures. Subordi-
nate trees are less exposed to temperature peaks compared
with dominant trees because they remain in their shadow (under
their canopy) and benefit from the forest interior climate during
extreme temperature situations.

For the dominant collective, the §'3C signal increases for the
drought-influenced years (2018-2020). According to Farquhar
et al. (1989) and Gessler et al. (2014), a difference in discrimi-
nation can be caused by two factors: (1) altered photosynthetic
capacity, e.g. due to different light conditions or (2) altered stom-
atal conductance. For the years considered in conjunction with
the decrease in increment, it is reasonable to interpret this as
increased drought stress, hence altered stomatal conductance.

As expected, the tree ring §'*C generally increased with
drought. The values for the period 2018-2020 were higher
than for 2016-2017. But contrary to our expectations, the tree
ring 8*3C did not continue to increase with the drought event
continuing to last. For the dominant trees, the values in 2020
were even significantly lower thanin 2019 and no longer different
from 2018, although 2020 was also very dry. This was also
found by Billings et al. (2016). We did not expect this, especially
because carry-over effects tend to have the opposite direction. An

explanation why this is not so could be the increasing defoliation.
In 2020, the trees had less foliage on average due to the two
previous drought years (StMELF, 2019; 2020). The lower leaf
mass might have been supplied better with water despite the
drought, which in turn might have lowered the §*C signal again.
This agrees with the subjective impression during the crown
assessments that the remaining leaves from those beeches
that were already suffering from partial crown die-back often
appeared greener than average. Weithmann et al. (2021) found
evidence that the severe 2018 drought event triggered the
formation of smaller leaves with higher water use efficiency in the
sun canopy. Therefore, leaf shedding could be a further response
to drought, to decrease drought stress. Beech, as an anisohydric
species, accepts greater fluctuations in water balance, which is
associated with a higher risk of embolism (Choat et al., 2012;
Leuschner et al., 2019). During extreme drought, beech does not
fully close its stomata and continuously loses water through the
leaf surface (Leuschner, 2009; van Wittenberghe et al., 2012).
In this respect, defoliation is a response to xylem dehydration
(Schuldt et al., 2020; Walthert et al., 2021). Increasing defoliation
is, however, often accompanied by damage such as sunburn,
beetle infestation (e.g. Agrilus viridis L.), etc. (Brick-Dyckhoff,
2017) and can trigger a chain reaction (Manion, 1981), which
could be interpreted again as the event’s intensity surpassing
the species adaptive ability and increasing the risk to function as
tipping point for the system.

In the subordinate collective, it is noticeable that the §3C
value increased significantly in 2019 and 2020. At the same
time, the growth of the dominant trees decreased significantly
(Figure 2). It is likely that the available water capacity in the soil
dropped to such an extent that these trees also experienced
drought stress. It is apparent that the trees did not react sig-
nificantly in the first year of drought (Figure 3). This could be

12
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interpreted as resistance of this collective to 1-year drought
stress, simply because they are not as exposed as strongly to
radiation as the dominant collective. However, considering the
813C signal, persistent multi-year drought finally also seems to
have affected the subordinate collective in 2019 and 2020, either
due to different light conditions (if overstory trees lost parts of
their canopy or shed and developed smaller leaves) or altered
stomatal conductance. Which of the factors might be the driving
one cannot be concluded here from the data and might be a topic
of further research. But again, we can conclude that persistent
droughts also affect this collective, again pointing towards the
potential of this disturbance to act as tipping point across social
tree classes for the species beech. In short, hypothesis H2 -
which states that the drought-related §'3C isotope signal differs

between different social positions - could be accepted, whereas
the trend of the §'3C isotope was similar across the years.

The effect of morphological differences to drought
resistance

When defining resistance as a ratio between the tree perfor-
mance of the years 2019 and 2020 and tree performance of
the years 2016 and 2017, no obvious correlations of resistance
and tree morphology could be found when analysing the whole
dataset of the trees (cf. Appendix). The tree response patterns
triggered by the extreme drought were very diffuse. This was
against our expectations. One explanation could simply be that
tree morphology does not affect resistance.

13
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According to the literature so far, this seems unlikely (Bennett
etal, 2015; Stovall et al., 2019). A further explanation is that the
morphological response pattern is overruled by other factors, like
smaill scale soil differences, pathogens or tree genetics, which
we cannot account for here. Focusing on the group of trees that
showed strong differences in 2019-2020 compared with 2016-
2017, revealed some differences (Figures 6 and 7).

For this smaller collective, we found that the RT BAI tended
to decrease with increasing size and higher social position of the
individual. Even though this might seem counterintuitive at first,
the results are confirmed by earlier research from Skomarkova
et al. (2006), according to whom beech trees with large crowns
are more sensitive to drought. Due to their height, large trees
tend to be more strongly exposed to radiation, wind and heat.
In drought years, this exposure can cause more pronounced
hydraulic stress than for their shorter neighbours (Lu et al., 1996;
Bennett et al., 2015; Grote et al., 2016). This pattern was true
for many of the morphological variables but not for the crown
volume.

We found even less significant correlations with the morpho-
logical variables of a tree considering RT §1*C. There was no influ-
ence of social position, but of crown length, box-dimension, defo-
liation and tree height. Trees that have a large box-dimension, i.e.
a high degree of complexity, that are bigger with larger canopy
volume, have a lower resistance. This is in line with the patterns
shown by the correlations with the RT BAL Large dominant trees
also have higher box-dimension and therefore tend to show
more stress. One explanation could be that as the box-dimension
increases, they have to supply a greater photosynthetically active
surface through the given branch network (Seidel et al., 2019)
and thus are more likely to be stressed. However, non-significant
models for canopy area and canopy volume do not confirm this.
The increase in the probability (based on the logistic regression
model) of a higher RT §3C with tree height was contrary to
our expectations. It was assumed that large trees in the upper
canopy use water more rapidly and are thus more likely to
experience drought stress (Oren et al., 1998; Bennett et al., 2015).
However, it could be that these trees have already dropped
more of their leaves. The observed trend in defoliation may be
a consequence of this. Advanced defoliation was accompanied
with higher probability of RT §13C>1.025. The tree's hydraulic
system, originally designed to supply more leaf mass, manages
to supply the remaining leaf mass better.

Finally, a third explanation for the observed diffuse response
pattern - apparently not strongly linked to the tree morphological
variables - is that the persistent and severe droughts were so
strong that they obscured differences that might be apparent
under low levels of drought. This is supported by our observations
that the RT §'3C basically equally dropped below 1 across the
social positions. Overall, H3 can only be accepted with restric-
tions. There were a few significant morphological variables that
seemed to affect resistance to drought for a subset of the data,
not for all observations, and of these variables, a few with only
low accuracy.

