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Abstract

Europe is expected to experience increased numbers and intensified summer droughts due to

climate change. The common European beech (Fagus sylvatica) is an important native tree

species with a high ecological and economical value, which is sensitive to prolonged duration of

droughts and anticipated to change its natural distribution range. Here, we conducted a common

garden experiment with potted 180 two-year-old seedlings from 16 beech provenances across

the species’ range and simulated two drought periods by discontinuing irrigation (treatment).

We combined empirical approaches (spectral indices) and a physically-based radiative transfer

model (PROSPECT-D) on hyperspectral leaf spectroscopy data covering visible to short-wave

infrared electromagnetic radiation to determine drought induced changes in leaf biochemical and

functional traits and to assess the intraspecific response diversity. Findings from this experiment

suggest that (i) spectroscopy is able to discern changes of a variety of leaf traits in drought

treated seedlings, that (ii) spectral variation is higher in drought treated seedlings and associated

uncertainties are negligible, and that (iii) there is no evidence of intraspecific variation in the

response to drought in F. sylvatica leaf traits as it may be masked by variation on the individual

level. We demonstrated that hyperspectral leaf spectroscopy is a useful tool to assess drought

responses in leaf traits but must be complemented with further analysis on population structure

to study intraspecific diversity and the persistance of F. sylvatica.

Keywords: hyperspectral leaf spectroscopy, drought, fagus sylvatica, response diversity, in-

traspecific diversity, common garden experiment, prospect, leaf optical properties, radiative

transfer model
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Acronyms

ANOVA ANalysis Of VAriances

AU Absorption Units

BV Biological Variation

CV Coe�cient of Variation

DAD Diode Array Detector

DF Degrees of Freedom

DoT Day of Treatment

EW Epicuticular Wax

EWT Equivalent Water Thickness

FWHM Full Width at Half Maximum

HPLC High-Performance Liquid Chromatography

HSD Honestly Significant Di↵erence

LMA Leaf Mass per Area

LOP Leaf Optical Properties

LRR Log Response Ratio

MAP Mean Annual Precipitation

NIR Near InfraRed domain

NPQ Non-Photochemical Quenching

NRMSE Normalized Root-Mean-Squared Error

PSII Photosystem II

RMSE Root-Mean-Square Error

ROS Reactive Oxygen Species

RT Retention Time

RTM Radiative Transfer Model

RU Relative Uncertainty

SV Spectral Variation

SWIR Short-Wave InfraRed domain

TDT Time-Domain Transmission

TMS Temperature-Moisture-Sensors

VAZ Violaxanthin, Antheraxanthin, Zeaxanthin (xanthophyll cycle pigments)

VIS VISible domain

VNIR Visible and Near InfraRed domain



Symbols

A area

Cab chlorophyll a & b content

Cant anthocyanin content

Ccar carotenoid content

Cchl chlorophyll content

Cm dry matter content

Cpigment pigment content

Cw water content

dw dry weight

fw fresh weight

M SPAD-502 readings

N leaf structure parameter (N-plates)

n sample size

R reflectance

Rb reflectance of black background

Rl leaf reflectance

Rw reflectance of white background

R2 coe�cient of determination

SE standard error

T transmittance

Tb target reflectance with black background

Tmean mean temperature

Tw target reflectance with white background

Uabs absolute uncertainty

Urel relative uncertainty

v volume

Vb biological variation

Vs spectral variation

Ŷ dependent response variable

↵ light incidence angle

�0 intercept

�1 slope

� wavelength (nm)

� standard deviation

 leaf water potential
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Chapter 1

Introduction

Due to climate change, Europe will experience prolonged drought periods, which will threaten

forest ecosystems and accelerate biodiversity loss (Cook et al., 2016; IPCC, 2023). These phe-

nomena are caused by extended duration of local precipitation deficits and thus increase the risk

of water stress and mortality for trees (Allen et al., 2010). A series of recent record-breaking

summers in Northern Europe in 2003, 2018 and 2022 may only be the start of what is to come

for Europe’s forest ecosystems (Buras et al., 2020; Hermann et al., 2023; Millán, 2014; Sturm

et al., 2022). To persist in these novel environments, sessile organisms such as trees, rely on

phenotypic variation, i.e. the capacity to express diverse phenotypes in varying environmental

conditions (Arnold et al., 2019; Benito Garzón et al., 2019; Whitman & Ananthakrishnan, 2009).

There has been a significant amount of research aimed at understanding the role of intraspecific

variation, which captures the diversity of phenotypes, in tree responses to droughts (e.g. Fagus

sylvatica; Alvarez-Maldini et al., 2020; Baudis et al., 2014; Carsjens et al., 2014; Cocozza et al.,

2016; Dounavi et al., 2016; González De Andrés et al., 2021; Leuschner, 2020; Schmeddes et al.,

2023; Thom et al., 2023; Wang et al., 2021) to improve decision-making in forest management

and enhance forest resilience to climate change.

The common European beech (Fagus sylvatica) is a dominant and widespread tree species native

to many temperate European forests (Durrant et al., 2016) and is particularly sensitive to water

deficit (Betsch et al., 2011; Leuschner, 2020; Walthert et al., 2021). Beech faces a disproportion-

ate risk of habitat loss and growth decline, and may ultimately change its natural distribution

on account of their reduced competitiveness (Aranda et al., 2015; Dittmar et al., 2003; Geßler

et al., 2006; Kreyling et al., 2014; Leuschner, 2020; Martinez del Castillo et al., 2022; Rigling

et al., 2019; Rose et al., 2009; Schmied et al., 2023). Due to their high potential to adapt to

changing environments, they are regarded as a typical model late-successional tree species used

for studying phenotypic diversity (Cocozza et al., 2016; Pluess et al., 2016).

Acclimation of trees to drought occur with a myriad of responses underpinned by an array of

physiological adjustments and adaptations in leaf traits (Leuzinger et al., 2005; Pflug et al., 2018;
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Rukh et al., 2023; Tognetti et al., 1995). As an immediate response, for example, plants close

their stomata to prevent hydraulic failure. Long-term responses include photo-protection mech-

anisms such as increased ratio of xanthophyll cycle pigments (VAZ) to chlorophylls. Drought-

stressed plants also show reversible down regulation of photosystem II (PSII), which results in a

decrease of quantum yield and photosynthetic e�ciency (Gallé & Feller, 2007; Garćıa-Plazaola

& Becerril, 2000). Increasing carotenoid contents is another mechanism to respond to drought

stress in plants to protect their photosynthetic apparatus (Baccari et al., 2020; Bacelar et al.,

2007; Ben Abdallah et al., 2017).

Drought stress symptoms and acclimation are best understood by adopting interdisciplinary and

multi-level analysis ranging from molecular to ecosystem levels (Leuschner, 2020; Rigling et al.,

2019). Photosynthetic pigments such as chlorophyll a and b Cab are key molecules involved in

oxygenic photosynthesis by absorbing light and by initiating a series of biochemical reactions.

Water deficits can degrade chlorophyll contents along with a decrease in photosynthetic capacity

(Gai et al., 2023; Hu et al., 2023; Mafakheri et al., 2010; Wu et al., 2016). Carotenoids Ccar,

which consist of xantophylls and carotenes, contribute to photosynthesis as accessory light-

harvesting pigments and constitute the main photoprotective mechanism by their involvement in

light absorption and their role as antioxidants removing reactive oxygen species (ROS) (Havaux,

2014; Sun et al., 2022). Thus, variation in total chlorophyll to carotenoid ratio Cab/Ccar may

be a good indicator for drought stress in plants (Green & Durnford, 1996). Anthocyanins Cant,

which are responsible for the red coloration in senescent leaves, act as antioxidants and safeguard

from environmental stressors as well (Gould, 2004). Drought stress increases the level of ROS

inducing oxidative stress which which was observed to lead to higher anthocyanin accumulation

(Li & Ahammed, 2023).

Water fluxes in F. sylvatica are strongly influenced by water availability and scarcity, which

can lead to a decline in overall water content within the leaves (Betsch et al., 2011). Equivalent

water thickness (EWT) is a mass of water content per leaf area and relates to drought resistance,

photosynthetic activity and stomatal conductance (Lawlor & Cornic, 2002). Leaf water potential

 is also a major indicator for plant water stress, since it includes all energy gradients that move

water such as turgor, osmotic and matrix potential. Quantitative thresholds of  in F. sylvatica

indicate various stress levels and di↵erent down regulations of physiological processes as  

decreases with progressing drought (Walthert et al., 2021). Another important leaf trait is the

leaf mass per area (LMA) and is comparable to leaf dry mass composed of several constituents

such as starch, sugars, and proteins. It is one of the most meaningful leaf trait used in ecological

research as it is part of the leaf economic spectrum and connected to abiotic responses such as

drought (De La Riva et al., 2016; Quero et al., 2006; Wellstein et al., 2017; Wright et al., 2004).

However, a sudden withholding of water does not yield variation as the leaf structure hardly

had time to change (Poorter et al., 2009). Other leaf structural traits are subject to drought

responses: Lignin and cellulose, which are both found in the cell walls of plant and responsible

for the overall stability of plant cells. Lignin biosynthesis in leaves is upregulated (Brinkmann
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et al., 2003; Hu et al., 2009; Liu et al., 2018) while cellulose biosynthesis is down regulated due

to limited availability of carbon (Hu et al., 2022).

Traditional techniques to characterize drought stress responses in plants include the measure-

ment of gas exchange (e.g. photosynthesis systems) (Saatho↵ & Welles, 2021), leaf water po-

tential such as the Scholander pressure chamber (Scholander et al., 1965), fluorescence (e.g.

quenching analysis) (Maxwell & Johnson, 2000), and biochemical measurements. Determina-

tion of biochemical profiles commonly requires destructive sampling and wet chemistry analysis

(e.g. HPLC, photometry) (Jacquemoud et al., 1996; Pflug et al., 2018). These are usually pre-

cise but time-consuming, logistically laborious and costly (Burnett et al., 2021b). Alternatively,

remote sensing techniques such as portable hyperspectral field spectroscopy devices o↵er a rel-

atively cost-e↵ective, non-destructive and rapid solution for retrieving leaf traits (Féret et al.,

2019; Jacquemoud & Baret, 1990). Spectroscopy on individual leaves, which is usually coupled

with a leaf clip, exploits leaf optical properties (LOP), which describe how leaves physically

interact with light. Since the biochemical and structural composition of the leaves determine

how light reflects (Figure 1.1), transmits or is absorbed, the variation in LOP thus carries in-

formation about leaf traits across space and time (Cavender-Bares et al., 2017; Garonna et al.,

2016; Jacquemoud & Ustin, 2019). Consequently, there is a growing body of literature in link-

ing spectra to plant phenotypes and therefore plant trait variation (Cavender-Bares et al., 2016;

Czyż et al., 2020; D’Odorico et al., 2023; Li et al., 2023).
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Figure 1.1: A typical leaf reflectance spectrum with simplified absorption features of various leaf
traits. Grey areas mark spectral domains, which are used when referring to a specific spectral
range.
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Two main approaches exist for the estimation of leaf traits using leaf spectra, namely empirical

and physically-based approaches (Féret et al., 2017). An empirical approach to derive leaf traits

from spectral data is to combine reflectance values at di↵erent narrow bands, which are called

spectral indices. This method relies on identifying two or more wavelengths in which the target of

interest causes a relative absorption di↵erence (Jacquemoud & Ustin, 2019; Verrelst et al., 2015).

Other data-driven approaches are multivariate statistical models such as partial least squared

regression (Burnett et al., 2021a) or machine learning (Féret et al., 2019). These approaches

rely heavily on training data, which also depend on the quality of the data, and thus lack the

ability for generalisation across species or sites. Nevertheless, indices have shown promising

results in estimating relative abundance of traits such as photosynthetic activity (Gamon et al.,

2016) and are computationally very e�cient (Jacquemoud & Ustin, 2019). Physically-based

approaches include radiative transfer models (RTMs) such as the extensively used open-source

model propriétés spectrales (PROSPECT) (Boren et al., 2019; Jacquemoud & Baret, 1990;

Jacquemoud & Ustin, 2019). The PROSPECT RTM relies on the physical properties of light

interaction with matter such as absorption and scattering coe�cients and is thus theoretically

robust (Feret et al., 2008). In PROSPECT, leaves are represented as a generalized plate model

with uniform layers (specifically air – cell wall interfaces) quantified with a structure parameter

N (Allen et al., 1969; Spa↵ord et al., 2021; Stokes, 1860), with which directional-hemispherical

reflectance and transmittance between 400 nm and 2500 nm are simulated (Schaepman-Strub

et al., 2006). One of the most recent PROSPECT developments is called PROSPECT-D(-

ynamic). It allows Cab, Ccar, Cant, brown pigments, N , EWT, and LMA as leaf trait parameter

inputs to simulate leaf or canopy level spectral profiles, and it outperforms previous versions

(Feret et al., 2008; Féret et al., 2017). The inversion of PROSPECT-D enables the retrieval

of such leaf traits based on provided reflectance or transmittance. The inversion makes use of

optimization algorithms with corresponding merit function (Jacquemoud et al., 1996; Tarantola,

2005). PROSPECT RTMs have been successfully applied across remote sensing and plant

ecology research (Asner et al., 2014; Kothari & Schweiger, 2022; Serbin et al., 2014; Sun et al.,

2018b; Zhao et al., 2014).

Common garden experiments are suitable to assess the plant trait responses to changing en-

vironmental conditions (Kreyling et al., 2014; Ramı́rez-Valiente et al., 2022; Rose et al., 2009;

Schwinning et al., 2022; Stojnić et al., 2015). To study the intraspecific drought response of F.

sylvatica, we thus conducted a common garden experiment on 180 two-year-old seedlings origi-

nating from 16 di↵erent provenances across the species’ range. Within one growing season, we

simulated two drought periods by controlling for rain-free days with a duration of 14 days in early

and late summer with an intermittent recovery period. We measured leaf reflectances with a field

spectroradiometer before, during and after the drought periods to quantify spectral variation

and derive leaf traits using both an empirical (spectral indices) and physically-based approach

(PROSPECT-D inversion). In total, we computed 17 di↵erent indices and derived 6 di↵erent

traits from PROSPECT-D. We also quantified chlorophyll content with SPAD measurements.
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Following the recommendations of Petibon et al. (2021), we quantified reflectance associated

uncertainties and biological variation of the spectral variation and validated the PROSPECT-D

inversion with a novel sequential extraction and subsequent reversed-phase high-performance

liquid chromatography (HPLC) method by Petibon and Wiesenberg (2022). In this thesis, we

explored to what extent hyperspectral spectroscopy allows the detection of intraspecific drought

stress responses in leaves. Specifically, we hypothesized that (i) drought-treated seedlings show

di↵erent responses in spectral indices and simulated leaf traits compared to the control group.

