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Summary

Summary

The aim of this PhD thesis is to determine the water balance of forest stands with respect to
the prevailing environmental conditions and the physiological responses of individual trees.
This study focuses on the impact of limited soil water supply on transpiration and stomatal
conductance. Furthermore, I examine the feedbacks of the water balance on the carbon

balance, growth and vitality of trees.

A major part of this thesis faces the mechanistic modeling of the water exchange processes of
European beech (Fagus sylvatica L.). The hydrodynamic model of xylem water flow (XWF)
applied provides a hydraulic map of individual trees and enables the simulation of the water
transport along the hydraulic gradient from the root tip to the leaf. A detailed representation of
the hydraulic architecture of the beech trees was obtained by a terrestrial laser scanning
approach. Due to the functional linkage between the leaf water status and the stomatal
conductance, the XWF model provides an eco-physiological representation of the stomatal
response at the leaf level. In fact, the stomata have a major regulative role for the whole-tree
water balance and stomatal closure represents the most important physiological mechanism

preventing harmful water shortage.

In principle, stomata should furthermore act to minimize the amount of water used per unit
carbon gain. Thus, this thesis aims to examine both water and carbon balance of individual
trees for which reason a photosynthesis module was implemented in the XWF model. The
simulation of the carbon assimilation at the leaf level is linked with the water balance of the
tree by its dependency on the leaf stomatal conductance. As an integrative record of the ratio
between water loss and carbon gain, I analyze the tree ring carbon and oxygen stable isotopes.
Furthermore, measurements of seasonal growth and diurnal sap flow densities of the study

trees include in my research.

The hydrodynamic XWF simulation shows good agreement with sap flow density
measurements and findings from other studies. It demonstrates that the study trees were able
to cope with the extreme drought events of the years 2003 due to a strong limitation of water
loss by stomatal closure. Furthermore, the assessment of growth data and stable isotope
measurements suggest an increased remobilization of stored carbohydrates during periods of
limited carbon uptake. While the intensity and duration of drought events is suggested to
determine the hydraulic vulnerability, the seasonal timing of drought and the appearance

within subsequent years might trigger an impairment of the carbon-water balance of trees. In
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Summary

a additional study of the carbon-water balance, I also found differences in the resource use
strategies of Norway spruce trees (Picea abies L. Karst.) growing within the same stand. My
studies emphasize that the vulnerability towards drought significantly depends on both the
anatomical properties and the physiological response towards changing environmental

conditions of the individual tree.

The combined investigation of hydrodynamic modeling and eco-physiological approaches
helps to bridge the gap between the detailed examinations of physiological processes at the
leaf level to the forecast of water use at the tree level. Thus, predictions of the water balance

at the stand level may be adjusted for a better representation of the impact of climate change.



Zusammenfassung

Zusammenfassung

Das Ziel dieser Doktorarbeit ist die Erfassung der Wasserbilanz des Waldes unter
Beriicksichtigung der vorherrschenden Standortbedingungen und der physiologischen
Reaktionen von FEinzelbdumen. Im Fokus der Analyse stehen die Auswirkungen einer
eingeschrinkten Bodenwasserversorgung auf die Transpiration und die stomatire
Leitfahigkeit. Des Weiteren habe ich die Wechselwirkungen zwischen der Wasserbilanz und

dem Kohlenstoffhaushalt sowie dem Wachstum und der Vitalitit der Baume untersucht.

Ein wichtiger Bestandteil meiner Untersuchung umfasst die mechanistische Modellierung der
Wasseraustauschprozesse der Rotbuche (Fagus sylvatica L.). Das angewandte
hydrodynamische Xylemwasserfluss (XWF) Model liefert eine hydrologische Abbildung der
Einzelbdume. Dadurch wird die Simulation des Wassertransportes entlang des hydraulischen
Gradienten von der Wurzel bis hin zum Blatt ermoglicht. Eine detaillierte Darstellung der
hydraulischen Architektur der Buchen wurde mittels terrestrischer Laserscans erhoben.
Aufgrund des funktionalen Zusammenhanges zwischen dem Blattwasserpotential und der
stomatdren Leitfahigkeit erlaubt das XWF Modell eine 6ko-physiologische Simulation der
stomatéren Reaktion auf Blattebene. Fakt ist, dass die Stomata der Blitter eine maB3gebende
Rolle zur Regulierung des Wasserhaushaltes eines Baumes einnehmen und dementsprechend
der Stomataschluss als wichtigster physiologischer Mechanismus zur Vermeidung

schadhaften Wassermangels anzusehen ist.

Dariiber hinaus dienen die Stomata zur Minimierung des Wasserverbrauches wihrend der
Kohlenstoffaufnahme. Aus diesem Grunde sollen meine Untersuchungen sowohl den Wasser-
als auch den Kohlenstoffhaushalt erfassen, weshalb ein Photosynthesemodell in das XWF
Model implementiert wurde. Die Simulation der Assimilationsleistung auf Blattebene ist
wiederum durch die gemeinsame Abhéngigkeit von der stomatdren Leitfdhigkeit an den
Wasserhaushalt gekoppelt. Als integratives Mall des Verhiltnisses zwischen der
Kohlenstoffaufnahme und dem Wasserverbrauch werden dariiber hinaus die in den Jahrringen
eingelagerten stabilen Isotope des Kohlen- und des Sauerstoffs analysiert. Des Weiteren
werden Messungen des jdhrlichen Dickenwachstums sowie des Tagesganges der Xylem-

Saftflussdichte fiir diese Studie herangezogen.