Competitive environment and its effect of tree
performance

Finally, competition is a factor that can be managed with silvicul-
tural treatments. First, our findings confirm familiar patterns: BAI

depended strongly on the competition each tree was exposed
to. This observation confirms the silvicultural assumptions that
growth is enhanced by the removal of competitors (Dobbertin
et al., 2009; Pretzsch, 2019; Chakraborty et al., 2021). However,
our results show that long drought events overrule the effect of
competition. Especially the performance of individuals with low
competition decreased over time. Under a long-lasting drought,
their competitive advantage of better access to light and most
likely a larger root system seems to be detrimental over time.
Possibly this is to the advantage of the understory. As it appears,
the performance of individuals in situations of high competitive
pressure did not change as much. One interpretation could be
that the neighbours are more damaged by the drought and
thus more resources are available for the oppressed tree. Or
that the competition remained about the same and with the
dominant tree using less water due to the stress, the oppressed
trees still had about the same. Overall, hypothesis H4 stating
that a lower competitive environment mitigates adverse drought
effects, cannot consequently be accepted for the observed pro-
longed drought. The drought event may have been so severe
that the previously important factor of competitive advantage
of dominant individuals might have been overruled by higher
resource requirements to supply the larger amount of biomass
and plant tissue. Once again, this highlights the potential of pro-
longed drought events to significantly change ecosystem struc-
tures in a temperate beech forest and shows the importance of
putting classical rules of resistance and stability in context. If the
frequency of such events is to increase in the upcoming near
future, this could develop into a typical pattern known for tipping
points and we might be faced with large ecosystem changes.

Conclusion

Our study confirmed that beech trees in northern Bavaria were
severely stressed by prolonged drought. We conclude that the
intensity of the 2018-2020 drought event was so severe that
many known rules and drivers of forest ecology and forest
dynamics (social position, morphology and competition) were
overruled. The dominant tree collective was particularly affected
by the drought. Hence, the trees that are targeted by forest
management approaches and that were so far considered
anchors of stability against weather extremes, especially storms,
suffered the most.

The increased die-back of large trees opens up the canopy
and the forest interior heats up accordingly. This in turn leads
to increased drought stress. The weakening of these individuals
could potentially be no longer linear in northern Bavarian beech
forests and develop into a typical pattern known for tipping
points.

Subordinate trees, however, provide some consistency in
growth during drought years. Since the drought stress of
dominant trees is often also accompanied by defoliation,
subordinate trees are of crucial importance. They cool down
the stand microclimate (Frenne et al., 2013; Davis et al., 2019;
Zellweger et al., 2020) and could thus be aimed at for generating
a multi-layered forest. Although adaptation may be possible
to a certain extent, it remains unclear whether such drought
events overstain the adaptive capacity of beech systems, if their
frequency increases in the near future.

14

£20z Aeniga4 z0 Uo Jasn usyouanyy J9eNSIaAIUN 8YasIuyoa | Aq 0290 10//9G00edo/A1ysa10/c601 0 L/10p/aloIHe-a0ouBApE/AlSal0)/wod dnoolwapese//:sdiy woly papeojumoq

97



Response to extreme events

In a further study, we want to analyse the influence of stand
structure on the drought stress of beech trees. In this way, we
want to investigate the extent to which silvicultural measures
can help to increase the lifespan of beech-dominated stands to
provide a time window to continue converting them to other
species over time.

Supplementary data

Supplementary data are available at Forestry online.

Data availability

The data underlying this article will be shared on a reasonable
request to the corresponding author.
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The unprecedented drought between 2018 and 2020 had a significant impact on European beech (Fagus sylvatica
L.) forests in Central Europe. The role of different forest structures in mitigating drought stress remains
controversial. This contentious debate prompted our study, in which we aimed to quantify the effect of forest
structure on drought stress in beech forests in two ecoregions of northern Bavaria, Germany. Using a mobile laser

Defoliatio
Bux-dimle:sion scanner, we surveyed 240 plots in drought-stressed forests. We analyzed the responses of beech trees to the
Clark-Evans drought period through radial growth, wood-derived 53¢ signal, and crown defoliation. Results revealed sig-

nificant responses of beech forests in both regions to the drought event, including increased crown defoliation,
reduced tree growth, and altered 8% signatures compared to pre-drought conditions. Our results show a
relationship between crown closure and crown defoliation in beech, suggesting an increased vulnerability of
beech to drought in more open canopies. However, the potential for silvicultural intervention to mitigate drought
stress, as measured by BAI and 8'°C signal, appears limited. Neighboring trees and forest structure had little
influence on average drought resistance. The 8% signal showed minimal responsiveness to variations in canopy
openness, as well as to distinctions between single and multi-layered forests. However, increased structural
complexity within stands tended to increase resistance due to the compensatory effects of understory trees.
Future forest management strategies could focus on promoting structural diversity, selecting resilient individuals
but also actively enrich the forests with more drought-adapted species to increase the adaptive capacity of beech-
dominated forests in the face of changing climate conditions.

1. Introduction 2020; Langer and BuBSkamp, 2021).

A disturbance hotspot was located in northern Bavaria (StMELF,

The unprecedented drought during 2018-2020 had severe impacts
on forests in Central Europe (Senf and Seidl, 2021; Thonfeld et al., 2022;
Thom et al., 2023). Tree mortality of 14 million cubic meters in hard-
woods was recorded, with a large proportion of this attributed to Eu-
ropean beech (Fagus sylvatica L.) (BMEL, 2021). Moreover, severe
growth decline (Scharnweber et al., 2020; Leuschner et al.,, 2023),
partial or complete crown dieback, early leaf shedding, and leaf
discoloration have been reported for beech (Nussbaumer et al., 2020;
Bigler and Vitasse, 2021; Arend et al., 2022; BMEL, 2022). In addition,
beech became susceptible to secondary disease attacks leading to mor-
tality in trees with reduced vigor and defense capacity (Corcobado et al.,
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2023). In 1986, Plochmann and Hieke (1986) concluded that drought
has played only a minor role in the disturbance regime of the forests in
Bavaria during the last 200 years. However, with ongoing climate
change, the frequency and magnitude of extreme drought events have
already increased and will further increase, unless greenhouse gas
emissions will be drastically reduced (Hari et al., 2020; Hammond et al.,
2022; Rakovec et al., 2022). Because of their comparatively slow natural
adaptation rates, forest ecosystems are particularly vulnerable to
extreme climatic events (Allen et al., 2010).

The dieback of beech is highly relevant, as it is currently Europe’s
most abundant deciduous tree species (Forest Europe, 2020). In the near

Received 17 September 2023; Received in revised form 17 December 2023; Accepted 20 December 2023

Available online 28 December 2023
0378-1127/© 2023 Elsevier B.V. All rights reserved.

101



T. Mathes et al.

future, beech will become even more important, as its proportion in the
regeneration layer is significantly higher than in the old-growth stands,
according to the results of many national forest inventories (Forest
Europe, 2020). Many beech stands are presently in a mature phase
(Thiinen-Institut, 2012) and must be adapted to the changing climate.
One option could be to increase the resistance or resilience of
beech-dominated forests to climate extremes through changes in their
structure, induced by silvicultural measures such as thinnings.