We anticipated that (ii) the biological variation is higher in drought-treated seedlings compared

to their control group and (iii) relative uncertainty in the spectral variation remains negligible.

We further aimed to test (iv) whether PROSPECT-D o↵ers a robust quantification of leaf traits

under simulated drought. Eventually, we hypothesized that (v) there is intraspecific variation in

drought responses depending on the seedling’s provenances aiming to identify the magnitude of

the leaf trait responses to drought. Within the scope of this thesis, we were not able to conduct

an extensive analysis on the intermittent recovery period and the second drought period to study

adaptability and legacy e↵ects.
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Chapter 2

Material and Methods

2.1 Overview

To understand intraspecific drought responses using spectroscopy data and answer our hypothe-

ses, we conducted a common garden experiment in one growing season. We simulated two

drought periods each with a duration of 14 days. We had 180 F. sylvatica seedlings from 16

provenances arranged in a representative block design and we separated them into control and

treatment group. To simulate the drought, we applied rain covers to control for irrigation

(Section 2.2). During the experiment, we conducted several continuous measurements such as

chlorophyll content (Section 2.3) and leaf spectral data with a field spectroradiometer (Section

2.4). The spectral data were then used to derive leaf traits using either indices (Section 2.5)

or PROSPECT-D in inverse mode (Section 2.6) to then quantify di↵erences in the response

between the groups and provenances. Furthermore, we calculated the associated uncertain-

ties of the spectral data and computed the biological variation (Section 2.7). We assessed the

PROSPECT-D inversion with a validation dataset from extracted leaf traits with an extraction

protocol (Section 2.8). Eventually, we conducted the data analysis with a one-way ANOVA

and log response ratios of the first drought period, and a model accuracy assessment of the

PROSPECT-D inversion (Section 2.9).

2.2 Experimental design

2.2.1 Preparation

2.2.1.1 Seed collection

The seeds were collected between 2020 and 2021. That year was a masting year, which typically

occur in cycles of two- to five-year intervals (Drobyshev et al., 2010). The majority of seeds was

sampled directly o↵ the branches, since healthy and fertile seeds are frequently eaten or infested
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by pathogens. We also conducted bulk sampling from the ground, however, when conditions were

suitable. Seeds that appeared to be infertile were identified and removed. The seeds were released

from the nuts and then stored in closed plastic bags sealed in plastic buckets to minimize the risk

of cross contamination (de La Harpe & Schuman, 2021). The sampling campaign consisted of

two field sampling batches and one per-post batch. The first batch consisted of populations from

Italy (ITB, ITE, ITM), Belgium (BES) and France (FRM), while the second batch consisted

of populations from Poland (PLB, PLW), Serbia (RSF), Croatia (HRP), Slovenia (SLK) and

southern France (FRB). The third batch (Bosnia (HBV) and Romania (ROS)) was shipped in

paper envelopes. Seeds from Switzerland (CHL) and Spain (ESM, ESP) were collected separately

(de La Harpe & Schuman, 2021).

2.2.1.2 Drying and storage

The seeds were placed in boxes with nitrogen inlets and carefully monitored for moisture and

temperature levels during the drying process. Worm larvae were removed, and mouldy seeds

were washed with ethanol. Once dried, the seeds were preserved in hermetically sealed plastic

bags and stowed in the refrigerator at 4°C to 5°C for a maximum of two months (de La Harpe

& Schuman, 2021).

2.2.1.3 Germination

The seeds were sowed in a tree nursery in December 2020 and germinated in February 2021.

Some seeds were rehydrated with water 24 hours in advance of the actual planting. The selected

seeds were sowed in humus and wood chips mixed soils with no additional fertilizers, where a

maximum of four seeds was put into a 5x5x20 cm pot. A wire grid was installed over the aligned

pots and the flats were put outside and exposed to the environment. Additionally, damages

to the dicotyledons were mitigated by bringing them inside a closed shelter when overnight

temperatures outside descended to sub-zero temperatures (de La Harpe & Schuman, 2021).

2.2.1.4 Seedling care and cultivation

In October 2021 the seedlings were transported to the Hauenstein garden center in Rafz, Zurich,

Switzerland (47°36’36”N, 8°32’35”E). The living individuals were transplanted into tall 4-liter

pots filled with equally proportioned mixture of peat-free potting soil and low-organic matter

sandy soil. The potting soil was enriched with Osmocote Exact Standard NPK (Mg) 12-14M

(ICL Group, Tel Aviv-Ja↵a, Israel) with micro-nutrients as fertilizer. The fertilizer contains

15% total nitrogen (N), 8% phosphorus pentoxide (P2O5), 11% potassium oxide (K2O) and

2% total magnesium oxide (MgO) among other nutrients, which are composed of key elements

for plants (ICL-SF, 2023). During the winter, the seedlings were in a winter tunnel, where

the temperatures were maintained at circa 7°C. The seedlings were watered by an overhead
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irrigation system as needed by assessment of soil moisture in the first one centimetre layer.

Furthermore, Multikraft BB Start (Multikraft, Pichl/Wels, Austria) was used to treat the soil

with ectomycorrhizal fungi. Inoculated e↵ective microorganisms in the soil help to improve

plant growth and root development (Joshi et al., 2019). This treatment was applied three times

– once in the beginning, once after some weeks and again in the spring approximately during

budburst. Once it was determined that the seedlings were no longer at risk of frost damage, the

pots were moved outside the winter tunnel (de La Harpe & Schuman, 2021).

North direction was marked for each pot to ensure consistent sun exposure. In case of aphids,

we sprayed NeemAzal-T/S (Andermatt Biogarten, Grossdietwil, Luzern, Switzerland) with a

concentration of 3 ml/l in water directly onto the abaxial side of the leaf. This was repeated

several times ad hoc under monitoring of the infestation. We conducted our experiment when

the seedlings reached the age of 2 years. A total of 180 seedlings from 16 provenances across the

natural distribution range (Figure 2.1 and Table 2.1) was considered in this experiment.
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FRM

CHL

ITM ITE
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Figure 2.1: Adapted European map depicting sampling locations and natural distribution range
of F. sylvatica (EUFORGEN) (Caudullo et al., 2017). The first two letters in the abbreviations
are country identifiers and the third letter is the site identifier. The map was created in ArcGIS
Pro (v3.1) (ESRI Inc., 2023).
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Table 2.1: Summary of F. sylvatica provenances including sample sizes, elevation, coordinates
and date of collection. Sample size is n. Mean temperature is Tmean and mean annual pre-
cipitation is MAP. Both MAP and Tmean were downloaded from WorldClim (Hijmans et al.,
2005). No stated date of collection could indicate either no available information or the seeds
were collected by collaborators. Seeds started to germinate last week of February 2021.

Label Country Locality n Lat./Lon. Elevation

(m.a.s.l.)

Tmean

(°C)
MAP

(mm)

Collection

date

BES Belgium Zonian

Forest

11 50.751/4.423 168 10.16 805 02.09.2020

CHL Switzerland Laegern 8 47.479/8.364 733 9.21 1137 07.08.2020

ESM Spain Moncayo 11 41.791/-1.810 1479 9.88 556 23.09.2020

ESP Spain San Juan de

la Pena

31 42.508/-0.676 1200 10.88 720 24.09.2020

FRB France Sainte

Baume

24 43.328/5.769 950 13.56 715 19.09.2020

FRM France Massane 6 42.491/3.032 722 14.20 604 25.08.2020

HBV Bosnia Vlasnica 9 44.168/18.919 1050 10.60 1216 -

HRP Croatia Paklenica

National

Park

18 44.360/15.467 924 7.82 1267 16.09.2020

ITB Italy Bracciano 2 42.174/12.156 584 13.70 234 21.08.2020

ITE Italy Etna 2 37.709/15.045 1721 11.41 699 17.08.2020

ITM Italy Madonie

Park

2 14.042/37.858 1711 13.46 567 -

PLB Poland Bieszczadski

Park

2 49.232/22.472 893 6.01 933 11.09.2020

PLW Poland Wisla 19 49.669/18.860 662 7.19 925 09.09.2020

ROS Romania Sinca 8 45.654/25.164 865 9.80 1182 -

RSF Serbia Fruška Gora

National

Park

9 45.138/19.636 474 11.09 645 -

SLK Slovenia Pragozd

Krokar

18 45.543/14.763 1178 7.71 1464 -

Total 180
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2.2.2 Common garden experiment

The seedlings were transported to the experiment site at the University of Zurich, Zurich,

Switzerland (47°23’44”N, 8°33’05”E; elevation 509 m.a.s.l.). We implemented a 2 x 5 random-

ized block arrangement, in which each block formed a 3 x 6 grid (1.2 m x 1.4 m). Therefore,

a block contained a total of 18 seedlings, which were placed in the slots of the steel grid with

maximising distances to each other. Each block had a spacing of approximately 1 m to each

block to avoid interaction between the blocks. Furthermore, the experiment was placed on black

polypropylene fabric (MyPex) for weed control and the pots were stabilized to the steel grid

with hemp cord (Figure 2.2). We installed an all-in-one weather station ATMOS 41 (METER

Group, Pullman, WA United States) to measure local weather conditions such as precipitation,

humidity and air temperature.

We employed a balanced approach between randomization and representation. We maximized

the diversity of provenances within the blocks so each provenance is represented whenever pos-

sible. The placement of the seedling and the individuals within the blocks are randomized

(Figure A.1). We measured the length of the primary shoot using a flexible tape measure from

root collar to the highest point in its natural position. The distribution of seedling heights

within the experiment was also accounted for by decreasing the discrepancies in heights between

the blocks (Figure 2.3a).

For the two drought periods, we installed a di↵erent pair-wise control and treatment group

arrangement. The groups in the first drought period were categorized into control (C) and

treatment group (T) with equal sample sizes and the groups in the second drought period were

categorized into four groups based on their previous group assignment: control-control (CC),

control-treatment (CT), treatment-control (TC) and treatment-treatment (TT) with varying

sample sizes (Figure 2.3b).

Figure 2.2: Drone footage showing the experiment shortly after the first drought. Some seedlings
experienced visible drought stress symptoms.
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Figure 2.3: Schematic illustration of the block arrangement, where (a) depicts the seedling
height distribution in each block, where each shape and color represents a provenance and (b)
illustrates the two drought scenarios with each arrangement of treatment and control groups.
The letters (a-i) indicate the di↵erent blocks.

2.2.2.1 Drought treatment

We carried out two drought scenarios, each for a duration of 14 days. We selected a duration of

two weeks because Switzerland encounters an average of 11 consecutive rain-free days each year

and it is anticipated that these dry periods may extend to as many as 19 days in the mid-term

future (NCCS, 2018). During the drought periods the treatment group experienced rain-free

days, whereas the control group was given plenty of water at regular intervals. We further

implemented a 23-day-long recovery period with regular irrigation of all seedlings between the
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two drought periods (Figure 2.6).

To simulate the rain-free days, we installed cone-shaped rain covers, which enclosed the entire

pot. We installed the covers on both pots of the control and the treatment group, which allowed

us to control for irrigation in both groups. Each cover had a diameter of 18 cm and a thickness

of 0.5 mm, and was made of waterproof and UV-resistant PVC black pond foil (Heissner GmbH,

Lauterbach, Hessen, Germany). The covers were fixed on the seedling stem with Parafilm

(Pechiney Plastic Packaging Inc., Chicago, IL, United States) before the first stem node. Three

thin wooden sticks were used to elevate the cover to leave a gap between the foil and the pot

to enable air circulation. In addition, we inverted the pot trays in the treatment group to avoid

the retention of water in the soil through capillary e↵ects (Figure 2.4 and Figure A.3).

~4cm

~7cm

~9cm

~18cm

10cm
12cm

~25cm

Sideview

Top view

a)

b)

c)

d)

Figure 2.4: The design of the rain cover featuring a) fixture of the pond foil on the seedling
stem before the first stem node with laboratory film, b) three wooden sticks in regular distances
stuck in the soil to elevate the cover, c) inverted pot tray, and d) north direction label.

We prioritised tree survival by ad hoc irrigation of the drough-treated seedlings. When severe

wilting was observed, we watered the seedlings with 600 ml water. Wilting was daily monitored

and quantified by a wilting index. The wilting index, ranging from 0 to 4, was categorized into

quartiles. A score of 0 denoted the absence of wilting, while scores 1-4 indicated wilting levels

corresponding to  25%, > 25% to  50%, > 50% to  75%, and > 75% of leaves per seedlings

respectively. Our aim was to avoid score 4, as such severe wilting would likely lead to seedling

mortality.
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To monitor soil moisture and air temperature, we selectively installed 20 TMS-4 probes (TOMST,

Prag, Czech Republic) (Wild et al., 2019) in the pots from block A to F. The probes covered as

many provenances as possible while capturing the entire range of plant heights within a single

block (Figure A.1). The soil moisture and temperature were sampled in an interval of 15 minutes

during the entire experiment.

2.3 Chlorophyll content measurement

For fast and repeated estimation of leaf chlorophyll content, we used a non-invasive hand-held

chlorophyll meter SPAD-502 (Konica Minolta, Tokyo, Japan). The device is based on dual-

wavelength absorbance which measures the transmittance of red (600 nm) and NIR (940 nm) and

returns a relative value, which corresponds to the present chlorophyll or ”greenness” in the leaf.

We measured all seedlings across the whole growing season and during the two drought periods.

We measured for each seedling a top, middle and bottom leaf to ensure a good representation.

We measured adaxially and avoided any major leaf veins and took the mean of the three leaves

per seedling.

SPAD readings are dimensionless values M and can be transformed to absolute chlorophyll ex-

ploiting their empirical relationships. Markwell et al. (1995) established non-linear relationships

(R2 = 0.94) of M with chlorophyll in maize and soybean leaves. To estimate the chlorophyll

content Cchl in our samples, we adapted the polynomial transformation proposed by Markwell

et al. (1995) and Buddenbaum et al. (2012):

Cchl = (10.6 + 7.39M + 0.144M2)⇥ 0.09 (2.1)

where Cchl denotes the estimated chlorophyll content specified in µg.cm�2. The claimed accuracy

of this SPAD device for M is ±1.0 units (Minolta, 1989). To convert M to the same dimensions

as the PROSPECT-D outputs, we applied a multiplication factor (0.09) based on the assumption

that the molecular mass for chlorophyll a+b is 900 g.mol�1.