However, the effectiveness of thinnings to reduce drought stress is
discussed controversially. On the one hand, studies recommend heavy
thinnings to mitigate the effects of drought on remaining trees (Laurent
et al., 2003; Martin-Benito et al., 2010; Sankey and Tatum, 2022). That
is because thinnings reduce total transpiration, interception rates, and
competition among trees in the short term, which increases soil water
availability and improves root development (Aussenac and Granier,
1988; Lagergren et al., 2008; Sohn et al., 2016b; Gavinet et al., 2019).
Positive effects have also been observed in terms of tree growth per-
formance, mortality, and vigor (Bréda et al., 1995; Bréda et al., 2006:
Kohler et al., 2010; Brooks and Mitchell, 2011; Gebhardt et al., 2014;
Sohn et al., 2016a).

On the other hand, however, adverse effects of thinnings can also
occur. A changed radiation regime within the stand or the establishment
of vital ground vegetation after thinning can reduce water availability in
the soil and increase the water demand of exposed trees, which can
offset the positive effects of thinnings (McDowell et al., 2006; Brooks
and Mitchell, 2011; Gebhardt et al., 2014; Bosela et al., 2021). In
addition, excessive thinning results in reduced structural complexity and
a lower attenuating effect of the stand interior climate, which can lead to
greater temperature and humidity extremes (Aussenac, 2000; Ehbrecht
et al., 2017; Thom et al., 2020). For beech, practical observations indi-
cate that sometimes heavily thinned stands are affected by significant
damage such as sun scald or crown defoliation.

Thus, different thinning intensities could be a typical trade-off sys-
tem that has yet to be accounted for beech. Our study aims to gain in-
depth knowledge about the relationship between forest structures and
drought stress in beech forests. We seek to complement the scientific
fortification for climate-adaptive silviculture in beech-dominated forests
and adaptation strategies to climate change. To that end, we are
coupling mobile laser scanning techniques and retrospective data ana-
lyses in an innovative approach. We accounted for the response of beech
trees to the drought period via radial growth, the 5'*C-signal, and crown
defoliation. These indicators provide complementary information as
tree rings reveal reduced growth during drought, 5'C signals provide
information on drought stress and carbon fixation, and crown defolia-
tion indicates drought stress.

For our study, we chose two regions in Northern Bavaria with evi-
dence of site dependence on drought response (Scharnweber et al.,
2011; Thom et al., 2023; Weigel et al., 2023). The null hypotheses of this
study, which we have listed below, are based on the assumption that
many Central European forest enterprises pursue the goal of creating
multi-layered forests with their silvicultural concepts (e.g., BaySF,
2011). This objective is based on the assumption that such forests have
higher resilience to disturbances, for which there is quit some theoret-
ical reasoning (Seidel and Ammer, 2023). Therefore, we assumed
multilayered beech forests were less affected by the drought period from
2018 to 2020. Accordingly, our hypotheses are as follows:

H1. Beech forests in both study regions responded to the drought
period with (1) defoliation, (2) growth decline, and (3) an increase in the
83 signature.

H2. With increasing canopy openness, (1) defoliation and (2) growth
decline was greater, and (3) the 5'3C signature was more pronounced.

H3. Multi-layered beech forests exhibited (1) lower canopy defoliation
and (2) higher resistance (as measured by tree growth and §'3C signa-
ture) to the drought period compared to single-layered forests.
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2. Materials and methods
2.1. Study area

This study was conducted in two ecoregions of northern Bavaria
(“Plateau” and “Steigerwald™). The first study area, located near Wiirz-
burg (Latitude: 49.7286 N, Longitude: 9.8156E (WGS 84)), is on the
Southern Franconian Plateau ("Plateau"). During the reference period of
1991-2020, this area exhibited a warm-dry climate, with an average
annual temperature of approximately 10.1 °C and an average annual
precipitation sum of 576 mm (DWD, 2022a, 2022b). According to the
World Reference Base for Soil Resources (FAO, 2014), the soils in the
Plateau are classified as Eutric Leptic Cambisol (Clayic) with a tendency
towards Rendzic Leptic Phaeozem (Clayic). These soils are relatively
shallow and originate from shell-bearing limestone. Due to their limited
water-holding capacity, they are categorized as moderately dry to
moderately fresh (Arbeitskreis Standortskartierung, 2016).

The second study area is located near Bamberg in the Steigerwald
region ('Steigerwald") (Latitude: 49.8721 N, Longitude: 10.4724E).
Compared to the Plateau, this region has a cooler climate with an
average temperature of 8.6 °C and a higher average precipitation sum of
802 mm (DWD, 2022a, 2022b). The soils in the Steigerwald region have
developed on Keuper and are classified as Dystric Cambisol (Loamic).
These soils are deeper than those of the Plateau, resulting in a higher
water-holding capacity (LWF, 2005). The Plateau and the Steigerwald
experienced significant water deficits between 2018 and 2020 (Thom
et al., 2023). Additional site information can be found in Mathes et al.
(2023a).

2.2, Sampling design

For this study, only stands that met the following criteria were
considered, in order to minimize differences in stand and site conditions:
a) slopes below 10% were selected, b) soils were classified as Dystric
Cambisol (Steigerwald) and Eutric Leptic Cambisol (Plateau), and c)
stands were dominated by beech (species share > 80%), and without
silvicultural treatments since 2018. The latter ensured that the forest
structure recorded by the end of 2020 was not recently influenced by
human disturbances such as thinning.

With a randomly chosen first point, a grid with a 60 x 60 m reso-
lution was placed over this potential forest area. 240 plots were selected
for fieldwork, with an equal distribution of 120 plots in both study re-
gions. The selection criteria for the plots included a minimum distance
of 50 m from recently disturbed areas or forest edges to minimize the
influence of edge effects. The chosen plots aimed to represent various
combinations of social positions of the trees (dominant, subordinate),
tree dimensions (diameter at breast height (dbh)), and forest structures
(single-layered, double-layered/multi-layered) (Fig. 1). The classifica-
tion of trees into dominant and subordinate categories is based on the
approach developed by Kraft (1884), as detailed in Mathes et al.
(2023a). In this classification, Kraft's classes 1 and 2 are termed
‘dominant’, while classes 4 and 5 are termed 'subordinate’. Specifically,
15 sample trees (central trees) were selected for each of the eight
possible combinations (2 social positions x 2 tree dimensions x 2 canopy
layers) per study site, resulting in 120 samples. Apart from these "cen-
tral" trees, their closest neighbors were also included in the study. These
neighboring trees, all European beech (Fagus sylvatica L.), were those
that "touched" the central tree with their crowns. Depending on forest
density, zero to seven neighbors were selected, resulting in an average of
approximately four trees per plot in total.

2.3. Data collection
We collected all field data during winter 2020/2021 (leaf-off) and

summer 2021 (leaf-on). A mobile laser scanner (MLS) (ZEB HORIZON,
GeoSLAM Ltd., UK) captured three-dimensional data of individual trees
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(a) (b)

Fig. 1. Exemplary overview of selected mature beech stands; (a) single-lay
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from July 2021, by T. Mathes.

and the surrounding forest structure during the leaf-off season. The MLS
was used to scan the forest within a 30 m radius around the central tree.
Beginning from the south, the MLS path systematically spiraled around
the central tree, progressively increasing the radii at approximately 7 m,
14 m, 21 m, 28 m, and 35 m. Using the time-of-flight principle during
scanning and SLAM (simultaneous localization and mapping) technol-
ogy during post-processing, the mobile scanner continuously captured
the surroundings up to a range of 100 m from the device.

During the winter campaign, two core samples per tree were
extracted at breast height (1.3 m) from each sample tree using a stan-
dard increment borer (Haglof Mora Coretax, diameter 5.15 mm) with a
90° angle between them (north and east directions).

In the summer campaign, the crown conditions of the sample trees
were assessed as an indicator of their vitality. The assessment involved
assigning the trees to defoliation classes categorized in 5% steps. A
rating of 0% indicated complete foliage, while 100% represented com-
plete defoliation. This assessment methodology aligns with the forest
status assessment approach used in Germany (Wellbrock and Eick-
enscheidt, 2018). In addition, the crown closure was visually assessed
and classified into different levels: "crowded" when crowns interlock
deeply, "closed" when crowns touch each other, "loose" when crown
spacing is less than a crown width, "light" when crown spacing equals a
crown width, and "discontinuous" crown closure when the crown
spacing exceeds a crown width.

2.4. Data processing

2.4.1. Tree core samples

The width of the annual growth rings was determined by horizon-
tally cutting the tree cores in the ring direction using a core microtome.
The cores were then air-dried, and their ring widths were measured to
the nearest 0.01 mm. This measurement was performed using a
measuring table (LINTAB 5; Rinntech, Heidelberg, Germany) equipped
with a stereo microscope (MZ 6; Leica, Wetzlar; Germany) and the TSAP-
Win software (Rinntech, Version 4). Cross-dating was performed using
site samples of cores whose annual rings were clearly recognizable. In
instances where annual rings were missing, a standardized value of

stand, (b) single-lay

stand with regeneration, (c) right: multi-layer stand. Pictures

0.01 mm was assumed. The average measurement of the two cores taken
from each tree was computed to build a chronology for each tree.

2.4.2. Stable Isotope Analysis (5°C)

The tree cores taken in the northern direction of each stem provided
annual rings for the years 2016-2020. The samples were finely
powdered using a ball mill (MM200, Retsch, Haan, Germany). To
minimize potential bias from plastic microtubes, stainless steel micro-
vials (BioSpec, Bartlesville, USA) and four-millimeter stainless steel balls
were used. The microvials were clamped in the ball mill, subjecting each
sample to two ten-minute grinding cycles at a frequency of 25 s™*, witha
30-second pause between cycles to prevent overheating.

For 5'°C measurement, the wood samples were weighed into tin
capsules. The samples were combusted in an elemental analyzer (NA
1110; Carlo Erba, Milan, Italy, and Vario Pyro Cube, Elementar, Hanau,
Germany) connected to an isotope-ratio mass spectrometer (Delta Plus;
Finnigan MAT and IsoPrime 100, Isoprime, Stockport, UK) through a
ConFlo Il reference system. The measurements were compared against a
laboratory working standard CO, gas, previously calibrated against a
secondary isotope standard (IAEA-CH6 for §'°C, calibration accuracy:
0.06% SD). A solid internal laboratory standard (SILS) of wheat flour
was calibrated against these references and ran after every tenth sample.
The long-term precision for the SILS was below 0.2%o. Carbon isotope
data are presented as 3'°C relative to the international Vienna Pee Dee
Belemnite (VPDB) standard using the equation: §'°C [%] = [(Rsample/
Rstandard) - 11 X 1000, where Rgample and Rstandard represent the ratios of
13¢/12C in the sample and standard, respectively.

2.4.3. Laserscan data

Each point cloud was clipped to a 30 m radius around its respective
central tree (R package “lidR” (Roussel et al., 2020)). The ground points
were classified with the Ground Segmentation Algorithm (Zhang et al.,
2016). The height of the points was normalized using the Spatial
Interpolation Algorithm (interpolation was done using a k-nearest
neighbor approach with an inverse-distance weighting). The point
clouds were then voxelized to a resolution of 20 cm. Mathes et al.
(2023b) showed that a voxel size of 20 cm is appropriate to reduce

103



T. Mathes et al.

occlusion effects while still providing enough detail.

The 30 m cutting radius around the central tree was chosen to
analyze the entire stand structure. In addition, the 10 m radius was
analyzed to study the direct neighborhood. To quantify possible effects
of direct solar radiation on the beech trees, the point cloud with the ten-
meter radius was reduced to the southern half (“Semicircle”) and
exported as another point cloud for further analysis (Fig. 2).

We used the aggregation index by Clark and Evans (Clark and Evans,
1954) to calculate the spatial description of the point distribution (CE
index) (comp. Fig. 3). The CE index is widely used to characterize forest
structures (e.g., Willim et al., 2020). It examines the horizontal distri-
bution of objects for clumping or regularity. The calculated value
theoretically ranges from O (strongest clumping, where all objects are at
the same point) to 2.1491 (strictly regular hexagonal pattern). Aggre-
gation values less than 1.0 indicate a tendency toward clumping, values
around 1.0 indicate a random distribution and values above 1.0 indicate
a trend toward a regular distribution. Before calculating the CE index,
we projected the 1 m thick horizontal strata onto a plane by setting the
z-value of each voxel to zero. Duplicate voxels were deleted. To avoid
edge bias, Donnelly edge correction was applied (Donnelly, 1978). The
calculation was performed with the R package “spatstat” (Baddeley and
Turner, 2005).

The box-dimension is a valuable metric for assessing the structural
complexity of trees or forests (Seidel, 2018; Seidel and Ammer, 2023). It
is commonly employed to distinguish between different forest struc-
tures, as demonstrated in previous studies (e.g., Stiers et al., 2020). This
metric considers the density and three-dimensional distribution of ob-
jects simultaneously. Box-dimensions were calculated for the entire
forest. The upper threshold for this calculation was determined by the
maximum tree height, while the lower threshold, which determines the
minimum box edge length used in the box dimension calculation, was
defined as the voxel size.

Furthermore, the specific point clouds were processed using
LiDAR360 software (GreenValley International, Ltd, 2019) to identify
and extract individual trees. The tree segmentation algorithm applied
was based on the method described by Li et al. (2012). From the
resulting single tree point clouds, LIDAR360 was used to calculate tree
height, the diameter at breast height (dbh), as well as to determine the
positions of the sample trees. The Hegyi index, a distance-dependent
competition index, was calculated based on the positions of the trees,
considering the nearest ten neighbors determined by their tree trunk
coordinates.
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Furthermore, we utilized evenness (R Package “vegan” (Oksanen
et al., 2022)) and skewness (R Package “e1071" (Meyer et al., 2023))
measures to assess (1) the distribution of the CE index with height and
(2) the dbh and height distribution per plot. Evenness was employed to
quantify the uniform distribution of the respective variable. Values
closer to one indicate a high level of uniformity. Additionally, we
calculated the skewness to identify any potential disproportionalities.
Negative values indicate left-skewed distributions, representing a
disproportional filling in the canopy layers for the CE index. In contrast,
positive values indicate right-skewed distributions, indicating dispro-
portional filling in the lower stand layers for the CE index. Values closer
to zero suggest a more homogeneous distribution. For each of the three
point clouds (30 m, 10 m, semicircle 10 m), we calculated the evenness
and skewness of the CE index (CE skewness, CE evenness), as well as for
the dbh- and the height- distribution per plot (dbh skewness, dbh
evenness, height skewness, height evenness). Furthermore, the
box-dimension, the mean dbh and height per plot, and the mean Hegyi
index per plot were calculated (see Table 1).