2.4 Spectral leaf measurement

2.4.1 Instruments

Leaf spectral measurements were done with the ASD FieldSpec 4 Standard-Res device (serial

No 18,130; ASD Inc., Boulder, USA). This instrument has a total of 2151 bands covering the

spectral range from 350 nm to 2500 nm. It has a spectral resolution (FWHM) of 3 nm at 700 nm

and 10 nm resolution at 1400 nm and 2100 nm correspondingly. The discrepancy comes from
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the inherent architecture of this device, as there are three individual sensors covering di↵erent

optical domains. The VNIR (350-1000 nm) detector is a 521 element silicone array while both

SWIR1 (1000-1800 nm) and SWIR2 (1800-2500 nm) are thermo-electrically cooled indium gal-

lium arsenide photodiode detectors. The nominal spectral resolution is between 3 nm in VNIR

and 10 nm in SWIR. The wavelength accuracy as stated by the production company is at 0.5

nm (Danner et al., 2015). We used a plant probe with a leaf clip (model A122317, serial No

455, ASD Inc., Boulder, USA) with a calibrated low-intensity halogen light source. The leaf clip

allows the non-destructive handling of the leaves and the isolation of external illumination. The

reflectances obtained are reflectance factors resulting from bi-directional measurement. Further-

more, we used the spectral acquisition software RS3 (ASD Inc., Boulder, CO, USA) with its

respective instrument configurations (Table A.1) to capture leaf spectra throughout the entire

measurement.

2.4.2 Measurement strategy

Figure 2.5: Field spectral measurement strategy. a) The plant probe with a leaf clip used in
this experiment. b) Flowchart of the measurement procedures.
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Figure 2.6: Timeline of the field spectral measurements. We measured each block once before the
drought, during recovery and after drought. During the drought phases, we repeatedly measured
each block indicated in the timeline. Start of treatment indicate the day of installation of the
cover. Day of treatment (DoT) indicates the number of days from the first application of the
rain covers.

For each sampling day, we constrained the measurement time to ±3 hours from solar noon to

account for consistency in circadian oscillation (Creux & Harmer, 2019). Before taking the

measurements, the ASD Fieldspec was warmed up in-situ for at least 30 minutes to decrease

measurement errors due to variation in ambient and internal temperatures (Hueni & Bialek,

2017). Field spectral measurements consisted of four successive measurements for each leaf: the

white reference Rw, the white reference with target leaf Tw, the black reference Rb, and the black

background reference with target leaf Tb. We gathered 5 readings per scan, totalling 20 scans

per leaf. For each seedling, we measured two random sun-exposed top-of-canopy leaves. Thus,

each seedling underwent a total of 40 scans. We placed the leaf clip on the leaf adaxial surface

preferentially with large enough surface and avoiding the midrib. Following the recommendations

for spectral in-situ measurements with the leaf clip from Petibon et al. (2021), we systemically

recorded metadata such as measurement protocol and environmental conditions. We measured

di↵erent spots of the samples over the whole experiment due to possible chemical alterations in

the leaf by prolonged exposure to light and quantified the measurement uncertainties in relation

to the overall spectral variation. We also recalibrated the sensors with the RS3 software against

the white reference background of the leaf clip after measuring 10 seedlings.

2.4.3 Spectral data preprocessing

To process the spectral data, we employed the R statistical software (v4.3.1) (R Core Team,

2023) with the spectrolab package (v0.0.18) (Meireles & Schweiger, 2020). We first conducted a

visual inspection with ViewSpec Pro (v6.20) (ASD Inc., Boulder, CO, USA) to identify artifacts
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in the captured raw spectra. Any erroneous data such as reflectance values clearly above 1 or

wrong measurement types were discarded. We then spliced the bands at sensor transitions, and

interpolated the sliced bands using the match sensor() function. Due to the low signal:noise

ratio and higher absolute uncertainty in the 350-400 nm region (Figure 3.14), we only used the

spectral range spanning from 400 to 2500 nm (Petibon et al., 2021).

To calculate the total reflectance of each leaf, we first took the mean of the five scans for each

measurement:

R̄i = (Ri,1 +Ri,2 +Ri,3 +Ri,4 +Ri,5)/5 (2.2)

where

i = {Rw, Rb, Tw, Tb} (2.3)

The mean reflectance values were then used to calculate the leaf sample reflectance Rl based on

the equation by Petibon et al. (2021) and Miller et al. (1992). The result indicates a dimensionless

ratio between 0 and 1, where 0 is no reflectance and 1 is complete reflectance:

Rl =
Tb ⇥Rw � Tw ⇥Rb

Rw �Rb
(2.4)

We processed a total of 2634 spectra spanning the entire duration of the experiment. The

calculated Rl were used to retrieve indices and used as input parameter for the PROSPECT-D

inversion described in Sections 2.5 and in 2.6, respectively.

2.5 Leaf trait retrieval with spectral indices

We derive information about leaf traits by calculating indices with the measured reflectance

spectra. We used previously published spectral indices that correlate with leaf biochemical

traits and functional traits:

1. Chlorophylls: Chlorophylls characteristically show strong absorption in blue and

red regions of VIS capturing light for photosynthesis, while maximal absorbance

occurs around 670 nm. Due to spectral interference in blue with carotenoids as

well as anthocyanins in green, many empirical models use reflectances in the 700

nm regions (Buschmann & Nagel, 1993; Datt, 1999; Lichtenthaler et al., 1996). We
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used NDSR based on Sims and Gamon (2002), which considers R from the centre of

the broad range bands of the typically used normalized di↵erence vegetation index

(NDVI) in remote sensing. We also calculated ChlNDI developed by Gitelson and

Merzlyak (1994), which is directly proportional to chlorophyll content. Furthermore,

we estimated CIre, which is based on the transitional wavelength position between

low reflectance in red and high reflectance in NIR. Both ChlNDI and the red edge

parameter are rather insensitive to the saturation e↵ect (Jacquemoud & Ustin, 2019;

Sims & Gamon, 2002).

2. Carotenoids: It is technically more di�cult to estimate carotenoid content through

indices because of the overlap between chlorophyll and carotenoid absorption peaks.

Estimating the ratio of carotenoid to chlorophylls for relative carotenoid content

are consequently more successful. Therefore, we used CCI developed by Gamon

et al. (2016) for tracking seasonal dependent photosynthetic rates. Similarly, we

estimated PRI as proxy for photosynthetic light use e�ciency based on Sims and

Gamon (2002). Both are carotenoid-sensitive indices and practical tools to monitor

photosynthetic activity (Sasagawa et al., 2022). A novel index CARI developed by

Zhou et al. (2017) showed increased correlations for carotenoid estimation in large

synthetic dataset simulated in PROSPECT.

3. Anthocyanins: Similar to carotenoids, the absorption of anthocyanins with a peak

absorption at around 550 nm coincides with chlorophyll absorption, leading to com-

parable challenges in their estimation (Sims & Gamon, 2002). Thus, we used RGR

based on the red:green ratio by Gamon and Surfus (1999), which was capable of

estimating the anthocyanin to chlorophyll ratio. We used ARI developed by Gitel-

son et al. (2001), allowing the accurate estimation of anthocyanin accumulation in

stressed leaves.

4. Leaf water potential  and moisture stress:  is an indicator of the whole

plant water status and measure how a plant may respond to water stress (Rodriguez-

Dominguez et al., 2022). We used WABI, a spectral index used for proximally

tracking water status changes in grapevines (Rapaport et al., 2017) and we used

MSI developed by Hunt Jr. and Rock (1989), which is correlated to relative water

content to infer to moisture stress.

5. Equivalent water thickness (EWT): EWT is associated with leaf-level water

status and thus sensitive to dryness stress. EWT can be calculated either by di-

rectly measuring the variables (Equation 2.13) or estimated with indices (Féret et

al., 2019). We also used the semi-empirical WI from Datt (1999) and NDWI to

estimate water content and are widely used across the remote sensing community

(Gao, 1996; Xu, 2006).
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6. Biomass: Comparable to EWT, LMA can be directly calculated (Equation 2.12)

or estimated with indices. We used the NDLMA developed by Lemaire et al.

(2008) on leaf canopy biomass and tested by Féret et al. (2011) with equally fair

results on synthetic datasets of PROSPECT simulations. Foliar nitrogen and foliar

lignin concentration are usually estimated when assessing ecosystem processes such

as growth and decomposition. They have an absorption peak at 1510 nm and 1754

nm respectively. We hence computed NDNI and NDLI based on Serrano et al.

(2002), who assessed nitrogen and lignin in shrub vegetation. The CAI was used to

estimate cellulose absorption by exploiting the absorption peak caused by cellulose

and lignin at around 2100 nm. This index was developed by Daughtry et al. (2004),

who found a correlation between crop residue and CAI.

7. Epicuticular wax (EW): EW in plants may be considered as the first line of pro-

tection against biotic and abiotic stressors. It is also associated with resilience to

drought stress and heat (Guo et al., 2016). The extraction, however, comes with

di�culties as EW absorption peaks overlap with those associated with photosynthe-

sis and water. We used EWI as the most accurate narrow-band index developed by

Camarillo-Castillo et al. (2021) to estimate EW.

To retrieve the leaf traits, we applied the equations summarized in Table 2.2 on the respective R�,

where � indicates the wavelength. Depending on the type of index, we calculate dimensionless

simple ratio values or dimensionless normalized di↵erence values.

2.6 Leaf trait retrieval with PROSPECT-D inversion

Figure 2.7: Flowchart of the retrieval of leaf traits with the PROSPECT-D inversion.
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Table 2.2: Summary of spectral indices including equation, author, and year of publication. R�

indicates reflectance at wavelength �.

Trait Index Short Formula Reference

Chloro-
phyll

Normalized
Di↵erence
Simple Ratio

NDSR (R800 �R680)/(R800 +R680) Sims and Gamon
(2002)

Chloro-
phyll

Chlorophyll
Normalized
Di↵erence
Index

ChlNDI (R750 �R705)/(R750 +R705) Gitelson and Mer-
zlyak (1994)

Chloro-
phyll

Red-Edge
Chlorophyll
Index

CIre (R783/RR704)� 1 Gitelson (2005)

Chl/Car Chlorophyll/
Carotenoid Index

CCI (R528 �R665)/(R528 +R665) Gamon et al. (2016)

Chl/Car Photochemical
Reflectance Index

PRI (R531 �R570)/(R531 +R570) Sims and Gamon
(2002)

Carote-
noid

Carotenoid Index CARI (R720/RR521)� 1 Zhou et al. (2017)

Antho-
cyanin

Red:Green Ratio RGR
Red

Green =

699P
i=600

Ri

599P
i=500

Ri

Gamon and Surfus
(1999)

Antho-
cyanin

Anthocyanin
Reflectance Index

ARI R�1
550 �R�1

700 Gitelson et al.
(2001)

 Water
Balance Index

WABI (R1490 �R531)/(R1490 +R531) Rapaport et al.
(2015)

Water Moisture
Stress Index

MSI R1600/R820 Hunt Jr. and Rock
(1989)

Water Water Index WI R900/R970 Datt (1999)

Water Normalized
Di↵erence
Water Index

NDWI (R860 �R1240)/(R860 +R1240) Gao (1996)

LMA Normalized
Di↵erence
Leaf Mass Area

NDLMA (R1368 �R1722)/(R1368 +R1722) Lemaire et al.
(2008)

Nitrogen Normalized
Di↵erence
Nitrogen Index

NDNI
log(R�1

1510)�log(R�1
1680)

log(R�1
1510)�log(R�1

1680)
Serrano et al. (2002)

Lignin Normalized
Di↵erence
Lignin Index

NDLI
log(R�1

1754)�log(R�1
1680)

log(R�1
1754)�log(R�1

1680)
Serrano et al. (2002)

Cellulose Cellulose
Absorption
Index

CAI 0.5⇥ (R2000 +R2200)�R2100 Daughtry et al.
(2004)

EW Epicuticular
Wax Index

EWI (R625 ⇥ (R�1
739 �R�1

832) Camarillo-Castillo
et al. (2021)
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To run PROSPECT-D, we employed the prospect package (v1.3.0) by Féret et al. (2017) in the

R statistical software (v4.3.1) (R Core Team, 2023). To use the inversion and thus to estimate

the output parameters, we called the function Invert PROSPECT(), which uses the iterative

optimization algorithm in the fmincon() function included in the pracma package (v2.4.2). We

used the root-mean-squared error (RMSE) merit function, which minimizes the RMSE between

the simulated and measured properties. We used PROSPECT version D over previous versions

because of its improved trait parametrization over a larger database and the inclusion of relevant

traits such as anthocyanin content (Jacquemoud & Ustin, 2019). Table 2.3 summarizes the input

parameters and their variable ranges in PROSPECT-D.

Table 2.3: PROSPECT-D input parameters used for the computation of leaf reflectance and
they display the natural occurring variation (Jacquemoud & Ustin, 2019). The units and the
range of variation are listed.

Parameter Range of Variation Unit

N 1-4 -
Cab 0-100 µg.cm�2

Cant 0-40 µg.cm�2

Ccar 0-40 µg.cm�2

Cm 0-0.05 g.cm�2

Cw 0-0.05 g.cm�2

We followed the recommendations of Spa↵ord et al. (2021) to obtain prior information on the

leaf structure parameter N when only R is measured. N is estimated simultaneously with

other traits otherwise. Their study found significantly improved estimations of leaf traits when

N is determined a priori particularly when only R is measured. We determined N using the

integrated function Get Nprior(), which computes N when R is measured over the full spectral

range with the following linear model:

NR = 1.83⇥ R1131

1�R1131
+ 0.0711 (2.5)

Spa↵ord et al. (2021) further found improved performance when optical subdomains are used.

This means only a certain range of wavelengths are used for the retrieval of certain traits (i.e.,

700-720 nm and 520-560 nm for Cab and Ccar, or 1700-2400 nm for Cm and Cw). We ran the inver-

sion for both whole spectra and optical subdomains with the function Invert PROSPECT OPT()

after prior estimation of N . We estimated the following traits:

c(Cab, Cant, Ccar, Cm, Cw) (2.6)

with the defined input parameters as initial values for the optimization:
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c(Cab = 40, Cant = 0, Ccar = 8, Cm = 0.01, Cw = 0.01,↵ = 40, N = NR) (2.7)

Hereby, leaf surface roughness and anisotropic structure is imitated with assessing the incident

radiation expressed as ↵. N = NR is the prior estimated N for each iteration. Cm and Cw are

di↵erent expressions for LMA and EWT respectively (Spa↵ord et al., 2021). Based on the post

hoc accuracy assessment (Table 3.8), we used the more accurate spectral input for our dataset

(whole spectrum: Cab, Ccar, LMA; optimal spectrum: Cant, EWT).

2.7 Measurement uncertainties and biological variation

Optical measurements come with inherent measurement uncertainties due to characteristics of

the measurement device (i.e., field spectroradiometer, leaf clip). Experimental conditions are also

a source of uncertainty. Thus, both contribute to the total spectral variation (Hueni & Bialek,

2017). When assessing species trait variation through spectral measurements, it is crucial to

quantify the associated uncertainties within spectral variation (Petibon et al., 2021).

To calculate the absolute measurement uncertainty Uabs,Rl
, we employed the following equation

from Li et al. (2023), which is derived from Petibon et al. (2021) and Miller et al. (1992). �

signifies the standard deviation and n the scan sample size:

U2
abs,Rl

=

✓
Rb ⇥ (Tw � Tb)

(Rw �Rb)2

◆2✓�Rwp
n

◆2

+

✓
Rb

Rw �Rb

◆2✓�Twp
n

◆2

+

✓
Rw ⇥ (Tw � Tb)

(Rw �Rb)2

◆2✓�Rbp
n

◆2

+

✓
Rw

Rw �Rb

◆2✓�Tbp
n

◆2
(2.8)

The relative uncertainty Urel,Rl
in % can then be computed as a ratio of Uabs,Rl

and Rl:

Urel,Rl
=

Uabs,Rl

Rl
⇥ 100 (2.9)

To calculate the spectral variation Vs in %, which is also defined as the coe�cient of variation

(CV) in Petibon et al. (2021), we used the following equation:

Vs =
�

Rl
⇥ 100 (2.10)
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From which we then calculate the biological variation Vb for each wavelength as %:

Vb = Vs � Urel,Rl
(2.11)

Vb quantifies the variation in the spectrum that is caused by di↵erences in LOPs such that we

can infer to variation depending on the measurement period and treatment groups.

2.8 Validation of the PROSPECT-D inversion

Figure 2.8: Flowchart of the validation of the PROSPECT-D inversion with sequential extraction
and subsequent analysis.

To ensure the reliability of this model, we conducted a validation process with a validation

dataset based on an established pigment extraction protocol by Petibon and Wiesenberg (2022).

They developed a validated methodology for sequential extraction and subsequent high-performance

liquid chromatography analysis (HPLC) of pigments in F. sylvatica among other European de-

ciduous species.

In this section, we detail the approach (Figure 2.8) to validate the PROSPECT-D output for

both optical subdomains and whole spectra for each leaf trait and assess their accuracy.
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2.8.1 Sample selection

We collected leaves (n=55) across the control and treatment group in June before and during the

first drought simulation from which we used a subset for the pigment extraction. The leaf samples

were stored in non-transparent plastic bags immediately after their spectral measurement and

transported to a deep-freezer at -80°C to prevent degradation of the pigments.

To ensure a robust representation of our data, we first calculated the three indices RGR, NDSR

and PRI (Table 2.2), which surrogated for relative anthocyanin, chlorophyll, and carotenoid

content respectively for all the collected samples. Secondly, we clustered the calculated indices

based on k-means in python (v3.9.7) (Figure A.5) from the sklearn library (v1.3.2) from Pe-

dregosa et al. (2012). We took a total of 20 samples which represents the full range of the

pigments for the subsequent extraction.

2.8.2 Sampling leaf functional traits

Before the pigment extraction, we measured the leaves for their fresh weight fw using a semi-

microscale balance (0.015 mg repeatability) and area Aleaf using the point tool and a known

distance (Figure A.6) in the image analysis program ImageJ (v1.38) (Schneider et al., 2012).

The leaves were then freeze-dried overnight using the lyophilizer Alpha 2-4 LD plus (Martin

Christ, Osterode am Harz, Germany) and weighed again for their dry weight dw. In addition

to the selected HPLC samples, we took additional samples (n=55) for their fw and Aleaf. The

fresh leaves were stored in paper bags and directly put into an oven at 70°C for 72 h, after which

we weighed the dry leaves for dw.

To calculate LMA for both sampling batches, we applied the following equation adapted from

Féret et al. (2019), where dw indicates oven-dry weight and Aleaf the one-sided leaf area. The

result is specified in mg.cm�2:

leaf mass per area =
dw

Aleaf
(2.12)

We calculated EWT specified in mg.cm�2 using the following equation by Féret et al. (2019),

where fw refers to fresh leaf weight:

equivalent water thickness =
fw � dw

Aleaf
(2.13)
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2.8.3 Sequential pigment extraction

For the extraction we used the following solvents: acetone (� 99.9%, Carl Roth, Karlsruhe,

Germany) and n-hexane (� 95%, Carl Roth, Karlsruhe, Germany), which were UltraGrade.

Isopropanol (� 99.9%, Sigma-Aldrich, Steinheim, Germany) is LC grade. We modified the

previously published protocol by Petibon and Wiesenberg (2022).

All procedures were done under subdued light to avoid pigment degradation by light exposure.

We prepared the dried leaf samples by carefully removing the mid-vein and manually grounding

the leaf in liquid nitrogen to homogenized leaf powder with a mortar and a pestle. We then

filled each amber glass vials with 17-22 mg of ground leaf powder. The vials and the solvents

were stored in the freezer at -20°C for later use.

We performed a sequential extraction with the following solvents in this order:

1. acetone:water(deion.) (85:15, v/v)

2. acetone (100%)

3. isopropanol:n-hexane (2:1, v/v)

We added ⇡0.8 ml of cooled solvent to the leaf powder vial and then agitated the solution with

a vortex stirrer. We left the solution to settle before filtering it on a 1 µm glass-fiber filter

(Macharey-Nagel, Dueren, Germany) and transferring it to a 10 ml amber vial, which was kept

cool. We repeated this procedure three times for each solvent. We then concentrated the elu-

ate, first by nitrogen evaporation with a sample concentrator (Cole-Parmer, Vernon Hills, USA)

and steel needle inlets under a steady stream of N2 and secondly with a concentrator plus cen-

trifuge (Vaudaux-Eppendorf, Basel-Land, Switzerland) under vacuum. Before chromatographic

separation, we redissolved the eluate and transferred it to a 1.5 ml autosampler vial with inserts.

2.8.4 Chromatographic separation

We used the following reagents as eluents: Ultrapure water deionised with Milli-Q Advantage

A10 purification (Merck, Darmstadt, Germany). Both methanol (99.9%, Carl Roth, Karlsruhe,

Germany) and ethyl acetate (� 99.8%, Merck, Darmstadt, Germany) were hypergrade LC-MS.

Formic acid (� 98%, Sigma-Aldrich, Steinheim, Germany) was used as well.

The chromatographic separation was performed on the Agilent 1290 Infinity UHPLC system

(Agilent Technologies, Santa Clara, USA) with integrated binary pump (Agilent G4220A) and

autosampler (Agilent G4226A) with tray cooler kept at 4°C. The column oven was equipped

with a InfinityLab Poroshell 120SB � C18 (4.6 x 150 mm, particle size of 2.7 µm, Agilent)

column and kept at 10°C. The detection was done with a diode array detector (DAD) (Agilent

VL+G1315C).
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For the HPLC analysis, we used the following eluents:

• Eluent A: water:formic acid (500:1, v/v, pH 2.5)

• Eluent B: methanol:ethyl acetate (68:32, v/v)

Directly before the HPLC measurement, we redissolved the samples in a known volume of 50 µl

of isopropanol:n-hexane (2:1, v/v) and 250 µl of acetone:water (85:15, v/v). Injection volume per

sample was 15 µl and the flow rate for the chromatographic separation was 0.5 ml per minute.

The total run time of the chromatographic separation was 44 min. The method gradient with

eluent A and eluent B can be found in Table A.3.

2.8.5 Identification and quantification of pigment concentration

We used the following analytical standards to derive the calibration curves: Chlorophylls:

chlorophyll a (� 95.0%, HPLC) and chlorophyll b (� 95.0%, HPLC). Carotenoids: ↵-carotene

(� 97.0%, HPLC), �-carotene (� 95.0%, HPLC), xantophyll (marigold), lutein (� 96.0%,

HPLC), neoxanthin (� 97.0%, HPLC), and zeaxanthin (� 96.0%, HPLC). Anthocyanins: del-

phinidin chloride (� 95.0%, HPLC), cyanidin chloride (� 98.0%, HPLC), and pelargonidin

chloride. All standards were purchased from Sigma-Aldrich (Steinheim, Germany). Due to dif-

ferent polarities, we used di↵erent solvents for the analytical standards. The derived calibration

curves are found in Figure A.7.

We identified the main pigments based on the absorption spectra and retention time (RT) of the

analytical standards (Figure A.8). We categorized chlorophylls at the 665 nm and carotenoids

at the 450 nm chromatograms, which is based on one of their absorption maxima. The global

absorption maxima does not always convey accurate readings due to over saturation at the

respective wavelength. Other compound peaks, for which we do not have analytical standards,

were identified based on the decision tree provided by Petibon and Wiesenberg (2022) as either

derivatives or unknown compounds. We categorized peaks with small absorption (< 5 mAU)

in combination with low signal:noise ratio as unknown. Moreover, due to their relatively high

absorption contribution in the chromatograms, we identified pheophytin a and pheophytin b,

which are demetallized chlorophyll a and chlorophyll b based on their unique absorption spectra

respectively (Figure A.9) (Petrovic et al., 2012).

For peak area integration, we used the OpenLAB CDS ChemStation software by Agilent (Santa

Clara, USA). Quantification was based on the compound peak areas Apeak as absorption units

specified in mAU in their predefined wavelength and the regression function of their calibration

curves x = (y � b)/a, where x is the pigment concentration specified in µg.ml�1 (Figure A.7).

Given the known solvent volume (0.3 ml), the previously determined ground leaf weight mg, dw

and the leaf area (Aleaf), we normalized the pigment per area Cpigment specified in g.cm�2:
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Cpigment =

✓
Apeak � b

a

◆
⇥ 0.3⇥m�1

g ⇥ dw ⇥A�1
leaf (2.14)

This calculation has been performed for each identified compound for which we had analytical

standards. We did not include any derivatives into the peak area integration because of the lack

of their standard spectra. The normalized outputs of the HPLC analysis were then summarized

in either Cab or Ccar and were used to validate leaf traits from the PROSPECT-D inversion and

assessed for accuracy.

2.9 Data analysis

2.9.1 Statistical analyses

Since we measured two leaves per seedling, we took the arithmetic mean of the indices and the

model outputs. The statistical analysis was conducted using the statistics software R (v4.3.1)

(R Core Team, 2023).

To meet the model assumptions, we removed some outliers. We did a visual inspection of the

histogram using hist(), residuals versus fits and QQ-plot using qqPlot() to identify outliers. We

discovered that by excluding all seedlings which exhibited strong wilting (wilting index � 2)

and NDWI < 0, we were able to meet the model assumptions. The outliers (n=12) contained

seedlings from multiple provenances but all belonged to the drought treatment.

We performed a one-way analysis of variance (ANOVA) for the first drought period to assess

the significance of di↵erent sources of variation in the model. We used the multiple regression

function lm() of the stats package (v3.6.2) to fit the model and subsequently conducted the

one-way ANOVA with the function anova() on the model. We set out the following formula:

Ŷ ⇠ length + treatment * provenance (2.15)

which converts to this regression model:

Ŷ = �0 + �1 · length + �2 · group + �3 · provenance + �4 · (treatment⇥ provenance) + ✏ (2.16)

where Ŷ is the dependent response variable (such as Cchl, index, or modelled trait) which is

regressed over the predictor variables length, treatment, provenance, and the interaction treat-
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ment ⇥ provenance. For the ANOVA, we assume randomness in the observations, homogeneous

variances in each group and normality in the response variable. We considered p  0.05 as our

significance threshold.

When there were significant di↵erences in provenances and the interaction group ⇥ provenance,

we applied the Tukey’s honestly significant di↵erence (HSD) post hoc test with the function

HSD.test() of the agricolae package (v.1.3.7) (Felipe de Mendiburu & Muhammad Yaseen, 2020)

to determine which specific provenances di↵er significantly from each other.

2.9.2 Log response ratios

Ecological research may resort to log response ratio (LRR, or RR) to compute outcomes of

ecological experiments. This metric for e↵ect size quantifies the log-proportional change of the

mean of the treatment and the control group (Lajeunesse, 2016). A strength of this method

is that it linearizes its metric, treating the deviations in the numerator and denominator in

the same way. To calculate the LRR and to subsequently compute the variations of a leaf

trait between the provenances we adapted the following equation from Hedges et al. (1999) and

Bakbergenuly et al. (2020):

�̂i = ln(X̄T /X̄C) (2.17)

where �̂i indicates the LRR and X̄ denotes the observed means of each treatment (T ) and

control (C) group. Since the logarithm is only defined for positive values and some indices show

a series of negative and positive values, we apply an o↵set transformation by adding a constant

c, where c equals to 1 except for ARI, where c equals to 3:

�̂i = ln(X̄T + c/X̄C + c) (2.18)

Following, the standard error SE can then be computed as:

SE�̂i
=

s
s2T

nT X̄2
T

+
s2C

nCX̄2
C

(2.19)

where s denotes standard deviations and n the sample sizes of the groups. We incorporated the

outliers in the computation and visualization of the LRR, however, we did not calculate LRR

for a subset of provenances where sample sizes were too small to compute standard errors (i.e.,

ITM, ITE, ITB, and PLB).
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2.9.3 Model accuracy assessment of PROSPECT-D inversion

To assess the accuracy of the PROSPECT-D inversion, we performed a linear model for LMA,

EWT, Cab, and Ccar between the measured and simulated values each over the whole and optimal

spectral range. We used the function lm() of the stats package (v3.6.2) to build the model. We

then quantified the intercept �0, the slope �1, and the coe�cient of determination R2, which

measures the percentage of variance explained by the correlation between the measured and

simulated values. We also calculated the RMSE and the normalized RMSE (NRMSE) to assess

the accuracy of the regression model. Both RMSE and NRMSE represent error measures, where

RMSE shows the average magnitude of the residuals and NRMSE scales the RMSE with the

range of the observed values.
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Chapter 3

Results

3.1 Lower soil moisture in drought treatment

Using TMS-4 probes, we tracked soil moisture and air temperature for 20 pots throughout the

experiment (Figure 3.3a). During the first drought, the mean raw time-domain transmission

(TDT) value was 1913 units for the control group and 1578 units for the treatment group. In

the second drought, the mean raw TDT value was 1971 units for the control group and 1582

units for the treatment group. Control and treatment group thus showed di↵erences in soil

moisture during both drought periods but were comparable (mean control: 2009 units, mean

treatment: 2125 units) during the recovery phase. This implies that the treatment group had

less soil water available during both drought periods. Jumps in soil moisture readings are due

to the targeted irrigation of the control group. Furthermore, we found an inverse relationship

between soil moisture and tree length for both control and treatment group, implying that longer

seedlings tended to have less soil moisture in their pots (Figure 3.4).

Weather conditions, such as local air temperature, precipitation and relative humidity, were

measured throughout the experiment with ATMOS 41 (Figure 3.3a-b). During the first drought

period, mean temperature measured by the TMS-4 probes was 21.6°C (ranging from 8.9°C to

35.1°C) and the local air temperature measured by ATMOS 41 was 20.5°C. This discrepancy

could have been due to the black rain covers absorbing the sunlight and thus warming up the

soil temperature. Mean relative humidity was 63% and there were 6 days with precipitation

accumulating a total of 36 mm of rain. During the second drought period, mean air tempera-

ture between TMS-4 probes was 21.1°C (ranging from 10.5°C to 37.9°C) and di↵ered also from

ATMOS 41 (19.7°C). Mean relative humidity was 76% and there were 11 days with precipitation

accumulating a total of 25 mm of rain. The second drought period was characterized by cloudy

conditions and spontaneous precipitation.