2.5. Statistical analysis

2.5.1. Statistical tests

To determine differences between the individual canopy closure
levels and the study regions, we used the Wilcoxon rank sum test with
Bonferroni corrected p-values since normal distribution and homoge-
neity of variance could not be confirmed for all the studied variables.
The significance level p < 0.05 was chosen for all statistical tests con-
ducted in this study.

2.5.2. Resistance indices

To assess the tree-specific impact of water stress-induced growth
reduction from 2016 to 2020, the Resistance Index (RT) was employed
as the dependent variable. The index was computed by taking the ratio
of the arithmetic mean values from 2020 and 2019 to the arithmetic
mean values from 2016 and 2017. Modifying the resistance index was
required since the drought period considered here was not a singular
event for one year but lasted three years (2018-2020). Two Resistance
indices were calculated: the Resistance Index for annual basal area
increment (Resistance Index BAI) and the Resistance Index for the 5'3C
signal (Resistance Index 83C). A value of RT BAI less than 1 indicates
that the average growth for 2019 and 2020 is lower than that for 2016
and 2017, suggesting reduced radial growth due to prolonged drought.

Semicircle, r =10 m

Fig. 2. Overview of the respective cutting radii. In addition to the point cloud with a radius of 30 m, a point cloud with a radius of 10 m was used, and a “semicircle”

reducing the 10 m point cloud to the southern half around the central tree.
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Fig. 3. Overview of exemplary selected stands (cross-section through the laser scan point clouds) and how their vertical space-filling can be characterized using the

CE index. (a) single-layer stand, (b) double-layer stand, (¢) multilayer stand.

Similarly, a value of RT 8!3C less than 1 indicates that the 5'°C
discrimination for 2019 and 2020 is smaller than that for 2016 and
2017, suggesting a reduced stomata conductivity and potentially
increased stress due to prolonged drought. We calculated the mean and
standard deviation of the Resistance indices and the defoliation for each
plot (mean BAI RT, sd BAI RT, mean 53¢ RT, sd s13c RT, mean defo-
liation, sd defoliation).

2.5.3. Non-linear models

After the z-transformation of all variables, the entire dataset under-
went a Boruta analysis (R package “Boruta” (Kursa and Rudni
2010)), a machine learning feature selection method. This analysi:

helped identify which stand structural variables are potentially impor-
tant to explain BAI and 5'C. These variables were then utilized to
develop a generalized additive model (GAM). GAM is a flexible
modeling approach accommodating non-linear relationships between
predictors and the response variable. By incorporating the selected
variables into the GAM framework and employing the restricted
maximum likelihood (REML) method, an accurate estimation of model
parameters while accounting for potential random effects was achieved.
The data family was set to ‘Gaussian’ with an ‘identity-link function.” (R
package “mgev” (Wood, 2011)). The number of knots was set to a
maximum of three to avoid overfitting, with automated adaption via
generalized cross-validation. We tested concurvity to identify potential
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Table 1
The calculated variables per plot (z-transformed) with their mean and standard
deviation (sd) for all plots.

variable unit mean sd

mean dbh meter 0.29 0.08
dbh skewness - 1.00 0.94
dbh evenness - 0.96 0.01
mean height meter 22.23 4.78
height skewness - -0.15 1.08
height evenness - 0.99 0.01
CE skewness - -1.04 0.60
CE evenness - 0.98 0.01
box-dimension - 2.36 0.04
Hegyi index - 1.63 0.81

interpretation issues and unstable estimates.

In a subsequent analysis, we employed multiple logistic regression to
further investigate the relationship between tree morphological vari-
ables and the resistance indices and defoliation. In this analysis, we
focused on extreme values only to reduce data noise and obtain more
robust associations, ultimately examining the plots that demonstrated
the most pronounced reaction to the drought. To that end, we selected
10% of all plots that experienced the lowest and greatest drought
response in terms of BAIL 8'C, and defoliation, respectively. Akaike’s
Information Criterion (AIC) was utilized to identify the explanatory
variables of the most parsimonious model (R package ‘“bestglm”
(McLeod et al., 2020)). Subsequently, we investigated multicollinearity
among the explanatory variables using a variance inflation factor. The
Tjur R? was used to measure predictive power in multiple logistic
regression models, quantifying the percentage difference in probabilities
between observed events and random chance. Using Tjur R? also allows
for evaluating the individual effect size of predictors in logistic
regression.

Based on the multiple logistic regression analysis results, we used
Odds Ratios (ORs) to assess the association between the independent
variables and the resistance indices, respectively defoliation values (R
package “sjPlot” (Liidecke, 2023)). ORs indicate how the probability of
the outcome changes with a one-unit increase in the independent vari-
able. A value greater than 1 indicates a positive relationship, where an
increase in the independent variable leads to higher odds and a higher
probability of the outcome occurring. Conversely, a value less than 1
implies a negative relationship, where an increase in the independent
variable is associated with lower odds and a lower probability of the
outcome. ORs enable quantifying these relationships’ strengths and di-
rection while considering multiple variables in the logistic regression
model.

In the study, all data were z-transformed for analysis. For all ana-
lyses, we employed the R language and environment for statistical
computing in version 4.3.0 (R Core Team, 2023). We used the R package
“ggplot2” (Wickham, 2016) for visualizations.

3. Results

3.1. Beech forests in both study regions responded to the drought period
(H1)

In response to the 2018-2020 drought period, both study regions
exhibited distinct defoliation, growth decline, and changes in the §'3C

Table 2
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signature compared to pre-drought (2016-2017) conditions (Table 2).
Defoliation was evident in both regions and significantly differed from
zero (p < 0.01). Additionally, both study regions experienced a decrease
in growth, as evidenced by a BAI RT significantly less than 1 (p < 0.01).
Finally, the divergence in 8'3C RT was significantly different from pre-
drought conditions (p < 0.01).

Comparing the two study regions, beech trees lost about half of their
original leaf mass (51%) in the Plateau, while they lost only 35% of their
leaves in the Steigerwald (p < 0.01) (Table 2). The standard deviation
was also significantly greater in the Plateau than in the Steigerwald
(p < 0.01). The decline in growth was more pronounced in the Plateau,
although the differences between the regions were not statistically sig-
nificant (p = 0.16). The standard deviation of BAI was higher in the
Plateau than in the Steigerwald (p = 0.01), indicating greater variability
in growth response. The 5C signal showed no significant differences
between the Plateau and the Steigerwald (mean: p = 0.17, sd: p = 0.98).