Morphological changes such as leaf wilting, bleaching, or defoliation gave us an insight into the

seedling’s current health (Figure A.2). We monitored the seedlings each day. Some seedlings
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seemingly showed visual drought symptoms (Figure 3.1, while most of the seedlings did not

(Figure 3.2). If needed, we reacted by giving a predefined amount of water to prevent tree

mortality. All seedlings survived.

Figure 3.1: Time series of a seedling (CHL) during the first drought simulation. The di↵erence
between each photograph is 3 days, with increasing number of rain-free days from left to right.

Figure 3.2: Time series of a seedling (BES) during the first drought simulation. There are no
visual drought symptoms despite it undergoing drought treatment.
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Figure 3.3: Weather conditions and soil moisture during the experiment. a) Soil moisture of
control and treatment group specified in raw uncalibrated time-domain transmission (TDT)
values and precipitation measured with the ATMOS 41. b) Temperature inside the covers
measured by TMS-4, mean air temperature and relative humidity measured by ATMOS 41.
Dashed lines indicate start and end of the drought periods.
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Figure 3.4: Length of the seedlings measured before the first drought period against mean soil
moisture values expressed as raw TDT values for treatment and control group. There was a
negative association between soil moisture and tree length in both treatment (R2 = 0.420) and
control group (R2 = 0.521).

3.2 Treatment had no e↵ect on chlorophyll measured with SPAD.

We looked at the response of Cchl from SPAD to seedling length, treatment, provenance, and

the interaction drought treatment ⇥ provenance during the first drought period. The one-way

ANOVA revealed that there was no statistically significant di↵erence in Cchl between drought

treatment and control (F(1,134) = 0.03, p = 0.866) (Figure 3.5) but a statistical di↵erence

between provenances (F(15,134) = 2.20, p = 0.009) (Table 3.1). Tukey’s HSD post hoc test

revealed grouping of the means in which ITE and ITB were significantly di↵erent to the other

provenances, however, sample sizes in these two provenances were small (Table A.2).

20
25

30
35

(µ
g/
cm

2 ) Cchl

Figure 3.5: Converted Cchl from SPAD values in treatment and control group during the first
drought period.
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Table 3.1: One-way ANOVA table on linear model with Cchl measured with SPAD as dependent
observation and length, treatment, provenance, and the interaction treatment ⇥ provenance as
independent factors during the first drought period. Significant values are in bold (p  0.05).

Index Factor DF F value p value

Cchl Length 1 1.98 0.162

Treatment 1 0.03 0.866

Provenance 15 2.20 0.009

Treatment ⇥ Provenance 15 1.08 0.379

Residuals 134

3.3 Treatment e↵ects on leaf traits derived from spectral indices

3.3.1 Leaf pigments

We ran linear models for nine spectral indices relating to leaf pigments, using seedling length,

treatment, provenance, and the interaction treatment ⇥ provenances as fixed e↵ects from the

first drought period in the one-way ANOVA. For chlorophyll indices NDSR, ChlNDI and CIre,

we found a statistically significant di↵erence between control and treatment with a lower index

value in the treatment group (Figure 3.6a). Furthermore, length was significant for ChlNDI and

CIre (Table 3.2). Similar to chlorophyll, carotenoid related indices were significantly decreased

between treatment and control: CCI (F(1,135) = 16.49, p < 0.001), CARI (F(1,132) = 33.54,

p < 0.001) and PRI (F(1,135) = 33.49, p < 0.001) (Figure 3.6b). For PRI we found that the

length was significantly di↵erent (Table 3.3). In both indices related to anthocyanin, namely

RGR and ARI, we found increased values in the treatment group in contrast to the control group

(Figure 3.6c). Additionally, length was significant for ARI (Table 3.4). Provenance was never

significant and neither was the interaction treatment ⇥ provenance for chlorophyll, carotenoid,

and anthocyanin related indices. We thus observed variation between control and treatment,

but not between provenances and their response to drought.

Figure 3.8 shows the log response ratios (LRRs) of indices related to pigments. The general

direction of the e↵ect sizes was negative for chlorophyll and carotenoid indices, demonstrating

the decrease of the index value as a response to the drought treatment. We observed the

opposite in anthocyanin indices, which had a positive e↵ect size. Provenances such as RSF

showed a higher magnitude as a response compared to other provenances.

3.3.2 Leaf water potential and water content

We further ran a linear model on four indices related to water potential and water content

on length, treatment, provenance and the interaction treatment ⇥ provenance in the one-way

ANOVA during the first drought period. Water content indices WI and NDWI did not di↵er
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significantly between the control and treatment groups as opposed to water potential index

WABI, which had decreased index values, and moisture stress index MSI, which had increased

index values (Figure 3.7a-b, Table 3.5). WABI and WI had significant di↵erences in length. We

did not find any significant di↵erences for the interaction drought treatment ⇥ provenance for

water potential and water content related indices (Table 3.5)

There was no general direction of the e↵ect sizes for the moisture stress and water content

related indices (Figure 3.9a-c) and e↵ect sizes were small in general. Only the water potential

index exhibited positive and negative responses (Figure 3.9d).

3.3.3 Biomass and epicuticular wax

None of the biomass (NDLMA, NDNI, NDLI, CAI) and epicuticular wax (EWI) indices showed

any significant di↵erences between control and treatment (Figure 3.7c-d) in the ANOVA. NDLMA,

CAI, and EWI were significantly influenced by seedling length. Furthermore, we found a signif-

icant e↵ect of provenance for NDLI and NDNI (Table 3.6). Tukey’s HSD post hoc analysis in

NDLI revealed that ITB and ITE were significantly di↵erent to the other provenances. Similarly,

NDNI also showed significant di↵erences in provenances ITE, ITM, and PLB. However, these

provenances had small sample sizes (Table A.2). We did not find any significant di↵erences in

the interaction treatment ⇥ provenance for biomass and wax related indices (Table 3.6). Similar

to water content indices, there was no general direction of the e↵ect sizes for the biomass and

wax related indices as most of the LRRs were located around zero (Figure 3.10a-e).
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Table 3.2: One-way ANOVA table on linear model with chlorophyll spectral indices as depen-
dent observation and length, group provenance and the interaction treatment ⇥ provenance as
independent factors during the first drought period. Significant values are in bold (p  0.05).

Index Factor DF F value p value

NDSR Length 1 0.86 0.356

Treatment 1 26.99 < 0.001

Provenance 15 1.02 0.438

Treatment ⇥ Provenance 14 0.30 0.993

Residuals 127

ChlNDI Length 1 10.01 0.002

Treatment 1 33.54 < 0.001

Provenance 15 1.09 0.374

Treatment ⇥ Provenance 15 0.66 0.819

Residuals 132

CIre Length 1 6.76 0.010

Treatment 1 33.49 < 0.001

Provenance 15 1.20 0.278

Treatment ⇥ Provenance 13 0.55 0.887

Residuals 129

Table 3.3: One-way ANOVA table on linear model with carotenoid spectral indices as depen-
dent observation and length, group provenance and the interaction treatment ⇥ provenance as
independent factors during the first drought period. Significant values are in bold (p  0.05).

Index Factor DF F value p value

CCI Length 1 3.87 0.0512

Treatment 1 16.49 < 0.001

Provenance 15 0.64 0.839

Treatment ⇥ Provenance 14 0.85 0.611

Residuals 135

CARI Length 1 2.48 0.117

Treatment 1 15.05 < 0.001

Provenance 15 1.55 0.096

Treatment ⇥ Provenance 14 1.34 0.191

Residuals 132

PRI Length 1 6.83 0.010

Treatment 1 34.89 < 0.001

Provenance 15 1.24 0.249

Treatment ⇥ Provenance 13 0.96 0.503

Residuals 135
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Table 3.4: One-way ANOVA table on linear model with anthocyanin spectral indices as depen-
dent observation and length, group provenance and the interaction treatment ⇥ provenance as
independent factors during the first drought period. Significant values are in bold (p  0.05).

Index Factor DF F value p value

RGR Length 1 0.56 0.455

Treatment 1 30.33 < 0.001

Provenance 15 0.59 0.877

Treatment ⇥ Provenance 14 0.46 0.949

Residuals 133

ARI Length 1 12.87 < 0.001

Treatment 1 5.69 0.019

Provenance 15 1.55 0.831

Treatment ⇥ Provenance 14 1.34 0.832

Residuals 131

Table 3.5: One-way ANOVA table on linear model with spectral indices related to water content
as dependent observation and length, drought treatment, provenance and the interaction treat-
ment ⇥ provenance as independent factors during the first drought period. Significant values
are shown in bold (p  0.05).

Index Factor DF F value p value

WABI Length 1 5.34 0.022

Treatment 1 26.23 < 0.001

Provenance 15 1.15 0.321

Treatment ⇥ Provenance 15 1.19 0.287

Residuals 132

MSI Length 1 2.48 0.117

Treatment 1 15.05 < 0.001

Provenance 15 1.55 0.096

Treatment ⇥ Provenance 14 1.34 0.191

Residuals 132

WI Length 1 4.46 0.037

Treatment 1 3.04 0.083

Provenance 15 0.67 0.807

Treatment ⇥ Provenance 14 0.32 0.990

Residuals 133

NDWI Length 1 3.22 0.075

Treatment 1 3.63 0.059

Provenance 15 0.63 0.848

Treatment ⇥ Provenance 14 0.41 0.969

Residuals 134
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Table 3.6: One-way ANOVA table on linear model with spectral indices related to biomass and
wax as dependent observation and length, group provenance and the interaction treatment ⇥
provenance as independent factors during the first drought period. Significant values are in bold
(p  0.05).

Index Factor DF F value p value

NDLMA Length 1 9.28 0.003

Treatment 1 0.21 0.646

Provenance 15 1.17 0.300

Treatment ⇥ Provenance 14 1.07 0.394

Residuals 133

NDNI Length 1 1.58 0.211

Treatment 1 0.18 0.670

Provenance 15 1.95 0.024

Treatment ⇥ Provenance 15 0.74 0.737

Residuals 135

NDLI Length 1 0.33 0.569

Treatment 1 3.80 0.053

Provenance 15 2.25 0.007

Treatment ⇥ Provenance 15 0.91 0.555

Residuals 135

CAI Length 1 37.80 < 0.001

Treatment 1 1.63 0.204

Provenance 15 1.26 0.237

Treatment ⇥ Provenance 15 0.82 0.654

Residuals 134

EWI Length 1 27.19 < 0.001

Treatment 1 0.88 0.349

Provenance 15 0.84 0.637

Treatment ⇥ Provenance 14 0.91 0.548

Residuals 134
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Figure 3.6: The distribution of a) chlorophyll, b) carotenoid, and c) anthocyanin indices in
treatment and control group during the first drought period. ANOVA significance code is as
followed: p  0.001 ’***’, p  0.01 ’**’, p  0.05 ’*’.
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Figure 3.7: The distribution of a) water potential index, b) water content indices, c) biomass
indices, and d) wax index in treatment and control group during the first drought period.
ANOVA significance code is as followed: p  0.001 ’***’, p  0.01 ’**’, p  0.05 ’*’, p  0.1 ’.’.
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Figure 3.8: a-h) LRRs during the first drought period for indices related to pigments (n=170).
a-c) LRRs of indices related to chlorophyll, d-f) LRRs of indices related to carotenoids and g-h)
LRRs of indices related to anthocyanin. Y-axis represents provenances arranged in ascending
order of mean annual precipitation. X-axis are e↵ect sizes ±1� (LRR).
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Figure 3.9: a-d) LRRs during the first drought period of indices related to water potential and
water content (n=170). a) LRRs of index related to moisture stress, b-c) LRRs of indices related
to water content and d) LRRs of index related to water potential. Y-axis represents provenances
arranged in ascending order of mean annual precipitation. X-axis are e↵ect sizes ±1� (LRR).
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Figure 3.10: a-d) LRRs of indices related to biomass and e) LRRs of index related to epicutic-
ular wax (n=170). Y-axis represents provenances arranged in ascending order of mean annual
precipitation. X-axis are e↵ect sizes ±1� (LRR).
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3.4 Treatment e↵ects on leaf traits derived from the PROSPECT-

D inversion

We regressed six PROSPECT-D inverse modelled traits on length, treatment, provenance and

the interaction treatment ⇥ provenances and applied one-way ANOVA during the first drought

period. Cab was significantly decreased in the treatment group, while Ccar and ratio Cab/Ccar

also showed a decrease (Figure 3.11 and Figure 3.12). We found a significant e↵ect of length

for Cab and for Cab/Ccar. There was no significant di↵erences for EWT and LMA between

control and treatment group. However, we found an e↵ect of provenance for EWT with the

mean grouping summarized in Table A.2. We did not find any significant di↵erences for the

other traits in the provenance and the interaction treatment ⇥ provenance (Table 3.7).

Figure 3.13 shows the LRRs of the PROSPECT-D-derived leaf traits during the first drought

period. We observed a general negative direction for all provenances in Cab and Ccar and

their ratio (Figure 3.13a-b,d). This implied a decrease in both chlorophyll and carotenoid

content, however, the corresponding magnitude was low. Cant showed a positive direction in

most provenances but a few showed negative responses, implying a decrease in anthocyanin

content in only some provenances (Figure 3.13c). The LRRs of EWT and LMA further showed

no general direction as many provenances and their standard deviations were located around zero

(Figure 3.13e-f). There was no general direction of the e↵ect sizes for the moisture stress and

water content related indices (Figure 3.9a-c). However, the water potential index had slightly

positive and negative responses (Figure 3.9d).
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Table 3.7: One-way ANOVA table on linear model with inverse modelled traits as dependent
observation and length, group provenance and the interaction treatment ⇥ provenance as inde-
pendent factors during the first drought period. Significant values are in bold (p  0.05).

Index Factor DF F value p value

Cab Length 1 8.00 0.005

Treatment 1 46.60 < 0.001

Provenance 15 1.62 0.766

Treatment ⇥ Provenance 15 0.89 0.573

Residuals 129

Ccar Length 1 3.23 0.975

Treatment 1 17.32 < 0.001

Provenance 15 1.49 0.118

Treatment ⇥ Provenance 15 0.93 0.53

Residuals 133

Cant Length 1 4.14 0.044

Treatment 1 0.58 0.448

Provenance 15 0.65 0.828

Treatment ⇥ Provenance 15 0.71 0.753

Residuals 129

EWT Length 1 0.63 0.430

Treatment 1 1.03 0.312

Provenance 15 1.77 0.046

Treatment ⇥ Provenance 15 0.76 0.718

Residuals 134

LMA Length 1 0.77 0.381

Treatment 1 0.47 0.493

Provenance 15 1.44 0.139

Treatment ⇥ Provenance 14 0.75 0.726

Residuals 134

Cab/Ccar Length 1 17.01 < 0.001

Treatment 1 34.04 < 0.001

Provenance 15 1.15 0.320

Treatment ⇥ Provenance 14 1.44 0.146

Residuals 125
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Figure 3.11: The distribution of PROSPECT-D inverse modelled leaf traits in treatment and
control group during the first drought period. ANOVA significance code is as followed: p 
0.001 ’***’, p  0.01 ’**’, p  0.05 ’*’.
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Figure 3.12: The distribution of Cab/Ccar in treatment and control group during the first drought
period. ANOVA significance code is as followed: p  0.001 ’***’, p  0.01 ’**’, p  0.05 ’*’.
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Figure 3.13: a-f) LRRs during the first drought period for PROSPECT-D inverse modelled leaf
traits (n=170). a-d) LRRs of pigment content, e) of EWT, and f) of LMA. Y-axis represents
provenances arranged in ascending order of mean annual precipitation. X-axis are e↵ect sizes
±1� (LRR).

3.5 Uncertainties and biological variation

3.5.1 Absolute measurement uncertainties were small over the whole spec-

trum.

We quantified the absolute measurements uncertainties associated with the leaf clip over repeated

reflectance measurements throughout the whole experiment. Over the entire spectral range, we

found several mean uncertainty maxima at 350 nm, 750 nm, 1400 nm, 1880 nm, and 2500 nm.

The 350 nm global maximum and the 2500 nm maximum corresponded to sensor limits, the 750

nm maximum was located on the red-edge while the 1400 nm and 1880 nm maxima were near to

water absorption regions. The highest uncertainty was found in the 350 to 400 nm region with

the maximum of ⇡ 0.0052 ± 0.0020 reflectance units. The noise in this region was due to the low

quantum e�ciency of the VNIR detector in combination with the halogen lamp (Petibon et al.,

2021). Mean absolute uncertainty across all wavelengths without the 350 to 400 nm region was

0.0003 ± 0.0002 (Figure 3.14).
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Figure 3.14: Absolute uncertainties of the field spectrometer readings (n=1317) over the whole
spectral range of 350 to 2500 nm. The spectral data from 350 to 400 nm were discarded due to
high uncertainty. *Dashed line indicates µ = 400 nm.

3.5.2 Spectral variation di↵ered throughout the measurement period and

across spectral domains.

We calculated the spectral variation Vs from measurements done in June, July, and September

using a control block consisting of 18 seedlings. These seedlings did not experience any treatment

and naturally expressed phenology. The mean standard deviation for R of all wavelengths during

the measurement period was 0.031 reflectance units. They varied across June (0.031), July

(0.013) and September (0.043) (Figure 3.15a-d). This indicates that the July measurements

exhibited the smallest variation, whereas September measurements had the highest variation.

The biological variation Vb exhibited similar patterns. Mean Vb of all wavelengths during the

measurement period was 15.45% and varied across June (15.19%), July (5.85%) and September

(18.28%). Mean Urel of all wavelengths during the measurement period was 0.096 ± 0.048%

and remained similar throughout the measurements: June (0.096 ± 0.048%), July (0.101 ±
0.045%) and September (0.089 ± 0.045%). The Urel across all wavelengths represented 0.83

± 0.66% of the Vs on average with a maximum of 7.24% during the measurement period and

also varied across June (0.83 ± 0.66%, max. 7.48%), July (1.8 ± 1.26%, max. 11.81%) and

September (0.59 ± 0.53%, max. 6.29%) (Figure 3.15e-h). We found several maxima of Vb

which roughly corresponded to the maxima of Urel, namely around 680 nm, 1420 nm and 1920

nm. Nevertheless, the global maximum of Vb across the spectrum might vary. These maxima

indicated spectral domains in which the variation is governed by Vb where Vb could reach up to

54.90% (680 nm) in June, 20.10% (680 nm) in July, and 65.75% (1920 nm) in September. The

month of July generally displayed the lowest spectral variation.
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Figure 3.15: a-d) Spectral variation (SV) over the measurement period. a) SV over the entire
measurement period (n=54) and SV for each b) June (n=18), c) July (n=18) and d) September
(n=18). e-h) Biological variation (BV) and relative uncertainty (RU) over the entire measure-
ment period. e) BV over the measurement period (n=54) and BV for each f) June (n=18), g)
July (n=18) and h) September (n=18).

3.5.3 Spectral variation di↵ered between drought-treated and control group.

We then calculated the spectral variation for both drought periods by treatment groups. The

samples consisted of one measurement round of all seedlings (n=180) towards the end of the

drought periods. In the first drought, the mean standard deviation for R of all wavelengths

was 0.014 reflectance units for the control group and 0.054 reflectance units for the treatment

group (Figure 3.16a-b), spectral variation was thus greater in the treatment group. Mean Vb

of both group varied. The control group exhibited 7.23% and the treatment group 26.71% of

Vb, which is greater than during the measurement period. Mean Urel were consistent in both

control group (0.115 ± 0.061%) and treatment group (0.110 ± 0.068%). The Urel represented

0.18 ± 0.96% of the Vs on average with a maximum of 7.27% during the first period and di↵ered

with the treatment group (0.51 ± 0.34%, max. 4.49%) (Figure 3.16c-d). We located the Vb and

Urel maxima at the same spectral domains as in the measurement periods (680 nm, 1420 nm,

1920) (Figure 3.15e-h). Nevertheless, we found an additional maximum at around 500 nm in

the treatment group. The Vb global maximum was substantially higher in the treatment group

(128.11% at 680 nm) compared to the global maximum in the control group (20.37% at 680 nm)

and substantially higher to the global maxima in the measurement period.

(Figure 3.16e-l) illustrates the spectral variation for the second drought period with four treat-

ment groups. The mean standard deviation for R of all wavelengths were as followed: CC group:
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0.013 reflectance units, CT group: 0.047 reflectance units, TC group: 0.065 reflectance units,

and TT group: 0.036 (Figure 3.16a-b). Mean Vb in CC group (6.22%) is considerably lower than

in the CT (19.97%), TC (27.39%) and TT (16.58%) group. Mean Urel in CC group is 0.14 ±
0.16%, while it was consistent between CT group (0.10 ± 0.09%), TC group (0.10 ± 0.06%),

and TT group (0.14 ± 0.05%). The Urel represented 2.34 ± 1.24% of the Vs on average with

a maximum of 12.36% for the CC group. It was consistent in the other groups: CT (0.58 ±
0.52%, max. 6.90%), TC (0.45 ± 0.44%, max. 5.83%), and TT (0.74 ± 0.61%, max. 7.22%)

(Figure 3.16i-l). The same maxima location for Urel and Vb were found as in the first drought.

CC group exhibited the lowest global maximum with 21.41% (680 nm) in Vb compared to the

relatively consistent CT group (99.29% at 680 nm), TC group (113.00% at 680 nm) and TT

group (76.04% at 680 nm).
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Figure 3.16: a-d) SV, BV and RU of the first drought period and e-l) SV, BV and RU of
the second drought period. a-b) SV of each control (n=90) and treatment group (n=90) and
c-d) BV and RU of control (n=90) and treatment (n=90) group. e-h) SV of each treatment
group: control-control (CC) (n=18), control-treatment (CT) (n=72), treatment-control (TC)
(n=18), treatment-treatment (TT) (n=72). i-l) BV and RU of each group: control-control (CC)
(n=18), control-treatment (CT) (n=72), treatment-control (TC) (n=18), treatment-treatment
(TT) (n=72).
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3.6 Comparison between spectral indices, leaf traits and valida-

tion data

3.6.1 Spectrally-derived indices correlate with leaf traits from PROSPECT-

D.

Figure 3.17 shows the relationship between leaf traits from the PROSPECT-D inversion and

spectral indices used to estimate the relative presence of leaf traits. For Cab, EWT, and LMA,

we used one measurement round of all seedlings (n=180) before the first drought period while

we used a dataset before (mid-June) and after the drought periods (mid-September) for Cant,

Ccar and the ratio Cab/Ccar to estimate the indices’ performance at di↵erent time stamps.

We estimated Cchl with the polynomial transformation of M values measured with SPAD,

which correlated fairly with the modelled Cab (R2 = 0.488). From the three indices related to

chlorophyll, we found that CIre (R2 = 0.979) performed slightly better than ChlNDI (R2 =

0.962) and NDSR performed poorly (R2 = 0.118) (Figure 3.17a).

We used four di↵erent indices which are related to water content to estimate their relationship

to PROSPECT-D-derived EWT. WABI performed poorly (R2 = 0.003), which is due to the

fact that it does not stand as a proxy for water content per se but for water potential. MSI,

which is an index related to moisture stress, showed the strongest relationship with EWT (R2

= 0.781) while NDWI (R2 = 0.320) and WI (R2 = 0.356) showed fair relationships with EWT

(Figure 3.17b). Furthermore, NDLMA had a mediocre relationship with R2 = 0.286 to LMA

(Figure 3.17c).

Anthocyanin content as expressed by Cant increased from before and after the drought periods,

which is also reflected in both anthocyanin related indices RGR and ARI. RGR performed

comparatively poorly before the drought (R2 = 0.294) than after the drought periods (R2 =

0.665). ARI generally performed better than RGR and ARI has a fair relationship before the

drought (R2 = 0.547) as opposed to a stronger relationship after the drought periods (R2 =

0.864) with anthocyanin (Figure 3.17d). CARI, which is an index related to carotenoid, and

Ccar showed both a decrease in index value and carotenoid content respectively from before the

drought to after the drought periods. CARI performed better after the drought periods (R2 =

0.574) than before the first drought period (R2 = 0.325) (Figure 3.17e). PRI and CCI are both

indices related to the ratio of chlorophyll to carotenoid Cab/Ccar. The ratio decreased in both

CCI and PRI after the drought periods suggesting an asymmetric decrease of chlorophylls to

carotenoids. PRI performed generally better before (R2 = 0.796) and after (R2 = 0.461) the

drought periods compared to the poorly performing CCI before (R2 = 0.133) and after (R2 =

0.003) the drought periods. (Figure 3.17f).
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Figure 3.17: a) Cchl from SPAD and chlorophyll related indices (NDSR, ChlNDI, CIre) against
Cab from PROSPECT-D. R2 (Cchl) = 0.488, R2 (NDSR) = 0.118, R2 (ChlNDI) = 0.962, R2

(CIre) = 0.979. b) Water potential (WABI) and water content related indices (NDWI, WI, MSI)
against EWT from PROSPECT-D. R2 (NDWI) = 0.320, R2 (WI) = 0.356, R2 (MSI) = 0.781,
R2 (WABI) = 0.003.
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Figure 3.17: (Continued). c) NDLMA index against LMA from PROSPECT-D. R2 (NDLMA)
= 0.286. d) Anthocyanin related indices (RGR, ARI) from before and after the drought periods
against Cant from PROSPECT-D. R2 (RGR (Pre)) = 0.294, R2 (RGR (After)) = 0.665, R2
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Figure 3.17: (Continued). e) Carotenoid related index (CARI) from before and after the drought
periods against Ccar from PROSPECT-D. R2 (CARI (Pre)) = 0.325, R2 (CARI (After)) =
0.574. f) Carotenoid related indices (CCI, PRI) from before and after the drought periods
against Cab/Ccar derived from PROSPECT-D. R2 (CCI (Pre)) = 0.133, R2 (CCI (After)) =
0.003, R2 (PRI (Pre)) = 0.796, R2 (PRI (After)) = 0.461.
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3.6.2 Measured leaf traits have a moderate to strong relationship with leaf

traits from PROSPECT-D inversion.

We conducted chromatographic separation for 20 leaf samples (Figure A.11) and we were able to

identify main compounds based on retention time, standard spectra (Table A.4) and the decision

tree proposed by Petibon and Wiesenberg (2022). However, we failed to retrieve anthocyanins

due to either co-elution with unknown compounds or non-existence in all samples except for

one case (Figure A.10). We also observed co-elution in ↵- and �-carotene due to unsuccessful

separation for which we used ↵-carotene standard calibration to integrate.
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Figure 3.18: Linear regression of measured (a) EWT, (b) LMA, (c) Cab, and (d) Ccar against
their simulated values from PROSPECT-D inversion over the whole and optimal spectrum.
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Table 3.8: Summary of the measured (HPLC) and simulated (PROSPECT-D) leaf traits with
each whole and optimal spectra input and corresponding accuracy parameters R2, RMSE,
NRMSE. Sample size is n, intercept is �0 and slope is �1. LMA and EWT are specified in g.cm�2

while Cab and Cab are specified in µg.cm�2. Significance code is as followed: p  0.001 ’***’,
p  0.01 ’**’, p  0.05 ’*’.

PROSPECT-D simulated data

trait spectra input n mean �0 �1 R2 (mult.) mean RMSE NRMSE

EWT whole 55 0.0064 0.0015** 0.7044*** 0.6893 0.0060 0.00043 0.0954

optimal 55 0.0064 0.0016*** 0.6979*** 0.7019 0.0061 0.00036 0.0798

LMA whole 55 0.0061 0.0023*** 0.4278*** 0.5132 0.0049 0.00128 0.2823

optimal 55 0.0061 0.0010* 0.5208*** 0.5080 0.0042 0.00193 0.4246

Cab whole 18 13.781 7.7932* 1.8033*** 0.8449 32.645 6.48371 0.1156

optimal 18 13.781 7.3954* 1.6910*** 0.8256 30.699 6.52164 0.1123

Ccar whole 18 4.3671 3.2030* 2.1610*** 0.8079 12.640 2.17772 0.1281

optimal 18 4.3671 4.7687* 2.0593*** 0.6737 13.769 2.96171 0.1335

All of the estimated traits showed moderate to high correlation accuracy (R2 = 0.5080�0.8849).

Cab whole spectrum showed the highest and LMA optimal spectrum the lowest (Table 3.8). Out

of both the whole spectrum and optimal spectrum input, the whole spectrum performed better

in the estimation of LMA (R2 = 0.5132), Cab (R2 = 0.8449) and Ccar (R2 = 0.8079). EWT

was better estimated with the optimal spectrum (R2 = 0.7019). NRMSE for all spectral inputs

and estimated traits varied between 7.98% and 42.4% and were therefore high. However, only

estimated LMA exhibited a high NRMSE for whole spectrum (42.4%) and optimal input (28.2%),

whereas Cab (NRMSE = 11.2-11.4%) and Ccar (NRMSE = 12.8-13.3%) showed high accuracy for

both spectral inputs. EWT exhibited the highest accuracy for optimal input (NRMSE = 7.98%)

and for whole input (NRMSE = 9.54%). Furthermore, there were systemic underestimation in

both simulated EWT and LMA (�1 < 1) and overestimation in both simulated Cab and Ccar

(�1 > 1). We did not include any derivatives into the peak area integration because of the lack

of their standard spectra. This may have either led to a underestimation of the absolute pigment

concentration in the leaves or an overestimation in the simulated leaf traits.
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Chapter 4

Discussion

4.1 Drought stress impact on leaf traits

F. sylvatica seedlings from various provenances were grouped into treatment and control group

and were monitored during the first drought simulation. We quantified the variation in their

spectral response with spectral indices and simulated leaf traits (PROSPECT-D inversion) at

the end of the drought period.