3.2. Canopy openness and drought response (H2)

With increasing canopy opening, significant changes in defoliation
were observed for both study regions (Fig. 4). However, in contrast to
these results, changes in canopy closure did not result in significant
changes in BAI and §'3C resistance indices for both study regions in
response to the 2018-2020 drought period compared to pre-drought
(2016-2017) conditions (slope parameter of the linear model: Plateau
BAI RT (mean: p = 0.50, sd: p = 0.54), Plateau §'%c (mean: p =0.18,
sd: p = 0.50); Steigerwald BAI RT (mean: p = 0.77, sd: p = 0.10), Stei-
gerwald 5'3C (mean: p = 0.33, sd: p = 0.11)).

We observed a significant increase in defoliation for the beech trees
in the Plateau with increasing canopy openness (Fig. 4, top left)
(p < 0.01). In the Steigerwald, the closure levels “crowded” and “loose”,
as well as “crowded” and “light” differed significantly from each other.
However, the slope parameter of the linear model was not significantly
different from zero (p = 0.19) (Fig. 4, bottom left). The larger inter-
quartile range for the Plateau indicates that the dispersion of observa-
tions was more pronounced than that in the Steigerwald. In the
Steigerwald, the slope of the linear model in the standard deviation of
defoliation was significantly different from zero (p = 0.03, Plateau
p=0.05).

3.3. Stand structure and drought response (H3)

3.3.1. Stand layers

We found no significant differences between multi-layer beech
stands with respect to (1) canopy defoliation and (2) resistance (as
indicated by tree growth and 5'°C signature) to the drought period
compared to single or two-layered stands (Fig. 5). The most pronounced
differences were found in the Plateau, with differences in mean defoli-
ation (p = 0.10) and standard deviation of defoliation (p = 0.08) be-
tween single and multi-layered stands. In the Steigerwald, the most
notable associations were found with respect to differences in mean
defoliation (p = 0.22).

3.3.2. Stand structure variables

To classify the relationship between the forest structure variables
derived from the laser scanning data on defoliation and resistance
indices (BAI, 813(3), Boruta analysis identified several important

Mean and standard deviation (sd) of defoliation, Resistance Index BAI, and Resistance Index 8!3C per plot for both study areas. An asterisk (*) marks significant
differences between the two study areas. A plus (+) marks significant deviations from 0% for defoliation or from 1 for the RT values. The total sample size for Plateau
and Steigerwald was n = 120.

Study region mean defoliation (%) sd defoliation (%) mean BAI RT sd BAI RT mean 5'°C RT sd 3"*C RT
Plateau 0.51* + 0.15* 0.87 + 0.38* 0.97 + 0.03
Steigerwald 0.35* + 0.09 * 0.93 + 0.29* 0.97 + 0.03
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Fig. 4. Relationship between crown closure and defoliation (defo.) and resistance indices BAI resp. §'3C (mean and standard deviation (sd) per plot) for the two
study areas, Plateau (upper row) and Steigerwald (lower row). The blue trend line is based on a linear model and only plotted for the models where the slope
parameter significantly differs from zero. The blue bands around the solid lines indicate the 95% confidence interval. n = 240.

variables (Table 3). However, the overall predictive power of the models
was low. The best model was for mean defoliation with R? of 0.29 for the
30 m radius in the Steigerwald (Table 3). For these point clouds, the
response patterns in basal area increment (mean BAI RT) were also best
explained (R? = 0.13). Responses of the stable isotope §!3C (mean §'*C
RT, sd 6'C RT) could hardly be explained for both study regions.
Analysis of the south-exposed 10 m semicircle did not improve the
explanatory power of the models and is therefore not included in
Table 3.

To increase the explanatory power of the models, we focused on the
collective of plots that showed the most pronounced response to the
2018-2020 drought period, focusing on the 30m cutting radius
(Table 4). The multiple logistic regression models indicated that the
most important variable explaining drought resistance was the Hegyi
index. In contrast, box-dimension and CE evenness explained only spe-
cific aspects of drought resistance. Regarding the response in basal area
increment, our results indicate that plots with lower box-dimension and
higher mean competition had a higher probability of experiencing an
increased mean Resistance Index BAI (BAI RT) during the drought
period (Tjur’s R? = 0.17) (Table 4, left). A one-unit increase in box-
dimension was associated with a 58% decrease in the probability of
higher mean BAI RT during drought (odds ratio: 0.42). On the other
hand, a one-unit increase in the Hegyi index was associated with a 115%
increase in the probability of higher mean BAI RT during the drought
period (odds ratio: 2.15). Similarly, the Hegyi index significantly
influenced the standard deviation of BAI RT. An odds ratio of 7.61
indicated a higher probability of greater variation in tree growth during

the drought period.

Regarding the stable carbon isotope 5'°C (mean 8'3C RT, sd 8'*C
RT), the explanatory power of the models was relatively low, with a
Tjur’s R? of 0.06 for mean §'*C RT and a Tjur's R® of 0.09 for sd 8'*C RT
(Table 4, middle).

In contrast, models for mean defoliation show a higher goodness of
fit (Tjur’s R? = 0.41) (Table 4, right). Our results indicate significant
effects of both box-dimension and CE evenness. A one-unit increase in
box-dimension corresponds to a 175% higher probability of increased
mean defoliation, while a one-unit increase in CE evenness results in a
207% higher probability of the same. Conversely, the Hegyi index shows
a non-significant association with mean defoliation, suggesting a 73%
lower probability of increased defoliation with a one-unit increase in the
index. Next, the defoliation standard deviation, CE evenness signifi-
cantly influences variability, indicating a 110% higher probability of
increased variability. Similarly, the Hegyi index has an odds ratio of
2.34, indicating a 134% higher probability of increased variability.
However, with a p-value of 0.06, it falls close to the statistical signifi-
cance threshold.

4. Discussion
4.1. The response of beech forests to prolonged drought
Our results underline that beech forests in both study areas respon-

ded to the drought period with defoliation, reduced growth, and changes
in the 8'%C signature (Table 2). Defoliation of beech trees during drought
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Fig. 5. Relationship between stand layers and defoliation (defo.) and resistance indices BAI resp. 5'%C (mean and standard deviation (sd) per plot) for the two study
areas, Plateau (upper row) and Steigerwald (lower row). There is no significant difference among stands with a different number of stand layers. n = 240.