Drought conditions altered the relative abundance of photosynthetically-active pigments. We

observed a significant decrease in chlorophyll related indices (NDSR, ChlNDI, CIRE) corre-

sponding to a decrease in PROSPECT-D simulated Cab in drought-treated seedlings (Table 3.2).

Previous studies found a similar decrease in chlorophyll content per area in drought-stressed F.

sylvatica with HPLC or SPAD measurements (Arend et al., 2016; Gallé & Feller, 2007; Tognetti

et al., 1995). Gallé and Feller (2007), for instance, found that the activity of PSII during drought

stress is down-regulated, which is supported by the reduction of chlorophyll in severely drought

stressed leaves. Leaf chlorophyll content is well known to be positively correlated with photo-

synthetic rate (Emerson, 1929; Fleischer, 1935). However, Cchl as measured with SPAD in our

experiment did not exhibit a decrease in chlorophyll content in spite of the observed decrease in

the respective indices and Cab. A major limitation of the SPAD chlorophyll meter is the need for

empirical calibration methods, which can be linear, exponential or polynomial models to convert

unitless data to chlorophyll concentration (Coste et al., 2010). The calibration method for our

data, however, is independent from species at a cost of accuracy (Brown et al., 2022; Maxwell &

Johnson, 2000). Richardson et al. (2002) found that spectral indices consistently outperformed

SPAD measurements, which agrees with our findings (Figure 3.18a). SPAD further only detects

chlorophyll concentration at one point of the leaf, which also varies within the leaf (Sun et al.,

2018a). The observed results are unlikely to be attributed to the calibration method, as it is

generally applicable to F. sylvatica, and we have taken into consideration the placement of the

SPAD device. Our heterogeneous block design consisted of representative seedlings from all
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provenances. Hereby, the variance in Cchl means was explained by provenance rather than their

treatment (Table 3.1). The SPAD method could detect the dark green leaf color of the Italian

provenances (ITx), but not the change in pigmentation driven by drought stress.

Carotenoid content as quantified by the CARI index and Ccar was significantly decreased in

drought-treated seedlings, compared to the control group (Table 3.3). This is in line with

previous findings (Gallé & Feller, 2007; Junaid et al., 2023). However, to compensate for water

stress, the photosynthetic apparatus is known to change rather carotenoid composition than

total content. One may observe an increased ratio of xantophyll cycle pigments (VAZ), which

are a division of the carotenoids, to chlorophyll content during water limitation (Biswal, 1995;

Demmig-Adams & Adams, 1992; Merzlyak et al., 1999). VAZ contribute to dissipate excess

energy in the apparatus during drought situations and are thus regarded as key pigments for

photo-protection in F. sylvatica (Munné-Bosch & Alegre, 2000). This is consistent with our

findings where the PROSPECT-D modelled ratio Cchl/Ccar declines in drought-treated seedlings.

Based on these observations, we infer that when plants are water stressed, the content of both

chlorophylls and carotenoids decline correspondingly. However, the proportion between them

changes di↵erently, with chlorophylls tending to degrade faster than carotenoids. In agreement,

we found a decline in PRI and CCI, which are spectral indices related to the chlorophyll and

carotenoid ratio (Figure 3.17f) and correlated to photosynthetic capacity (Filella et al., 2009).

PRI and CCI both use the 531 nm, which is indicative of the xanthophyll cycle epoxidation state

transition (Gamon et al., 1992). Both were significantly decreased in drought-treated seedlings

(Table 3.3).

Anthocyanins are expected to accumulate in the leaves upon exposure to water limitation (Gould,

2004). Their main protective contributions are the mediation of stressors (i.e., ROS) by antiox-

idant activity and light attenuation reducing excess energy similar to carotenoids (Feild et al.,

2001; Landi et al., 2015; Steyn et al., 2002), and are proposed to be key regulators of drought

stress tolerance (Landi et al., 2015). However, their role upon exposure to di↵erent environmen-

tal stressors is still under debate (Chalker-Scott, 1999; Steyn et al., 2002). We found a significant

increase of the anthocyanin related indices RGR and ARI in drought-treated seedlings. How-

ever, we found contradictory information with PROSPECT-D modelled Cant, which did not

show significant di↵erences between the control and the treatment group. This discrepancy can

be partially explained by the simplistic empirical approach of spectral ratios. RGR is the result

of red band divided by green bands (Table 2.2) by (Gamon & Surfus, 1999), where the red

bands is solely dependent on chlorophyll absorption while the green bands depends on chloro-

phyll, carotenoid and anthocyanin absorption. This could potentially explain why RGR is not

only influenced by anthocyanins but also by pigment composition particularly when increased

chlorophyll and carotenoid concentrations influence the anthocyanin signal regardless of the ac-

tual anthocyanin concentration. Furthermore, the absorption of anthocyanin is dependent on

several factors such as species, co-pigmentation and pH (Gitelson et al., 2001). As for ARI, Gi-

telson et al. (2001) tested the index on maple and dogwood and concluded that the applicability
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of ARI on other plant species still needs to be verified. The modelled Cant also showed only a

minuscule amount Cant compared to the range of variation in PROSPECT-D (Table 2.3) indicat-

ing a generally low signal in anthocyanins in F. sylvatica. This claim is backed-up by our HPLC

analysis on drought-treated and control seedlings, where we did not succeed in the retrieval of

anthocyanins potentially due to co-elution with unknown compounds and minsicule amount of

anthocyanins. We found anthocyanins only in one specific variety of F. sylvatica namely Long

red (Figure A.10), which suggests that the method is suitable to extract anthocyanins. We thus

presume, that anthocyanin content was relatively low in our samples during the first drought

period and its change cannot be adequately quantified. We also underline that the performed

indices to retrieve anthocyanin show a dependency on the measurement period before and after

the drought period, which possibly indicates a dependency on phenology (Figure 3.17d).

Moisture stress was captured with MSI, which was observed to be higher in drought-treated

seedlings as expected. Many studies concerning hydraulic function in leaves observed a similar

increase in MSI suggesting MSI to be a good indicator of altered plant water status (Kim et al.,

2015; Zhang & Zhou, 2019). Conversely, water content related indices WI and NDWI did not

change in seedlings undergoing drought stress implying no water content changes in the leaf (Ta-

ble 3.5). One of the most crucial counteracting mechanisms of plants to water deficiency is the

rapid regulation of stomatal conductance to prevent plant dehydration. The closure of stomata

pores allow a decrease of gas-exchange through reduced water vapor transpiration and thus pre-

serve water resources (Agurla et al., 2018; Aranda et al., 2015; Wankmüller & Carminati, 2022).

F. sylvatica, as moderate anisohydric species, optimizes stomatal conductance under drought

conditions (Peuke et al., 2002; Tardieu & Simonneau, 1998). We suspect that water content

was preserved in our leaf samples through stomatal regulation and we thus could not pick up a

variation in the spectral response. This view is supported by the PROSPECT-D EWT outputs

which was found to be identical in drought-treated seedlings and (Table 3.7). Another measure

for hydraulic functioning and water dynamics throughout a drought is the leaf water potential

( ), the energy state of water in a system reflecting the water’s ability to move. Throughout

studies,  varies a lot due to di↵erent climate and soil conditions and it is strongly influenced

by seasonal and diurnal changes (Bartlett et al., 2012; Czajkowski & Bolte, 2006; Dietrich et al.,

2019), which resembles the anisohydric behaviour of F. sylvatica (Roman et al., 2015). In our

experiment, we showed that WABI to be significantly decreased in the drought-treated seedlings

(Table 3.5). WABI relates independent changes in photoprotective pigments involved in non-

photochemical quenching (NPQ) (531 nm) and water content reflectances (around 1500 nm)

which indicate stress-induced changes by  (Rapaport et al., 2015). Thus, we infer that  was

indeed decreased in drought-treated seedlings due to the quick reactivity of NPQ by limited

water availability. Conclusively, the discrepancy between changes in  and no changes in wa-

ter content suggests that the seedlings may be able to maintain relatively stable water content

through rapid adjustments such as stomatal regulations while simultaneously varying their  .

LMA can be understood as the leaf-level cost of light interception (Gutschick, 1999) and it is
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a key indicator for plant strategies (Grime, 2001). An alternative way to define LMA is the

accumulation of di↵erent classes of compounds such as lignin or proteins per area (Poorter &

Villar, 1997). We derived LMA from reflectance data via an LMA related index (NDLMA)

and via PROSPECT-D inversion and found no di↵erences in drought-treated seedlings, imply-

ing that leaf structure hardly had time to acclimatize to our induced drought (Poorter et al.,

2009). Furthermore, there is generally considerable variation within individual seedlings (Ship-

ley, 1995), following for instance light-gradients (Anten & Hirose, 1999) or gravity gradients

(Niinemets, 1997), which we did not consider during the measurements. We thus question the

suitability of such measurements in our framework as we also did not find any drought induced

di↵erences in cellulose, nitrogen and lignin related indices such as CAI, NDNI and NDLI re-

spectively (Table 3.6). We expected increased accumulation of nitrogen (He et al., 2022) and

lignin (Brinkmann et al., 2003; Hu et al., 2009; Liu et al., 2018), while we expected cellulose to

decrease (Hu et al., 2022).

Epicuticular waxes are located on the leaf surface and serve as protective barrier against ul-

traviolet light exposure and uncontrolled water di↵usion (Speckert et al., 2023). As they are

directly exposed to the environment, leaf waxes are expected to adjust to abiotic stressors such

as drought with the aim to conserve water and resist cellular dehydration in leaves (Shepherd

& Wynne Gri�ths, 2006). Studies across various species such as sorghum (Sorghum bicolor)

(Jordan et al., 1983), maize (Zea mays) (Premachandra et al., 1991) and tomato (Lycopersicon

esculentum) (Xu et al., 1995) found increased quantity of wax causing a decrease in transpira-

tion when water is limited. Deposition of wax as a response to water stress was observed to

occur swiftly within a few days (Bengtson et al., 1978; Premachandra et al., 1991). Along with

our expectations, we observed a slight increase of EWI in drought-treated seedlings, albeit not

a significant one (Table 3.6). This can be potentially explained by alternative water conser-

vation mechanisms such as the aforementioned stomatal regulation to cope with the imposed

water stress in F. sylvatica or by changing the composition of the waxes rather than varying the

amount (Sachse et al., 2009).

As a major e↵ect of our experimental conditions, we found that longer seedlings tended to

have lower soil moisture in both control and treatment group (Figure 3.4), potentially due to

larger biomass an increased water needs. We thus cannot exclude the possibility that taller

seedlings on average experienced a a more severe drought due to their higher demand for water.

We addressed this limitation by controlling for tree lengths within our block design and by

excluding moderately wilting seedlings in the data analysis so that only visually healthy seedlings

are considered in the analysis. A significant association between length and traits would indicate

that the responses to drought dependent on length, which we found in some cases. However,

all cases tended to have a weak relationship as well as no specific direction. Along with the

experimental conditions, we would like to point out that foliar water uptake through permeable

cuticles in F. sylvatica may have been an influence on the actual drought conditions of the

seedlings (Schreel et al., 2020).
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4.2 Using field spectroscopy to capture leaf trait variation

Leaf spectroscopy allow the detection of species trait variation but it is governed by uncertainties

depending on the measurement methods (Cavender-Bares et al., 2016; Li et al., 2023; Petibon

et al., 2021). We contribute to understand this by comparing the biological variation Vb of

drought-treated with control seedlings and throughout the growing season. We found that the

spectral variation Vs was governed by both phenology and the simulated drought. Throughout

the measurement period, the mean standard deviation was lower than the treatment group

exhibited indicating that the treatment may have caused a higher variation in the seedlings’

spectral fingerprints. This was particularly noticeable as Vb in the measurement period with a

maximum of 65.75% in September as compared to the maximum of 128.11% in the treatment

groups. We thus infer that the variation during di↵erent measurement time-points is smaller

than the variation of drought-stressed seedlings. This is also evident when comparing Vb which

was substantially di↵erent in control and treatment groups as well (e.g. 20.37% (680 nm) in

control compared to 128.11% (680 nm) in treatment group). The relative uncertainties Ur of

Vs never exceeded 13% in all datasets while the mean ranged from 0.45-2.34%. Therefore, the

relative uncertainties associated with leaf reflectance across the measurement period and the

treatment groups only represented a small portion of the spectral variation and thus remained

negligible compared to the total variation. This finding aligns with the results of Petibon et al.

(2021), who employed identical measurement devices. In light with this finding, we suggest to

consider phenology when researching stressors-dependent leaf traits and to isolate its signal from

the object of study.

Hyperspectral leaf spectroscopy o↵ers a non-destructive, repeatable, and rapid measurement

method of leaf traits at the intraspecific level as opposed to traditional methods and is thus a

promising method in ecological research (Helsen et al., 2021; Messier et al., 2010; Siefert et al.,

2015). We demonstrated that applying spectral indices to hyperspectral data is a simple method

for deriving leaf trait variation, making it a valuable tool in remote sensing. However, it is

crucial to note that spectral indices do not necessarily provide mechanistic explanations: Spectral

indices hardly disclose the leaf physiological processes and metabolic systems underpinning the

drought responses (Rapaport et al., 2015). A di↵erent approach is the inclusion of relevant

physical processes. The inversion of the PROSPECT RTM simulates leaf traits based on the

physical processes of light interaction with leaves (Jacquemoud & Ustin, 2019). We performed

a subsequent extraction and HPLC analysis proposed by (Petibon & Wiesenberg, 2022) to

establish a chromatographic profile of complex photosynthetic pigments of drought-treated and

control seedlings to estimate Cab and Ccar. Our validation data between the simulated and

extracted trait show a strong relationship for Cab and Ccar and a moderate relationship for

EWT and LMA. This finding aligns with Spa↵ord et al. (2021), who found similar NRMSE

in their dataset when N is estimated and only R is used. The relationships of the leaf traits

only vary slightly between whole and optimal spectrum except for LMA. In this case, the use
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of optical subdomains or whole spectrum for the inversion depended on the performance of the

validated samples as opposed to the decision tree by Spa↵ord et al. (2021). The robustness of

the retrieval of leaf traits may also depend on the availability of transmittance T data, which

can be retrieved with an integrating sphere measurement device for instance (Petibon et al.,

2021). Both R and T combined carry the most information for PROSPECT inversion (Spa↵ord

et al., 2021).