Table 3

The number of important variables classified by Boruta analysis to explain the Resistance indices (mean BAI RT, sd BAI RT, mean d'C RT, sd d'°C RT) and the

defoliation per plot (mean defo, sd defo). Results are shown for both study areas

and two cutting radii (10 m, 30 m). The summary of the generalized additive models

(GAM) based on the important variables, with the deviation explained by the model (DE) and the adjusted R2 (adj.) are also shown. n = 240.

variable ‘mean BAI RT sd BAIRT mean §'°C RT sd §'%C RT mean defoliation sd defoliation
Plateau 10 m

Number of important variables 2 3 1 0 3 6
DE (%) 14.2 15.5 8.7 - 21.9 21.6
R? (adj.) 0.12 0.13 0.07 - 0.19 0.16
Steigerwald 10 m

Number of important variables 3 5 0 1 7 0
DE (%) 4.2 15.1 - 3.7 28.3 -

R* (adj.) 0.02 0.11 - 0.02 0.23 -
Plateau 30 m

Number of important variables 3 3 1 0 3 2
DE (%) 120 11.9 8.7 - 239 14.2
R? (adj.) 0.10 0.09 0.07 - 0.21 0.12
Steigerwald 30 m

Number of important variables 6 5 0 2 5 2
DE (%) 188 133 - 3.4 32.7 10.6
R” (adj.) 0.13 0.08 - 0.02 0.29 0.09

has also been observed in several other studies, including Rohner et al.
(2021) or Walthert et al. (2021). The cause of crown defoliation may be
due to anisohydric regulation of leaf stomata associated with the
cavitation-sensitive xylem of beech (Schuldt et al., 2020). This regula-
tory mechanism allows stomata to remain open even under drought
conditions, allowing beech to maintain photosynthesis. However, this
strategy risks disrupting water flow in the xylem vessels and forming
embolisms, leading to partial crown loss and ultimately tree mortality

(Arend et al., 2022; Weithmann et al., 2022). Thus, defoliation is a stress
response to drought (Wohlgemuth et al., 2020), driven by anisohydric
water potential regulation and limited hydraulic conductivity.
Furthermore, our results indicate that the lack of leaf mass, coupled
with limited photosynthetic capacity, leads to reduced growth in
response to the drought period, as observed by Scharnweber et al.
(2020), Debel et al. (2021), and Braker (1991), who found a correlation
between crown foliage and stem radial growth. However, a decline in
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Table 4
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Overview of the results of the multiple logistic regression models for both study regions. The explanatory variables are the probability of a higher mean/sd BAI RT and
8'3C RT, as well as the mean/sd defoliation. Odds ratios less than 1 indicate that an increase in the explanatory variable is associated with a decrease in the probability
of the response variable during drought. Conversely, values greater than 1 signify that an increase in the explanatory variable is associated with a higher probability of

an increase in the response variable during drought. n = 48.

Probability of a Probability of a Probability of a Probability of a Probability of a Probability of a
higher mean BAI RT higher sd in BAI RT higher mean §'°C RT higher sd in §'°C RT higher mean higher sd in
defoliation defoliation
Odds Ratios ~ p-values ~ Odds Ratios ~ p-values  Odds Ratios  p-values  Odds Ratios  p-values  Odds Ratios  p-values  Odds Ratios  p-values
box-dimension 0.42 0.02 275 0.04
CE evenness 3.07 0.03 210 0.04
Hegyi-Index 215 0.05 7.61 < 0.01 0.61 0.11 215 0.05 0.27 0.06 2.34 0.06
R* Tjur 0.17 0.34 0.06 0.09 0.41 0.12

growth is expected across much of the species’ range (Del Martinez
Castillo et al., 2022). In addition, beech trees in both study areas show
an elevated 5'3C signature, indicating water stress during the drought
period (Vannoppen et al., 2020; Bhusal et al., 2021).

The effects of drought in the two study regions were not fully
consistent. We observed higher mean crown defoliation in the Plateau.
The increased sensitivity to drier sites may indicate that these stands are
more susceptible to drought due to limited water availability (Chakra-
borty et al., 2013; Weber et al., 2013; Klesse et al., 2022). Thus, the
available field capacity is lower in the Plateau (Eutric Leptic Cambisol
(Clayic)) compared to the Steigerwald (Dystric Cambisol (Loamic)).
Under normal conditions, trees mainly extract water from the uppermost
soil layers, but during droughts, deciduous trees in particular modify
their water uptake strategy by increasingly using roots in deeper soil
layers (Brinkmann et al., 2019; Meusburger et al., 2022). Consequently,
beech trees in the Plateau, where they grow on shallow soils, often face
challenges reaching water reservoirs. Predispositions from the 2003 or
2015 drought may have persisted as a legacy effect, hindering tree re-
covery and resulting in carbon losses due to impaired photosynthetic
and hydraulic function (Kannenberg et al., 2020). Thus, beech vitality
may have already been reduced for an extended period of time (Neycken
et al., 2022).

The higher standard deviation in the Plateau observed for both mean
defoliation and mean BAI RT indicates the presence of individuals
experiencing significant stress while others are less affected. This result
could be due to an ongoing adaptation process of beech trees to
changing climatic conditions, as the Plateau is one of the warmest and
hottest regions in Germany (Walentowski et al., 2014). Pfenninger et al.
(2021) found genetic differences within the same stand that explain the
extent to which a beech tree can withstand and recover from drought.

In terms of the 8'°C signature, no discernible differences between the
regions were found. This finding is noteworthy, particularly as Chak-
raborty et al. (2022) reported that trees from dry plots showed a higher
response to drought and climatic dependency than less-dry plots. Due to
the extreme nature of the drought, it is plausible that all plots experi-
enced relatively similar levels of drought stress in our study. Overall, we
can accept our hypothesis H1, suggesting that beech stands in both study
regions responded to the drought period with (1) defoliation, (2) growth
reduction, and (3) an increase in e signature.

4.2. Effects of stand structure on the drought response

Our results indicate a relationship between crown closure and crown
defoliation in beech forests (Fig. 4). Particularly in the Plateau, a sig-
nificant increase in defoliation was observed with decreasing crown
closure, suggesting that a more open canopy may lead to increased
vulnerability of beech trees to drought. A more open canopy leads to
greater exposure of individual trees to direct sunlight, which can cause
detrimental effects such as sun scald (Briick-Dyckhoff, 2017). Predis-
posed trees are more likely to experience subsequent disturbances, such
as beetle infestations (e.g. Agrilus viridis L.), which can subsequently
trigger a chain reaction (Manion, 1981). The degree of crown defoliation

also increases the likelihood of future tree mortality (Petit-Cailleux
et al.,, 2021). Dieback or increased defoliation of large trees results in
gaps in the canopy, leading to increased temperatures and lower air
humidity in the interior of the forest (Thom et al., 2020). This situation
could potentially exacerbate drought stress and increase defoliation. In
such cases, the role of understory trees becomes critical. These trees
have the capacity to cool the forest stand and to decrease the vapor
pressure deficit (Zellweger et al., 2020), which safeguards ecological
processes and biodiversity (Frenne et al., 2013). Thus, the establishment
of multi-layered forest structures mitigates the risk of losing the capacity
to buffer weather extremes.