4.3 Intraspecific variation in drought stress responses

The experiment demonstrated a variety of physiological responses to decreased water availability.

We hypothesized that there is intraspecific variation in such drought responses depending on

the seedling’s provenance. We tested the interaction provenance x treatment during the first

drought period for each spectral index and modelled leaf trait. Against expectations, our results

reveal that drought-treated seedlings did not exhibit responses depending on their provenance

indicating a homogeneous response in the measured traits across all provenances. And yet, some

studies on intraspecific variation found small performances di↵erences in varying populations

of F. sylvatica in ecophysiological stress relevant to water stress such as photoysnthetic rate

and stomatal conductance (Cocozza et al., 2016; González De Andrés et al., 2021), but the

variation in traits across species do not reflect a pattern at the intraspecific level (Sánchez-

Gómez et al., 2013). This is in agreement with our log response ratios (LRR), which do not

show a gradient based on mean annual precipitation at the site of origin (Figure 3.8, Figure 3.9,

Figure 3.10 and Figure 3.13). Notably, we found variation in LRRs in terms of the magnitude

and the direction of the di↵erent responses of leaf traits to the simulated drought. Across

all leaf traits, the Serbian provenance (RSF) responded generally with a greater magnitude in

both directions. However, we included outlier responses and therefore heavily wilting seedlings

into the LRR analysis. These outliers did not show a clear pattern across the provenances

(Figure A.4). We found variation between provenances in a few cases independently from the

treatment. Indices related to lignin, nitrogen and epicuticular wax were significantly di↵erent

across the provenances, and in particular, Italian provenances (ITx) showed the highest and the

lowest lignin content. However, the reliability of the statistics is impaired due to varying sample

sizes of the provenances. Despite evidence of intraspecific variation in stomatal conductance

(Leverenz et al., 1999), there is limited evidence for photosynthetic activity among populations

for F. sylvatica (Bresson et al., 2011; Cocozza et al., 2016; Leverenz et al., 1999; Tognetti et al.,

1995). This suggests that F. sylvatica populations across the species’ range possess the ability

for phenotypic adjustments. However, such studies as well as ours do not incorporate variation

among individuals of the same population. We focused on phenotypic di↵erences by comparing

population means, which may have masked variation within a given population. Schmeddes et

al. (2023) showed that at the lowest intraspecific level, which is the progeny of the mother tree,

the variations are the highest, which suggests a high potential for acclimation towards climatic
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variability already at the individual level. Despite cross-species assessment of leaf traits (i.e.,

EWT, LMA) (Asner et al., 2014), it remains unclear whether spectrally-derived traits models

at the leaf level are accurate enough to reliably capture trait di↵erences at the intraspecific level

(Feilhauer et al., 2018; Girard et al., 2020).

Sustainable forest management practices are required for European beech to persist. In light of

our results, we suggest to shift the focus towards well-performing individual trees in the progeny

of the mother trees as they exhibit high phenotypic variation rather than on a population level

(Schmeddes et al., 2023). Phenotypic plasticity is a key factor for the adaptation and persis-

tence, and is suggested to be high in F. sylvatica due to their extensive distribution range and

exposition to di↵erent environmental constraints exemplified in the geographical distribution of

our seedlings’ provenance (Bussotti et al., 2015). A management practice is actively assisted

migration of pre-adapted species, which is in this case drought adapted phenotypes, towards

future climatic conditions and is recently advocated in forest management (Aitken & Bemmels,

2016). It can be a systematic tool of introducing new variants (i.e., new populations of the same

species) rather than replacing it with a di↵erent species (Hällfors et al., 2014). This entails,

however, ecological risks related to invasiveness of external species in an ecological continuum

(Winder et al., 2011). We further emphasize the importance of forest compositions for drought

tolerance and resilience. Mixed stands, thus higher tree species biodiversity, are on average more

resistant and resilience to drought than pure stands (Pardos et al., 2021). Our common garden

experiment did not simulate a forest environment, where seedlings grow in the shade of larger

canopies, influencing ecophysiological traits such as photosynthetic productivity (Masarovicová

& Štefanč́ık, 1990), and compete for resources (Wilkens & Wagner, 2021). When studying

the persistence of a species, it is also key to take interspecific competition into consideration.

For instance, evidence from dendroclimatological research suggests that changes in environmen-

tal conditions such as warmer climate may favour thermophilous species such as oak (Quercus

petraea) or maple (Acer campestre) over F. sylvatica populations (Kunz et al., 2018). Further-

more, a deeper understanding of phenotypic variation and intraspecific diversity is needed. It

is achievable by incorporating population structure and genetic information coupled with data

about seed source climate and environmental conditions. Regarding further research, we rec-

ommend to consider other drought-tolerance relevant factors such as legacy e↵ects, ”ecological

stress memory” (Walter et al., 2013), root-systems or temperature tolerance with individuals

beyond the juvenile stage and at di↵erent phenological periods.

61



Chapter 5

Conclusion

Due to increasing duration of drought-periods, there is growing concern that F. sylvatica may

no longer be adapted to the set of environmental conditions, challenging the persistence of

European beech forests. Thus, understanding intraspecific variation in ecophysiological pro-

cesses that happen in response to increased drought stress is key. Hyperspectral spectroscopy

o↵ers a rapid and non-destructive way to collect spectral information of individual leaves. We

demonstrated the potential of using hyperspectral spectroscopy to study intraspecific drought

responses with empirical and physically-based approaches. Slight changes in leaf traits such

as photosynthetically-active pigments and water potential were detectable in drought-treated

seedlings. However, we did not detect changes in water content and leaf biomass. We found

that the biological variation between individuals is larger in drought-treated seedlings than con-

trol seedlings and also larger than the variation throughout the experiment. Notably, the relative

uncertainty of our spectral measurements were negligible. The inversion of PROSPECT-D is

a robust physically-based approach to quantify leaf traits and was shown to be accurate for

this approach. Finally, we hypothesized that here is intraspecific variation in drought responses

depending on the seedling’s provenances, but our study revealed that there was no significant

variation in the drought responses based on the provenance, which could be due to the large vari-

ation already on the population and individual level. Consequently, we suggest that sustainable

forest management should focus on well-performing individual trees and on forest composition

to mitigate the e↵ects of global warming in the near future.
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Löf, M., Nicolas, M., Peñuelas, J., Vitasse, Y., Weigel, R., & Kreyling, J. (2023). High

76

https://doi.org/10.55419/wsl:19983
https://doi.org/10.55419/wsl:19983
https://doi.org/10.1111/pce.14330
https://doi.org/10.1007/s00442-015-3380-9
https://doi.org/10.1007/s10342-009-0268-4
https://doi.org/10.3390/f14020248
https://doi.org/10.1111/pce.14178
https://doi.org/10.1016/j.orggeochem.2009.02.008
https://doi.org/10.1016/j.orggeochem.2009.02.008
https://doi.org/10.1016/j.envexpbot.2012.09.011
https://doi.org/10.3390/rs14215352
https://doi.org/10.1016/j.rse.2006.03.002


phenotypic variation found within the o↵spring of each mother tree in Fagus sylvatica

regardless of the environment or source population. Global Ecology and Biogeography,

geb.13794. https://doi.org/10.1111/geb.13794

Schmied, G., Pretzsch, H., Ambs, D., Uhl, E., Schmucker, J., Fäth, J., Biber, P., Ho↵mann,
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Appendix A

Supplementary Materials

A.1 Common garden experiment block design

Block A

Block B Block C

Block DBlock E

Block F Block G

Block H Block I

Block J

N

TMS-4 Sensor

Figure A.1: Randomized representative block design with provenances for the common garden
experiment and location of TMS-4 sensors. North arrow indicates north direction.
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A.2 Instrument configurations

Table A.1: Instrument configurations for ASD FieldSpec 4 during spectra acquisition.

Type Configuration Type Configuration

Foreoptic Bare Fiber Integration Time 8.5 ms

Spectrum 10 SWIR1 Gain 500

Dark Current 100 SWIR1 O↵set 2048

White Reference 10 SWIR2 Gain 500

Scan Type AB Even SWIR2 O↵set 2048

A.3 Drought simulation

Figure A.2: Photos of visual drought symptoms photographed during the first drought period.
Such symptoms include wilting and bleaching of the leaves.
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Figure A.3: Side view and bird’s-eye view of the seedling with rain cover used to simulate the
drought.

A.4 Wilting depending on length and provenance during the

first drought period
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Figure A.4: The length distribution of the seedlings (n=180) depending on provenances. Scatter
points display the length value coloured by their corresponding wilting index value. The wilting
indices do not show a specific pattern across the provenances and across lengths.

84



A.5 Post hoc analysis

Table A.2: Post-hoc Tukey’s honest significance di↵erence (HSD) test performed for Cchl

(SPAD), NDLI and NDNI (spectral indices), and EWT (PROSPECT-D), which showed sig-
nificant di↵erences in their provenances based on ANOVA. Letters (a, ab, b) represent grouping
of means and same letters are not significantly di↵erent from each other. Sample size is provided
in brackets.

Cchl (SPAD) NDLI NDNI EWT (PROSPECT-D)

provenance value groups provenance value groups provenance value groups provenance value group

ITE (2) 36.08 a ITE (2) 0.032 a ITE (2) 0.112 a ITE (2) 0.0067 a

ROS (7) 30.88 ab PLB (2) 0.031 ab ITM (2) 0.109 a PLB (2) 0.0065 a

ESP (31) 29.99 ab ESM (10) 0.030 ab PLB (2) 0.107 a ITM (2) 0.0064 a

HRP (18) 29.75 ab ITM (2) 0.030 ab ESM (10) 0.107 a HBV (6) 0.0064 a

SLK (18) 29.58 ab HRP (18) 0.030 ab FRB (24) 0.107 a FRB (24) 0.0062 a

FRB (24) 29.44 ab FRB (24) 0.030 ab HBV (6) 0.104 ab ESM (10) 0.0062 a

PLB (2) 29.38 ab ESP (31) 0.030 ab ESP (31) 0.104 ab SLK (18) 0.0061 a

ITM (2) 29.15 ab HBV (6) 0.029 ab RSF (6) 0.104 ab HRP (18) 0.0061 a

RSF (6) 28.90 ab RSF (6) 0.029 ab HRP (18) 0.103 ab ESP (31) 0.0061 a

PLW (18) 28.20 ab FRM (5) 0.029 ab SLK (18) 0.103 ab FRM (5) 0.0060 ab

HBV (6) 27.84 ab ROS (7) 0.029 ab FRM (5) 0.103 ab RSF (6) 0.0060 ab

FRM (5) 27.67 ab SLK (18) 0.029 ab ROS (7) 0.101 ab CHL (7) 0.0058 ab

CHL (7) 27.52 ab CHL (7) 0.028 ab CHL (7) 0.100 ab ROS (7) 0.0058 ab

ESM (10) 27.23 b PLW (18) 0.028 ab BES (10) 0.099 ab PLW (18) 0.0057 ab

BES (10) 26.79 b BES (10) 0.028 ab PLW (18) 0.099 ab BES (10) 0.0057 ab

ITB (2) 24.50 b ITB (2) 0.022 b ITB (2) 0.080 ab ITB (2) 0.0040 ab
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A.6 Validation data from pigment extraction and HPLC

Figure A.5: 3D-cube plot depicting indices related to anthocyanin (RGR), chlorophyll (NDSR)
and carotenoids (PRI), which were used for the selection of validation samples. Each color
illustrates samples belonging to one of the five k-means clusters. The opaqueness of the data
points display depth.

Figure A.6: Leaf area estimation in ImageJ using the point tool and a known distance scale.
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Figure A.7: Calibration curves from standards for the determination of pigment concentration
including regression function and accuracy.

Table A.3: Method gradient for both eluents in the HPLC analysis.

Run time

(min)

Eluent A

(%)

Eluent B

(%)

0 20 80

15 10 90

20 0 100

41 20 80

44 20 80
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Figure A.8: Pigment standards spectra with absorption maxima used for the identification of
pigments. Note that lutein and xantophyll are the same compound. Our xantophyll standard
was extracted from marigold and lutein was synthesized.
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Figure A.9: Spectra of pheophytin a and b sampled from a chromatagram when identifying
unknown pigments.
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Figure A.10: Chromatogram of Long red special variety with corresponding wavelengths: 450
nm, 550 nm and 665 nm. Long red has seemingly high anthocyanin contents and are separable
using the applied method.
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Figure A.11: Chromatogram of two leaf samples. Top: drought-treated leaf sample, bottom:
control leaf sample. Y-axis depicts dimensionless absorption values and do not correspond to
an absolute amount.
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Table A.4: Retention times, estimated compound, and absorbance maxima of each peak, which
were observed in a chromatogram of one sample. (*) indicates global absorption maximum.

peak # retention time (min) compound absorption maxima (nm)

1 2.84 cyanidin 540*

2 2.98 pelargonidin 530*

3 3.05 unknown -

4 3.70 unknown -

5 4.41 unknown -

6 5.21 chl dev 464*/650

7 6.12 car dev 442*/472

8 6.71 car dev 438*/470

9 8.29 car dev 426*/450

10 8.58 unknown -

11 8.81 unknown -

12 8.98 chl dev 436*/654

13 9.98 car dev 424*/451

14 10.43 car dev 424*/450

15 10.89 neo 439*/466

16 11.15 car dev 422*/450

17 12.04 car dev 446*/474

18 12.72 xan dev 437*/470/666

19 13.12 xan dev 423*/450/668

20 13.51 unknown -

21 14.68 unknown -

22 15.10 chl dev 450*/651

23 15.25 chl dev 424*/653

24 15.43 chl dev 450*/652

25 15.95 ↵-car dev 446*/473

26 16.34 car dev 430*/455

27 16.92 car dev 426*/456

28 17.65 unknown -

29 19.10 lut/xan 448*/474

30 20.31 unknown -

31 20.58 car dev 442*/466

32 20.69 car dev 446*/475

33 20.84 car dev 440*/467

34 20.96 car dev 443*/465

35 21.07 car dev 445*/475

36 21.49 unknown -

37 22.56 unknown -

38 22.79 chl dev 456*/635

39 22.95 chl dev 466*/649

40 23.53 chl b 466*/602/656

41 23.75 chl b 466*/602/656

42 24.04 chl dev 428*/656

43 24.13 chl dev 426*/655

44 24.29 chl dev 450*/666

45 24.46 unknown -

46 24.88 chl a 432*/618/665

47 25.35 chl dev 435*/665

48 26.00 chl dev 436*/660

49 27.73 pheo b 436*/528/598/654

50 28.43 chl dev 436*/601/651

51 30.26 pheo a 505/535/608/666*

52 30.75 ↵-�-car 452*/475/666

53 31.27 pheo dev 475/538/610/668*

54 32.30 chl dev 424*/604/652
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