Contrary to our expectations, the resistance indices BAI and 5'°C did
not change significantly in relation to canopy closure. We expected
reduced leaf mass to cause growth decline and an altered 5'3C signature.
The lack of such effects may be due to the compensatory influence of
increased space for the remaining trees, which mitigates the effects of
reduced crown foliage. The remaining canopy could receive adequate
water and nutrients, facilitating sufficient sugar production for wood
formation and preventing an altered 5'°C signature. This finding is
consistent with the research of Roloff (1986), suggesting that damaged
beech trees do not always have reduced growth rates. This observation is
also consistent with subjective assessments of crown condition, indi-
cating that the remaining leaves of partially defoliated beech trees often
show a healthier green color compared to the average. Weithmann et al.
(2022) describe that the extreme drought event 2018 triggered the
development of smaller leaves, with improved water use efficiency in
the sun-exposed canopy. At the same time, it should not be under-
estimated that severely defoliated beech trees are highly susceptible to
pathogens, including those that severely degrade wood (Purahong et al.,
2021). Stem stability and breakage resistance of affected trees are
significantly reduced (Langer and BuBkamp, 2023). Overall, we must
reject hypothesis H2. While the facet of the hypothesis "the more open
the canopy, the more significant the defoliation" was supported, the rest
of the hypothesis (greater growth decline and more pronounced §13C
signature) was not supported.

Hypothesis H3 postulated that multi-layer beech forests, compared
to single-layer forests, would exhibit (1) lower crown defoliation and (2)
higher resistance (as measured by tree growth and 5'3C signature) to the
drought period. However, the results show that the relationship between
crown structure and defoliation and resistance indices is more complex
than originally assumed. No significant difference existed between
multi-layered and single-layered forests in their response to the
observed drought period (Fig. 5). Even when additional stand variables
were considered (Table 3). We found no strong correlations for the 30 m
cutting radius, which represents stand structure, the 10 m cutting
radius, which quantifies direct neighborhood, and the 10 m semicircle
directly to the south, which quantifies potential effects of direct solar
radiation on beech trees.

By focusing on a subset of the data, namely the respective minimum
and maximum values, we were able to identify more robust relationships
(Table 4). The reason for this could be that a thinning intensity of about
50% of the stand density has been identified as the threshold at which
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hydrological processes are significantly affected (Del Campo et al,
2022). When analyzing the subset of data, it was initially unexpected
that plots with higher tree competition had a higher probability of an
increased resistance in basal area growth, considering other authors
such as Chakraborty et al. (2021) came to the opposite conclusion. The
explanation for our result may be that on these specific plots, several
smaller individuals compete with a few larger individuals, as is the case
in stands with abundant understory. The mean Hegyi index is high,
reflecting instances where smaller trees are positioned close to dominant
trees. In a previous study, we showed that it is mainly the dominant
collective that suffers during drought (Mathes et al., 2023a). However,
subordinate trees had an overall higher growth stability during drought
years. During prolonged drought there might be a growth partitioning in
favor of smaller trees (Bose et al., 2022; Pretzsch et al., 2023). This is
consistent with the result that the probability of a higher standard de-
viation in BAI RT also increases with increasing competition, since in
such cases the plot is characterized by a mixture of dominant and sub-
ordinate beech trees. Such stands are expected to be more resilient,
allowing them to recover more quickly from droughts like the one
examined in this study. The probability of an increase in mean BAI RT
decreases with box-dimension. Stands with smaller box-dimension are
characterized by lower complexity (Neudam et al., 2022). Combined
with the results on mean competition, this indicates that single-layered
stands with high diameter differentiation have a higher probability of
maintaining their average BAL These could be stands that have been
selectively thinned, where the intervention is focused on a selected tree,
leaving the rest of the area untreated.

Regarding the response of the §'°C signal, where mean competition
was the determining factor, the Tjur R? values remained relatively low
with a maximum of 0.09. The models struggled to adequately explain
the variability in the 8'°C signal of beech trees. Similarly, Rothenbiihler
et al. (2021) could not identify any systematic differences in the 5'3C
tree-ring records between dead and live trees.

We observed that the mean crown defoliation increased with higher
box-dimension. A higher box-dimension implies a more even vertical
and horizontal distribution of biomass within plots. Consistent with
these findings, the probability of a higher defoliation is also correlated
with an increase in CE evenness, meaning that biomass is more evenly
distributed across all vertical layers. These forest structures could result
from a shelterwood-like cutting approach. Canopy openings after cut-
tings may also drive an increased crown defoliation, for instance, due to
a high predisposition from sun scald. Accordingly, our results show that
a decrease in competition is associated with an increased probability of
more severe crown defoliation. This suggests that the probability of
significant defoliation increases in exposed beech stands. Therefore,
adequate stem shading, including a well-developed understory and mid-
canopy layer, might be essential. During the thinning phase, this can be
achieved by concepts based on individual-tree selection thinnings.
Methods such as group selection cutting (German: “Femelschlag™) cut-
tings might be an option during the regeneration phase. This contributes
to increased structural diversity, leading to distinct differences between
neighboring trees of different age and size, resulting in the formation of
uneven-aged forests (Brang et al., 2014; Schall et al., 2018). In conclu-
sion, we had to reject Hypothesis 3 because there was limited evidence
that multi-layered beech forests have less canopy defoliation or greater
resistance (as measured by tree growth and &'3C signature) to the
drought period than single-layered forests.

5. Conclusion

European beech (Fagus sylvatica L.) suffered significantly from the
2018-2020 drought period. We identified a pronounced crown defoli-
ation, reduced growth, and changes in the 3'3C signature compared to
the pre-drought period. We found a relationship between crown closure
and crown defoliation in beech, particularly in the Plateau where
reduced crown closure was significantly associated with increased
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defoliation. This suggests an increased vulnerability of beech to drought
in more open canopies. However, the potential for silvicultural inter-
vention to mitigate drought stress, as measured by BAI and the 5'3C
signal, appears limited. Neighboring trees and forest structure had a
weak influence on average drought resistance. Neither open nor closed
forest structure could significantly alleviate drought stress. Stands with
greater structural complexity tended to have higher resistance, as the
understory may compensate some of the upper canopy loss. The sub-
stantial variability within the data may indicate high plasticity and
intraspecific variation in beech, suggesting some degree of adaptation to
climate extremes as experienced from 2018-2020. Such adaptation
could occur evolutionarily through natural regeneration. From this
perspective, it may be useful to regenerate beech stands at an early
stage. In addition to beech, other tree species should be considered that
may increase the adaptive capacity.

For further silvicultural treatments in regenerating stands, group
selection cuttings could be an option to create different environmental
conditions. It may be critical to limit the intervention to specific areas
and leave the rest of the site untreated. Trees with high vitality should be
selected during the thinning phase. The shading of the trunks necessary
to produce high quality wood from the selected trees could be provided
by understorey trees, thus simultaneously improving the microclimate
of the forest. More research is needed on these silvicultural practices,
such as at what stand age or what role weather plays during and after
silvicultural treatments.

Overall, the results of this study contribute to a better understanding
of how beech trees respond to drought events. This understanding is
essential for the conservation of beech forests in the face of climate
change and contributes to the knowledge of the ecological resilience of
forests. Nevertheless, recurring multi-year droughts, like the event from
2018-2020, can be expected to lead to permanent changes in growth
dynamics, stand structures and species compositions in forests.
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