Die XWF Simulationen der Buchen zeigen eine gute Ubereinstimmung mit den
Saftflussdichtemessungen und Ergebnissen anderer Studien. Es hat sich gezeigt, dass die

untersuchten Baume aufgrund einer effektiven stomatidren Regulation der Transpiration die
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extreme Trockenheit des Jahres 2003 iiberwinden konnten. Gleichfalls konnte das Wachstum
aufrechterhalten werden, was eine Remobilisierung von gespeichertem Kohlenstoff wéihrend
Zeiten eingeschriankten Gasaustausches nahe legt. Wihrend ein fiir den Baum schadhafter
Wassermangel stark von der Intensitdt und Dauer eines Diirreereignisses abhingt, ist eine
Beeintrachtigung der Kohlenstoffversorgung malgeblich durch das zeitliche Auftreten
innerhalb der Wachstumsperiode und insbesondere durch das wiederholte Auftreten von
Trockenheit in aufeinander folgenden Jahren bedingt. In einer weiterfiihrenden Untersuchung
iiber die Kohlenstoff- und Wasserbilanz konnte ich dariiber hinaus Unterschiede in den
Nutzungsstrategien von Fichten (Picea abies L. Karst.) innerhalb eines Bestandes feststellen.
Meine Untersuchungen haben verdeutlicht, dass die Gefdhrdung gegeniiber Trockenstress
entscheidend von der anatomischen Entwicklung des Einzelbaumes und dem physiologischen

Reaktionsvermdgen abhingen.

Die gemeinsame Betrachtung von hydrodynamischen Simulationen und 6ko-physiologischen
Messungen kann dazu beitragen die komplexen physiologischen Prozesse auf Blattebene
abzubilden und diese auf Baumebene zu projizieren. Weiterfilhrend konnen somit die
Vorhersagen des Wasserhaushaltes auf Bestandesebene angepasst werden, so dass die

Auswirkungen des Klimawandels besser abgeschdtzt werden konnen.



Introduction

1 Introduction

An increasing vulnerability of forests towards climate change induced drought stress has been
reported by various authors (Anderegg et al., 2014, 2012b; Cailleret et al., 2014; Doughty et
al., 2015; Rais et al., 2014). In fact, the characteristics of climate change are expected to cause
drought and heat stress and may fundamentally alter the composition, structure, and
biogeography of forests in many regions around the world (Allen et al., 2010). For example,
Choat et al. (2012) found that about 70% of 226 forest species at 82 sites worldwide do
already operate with narrow hydraulic safety margins, not only in arid regions but also in wet
forests. Hence, there is an urgent need for the evaluation of the hydraulic vulnerability of
forest stands. In particular, the potential increases in intensity, frequency, and change in the
seasonal timing of drought events in future represent a threat for regional tree populations

(Lindner et al., 2010).

The forest water balance is described within the soil-plant-atmosphere continuum (SPAC) and
forms a continuous (hydraulic) system from the evaporating surfaces of the leaves to the
absorbing surfaces of the roots (Steudle, 2001). The hydraulic conductance of the root-leaf
continuum is functionally linked to the stomatal control of water loss (e.g. Choat et al., 2012;
Lopez et al., 2013; Mitchell et al., 2013). At high atmospheric water demand, however, the
hydraulic system may breakdown because of embolism of the water conducting xylem tissue
(Frith and Kurth, 1999). The dysfunction of the hydraulic pathway may be deleterious to
overall plant health and survival (Johnson et al., 2011). Meinzer et al. (2001) stressed the
importance of simultaneous measurements at multiple scales for a better understanding of
water transport processes and regulative mechanisms partitioned among intrinsic
physiological responsiveness and external factors associated with the tree size and the

hydraulic architecture.

Hydrodynamic models can provide a substantial framework to study water balances in the
SPAC relating measurements from different scales to the whole-tree water relations (e.g. Friih
and Kurth, 1999; Sperry et al., 2003; Tyree, 1988). The hydraulic architecture of such models
defines a set of hydraulic characteristics of the conducting tissue of the tree which qualifies
and quantifies the sap flux from roots to leaves (Cruiziat et al., 2002). The water transport in
the soil-leaf continuum can then be calculated on a solid physical basis, e.g. according to the
cohesion-tension theory (e.g. Tyree and Zimmermann, 2002), by taking into account

individual tree anatomy and branching systems (e.g. Hacke and Sperry, 2001; Schulte and
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Brooks, 2003; Tyree et al., 1994). Furthermore, theoretically well-founded hypotheses about
the functioning of the hydraulic system and its relation to system structure can be approved by
such hydrodynamic approaches (Friih and Kurth, 1999). Hence, hydrodynamic modeling
represents a promising candidate for the prediction of future forest water balances. However,
attempts to build a general and realistic model for the hydrodynamics of trees seem far from

being successful (see for review Cruiziat et al., 2002).

The soil-root interface, in particular, implies the main hydraulic resistance within the
hydraulic pathway of trees (Aranda et al., 2005). In turn, root water uptake modeling requires
a realistic representation of the rooting system and an accurate determination of the spatio-
temporal soil water availability (Breda et al., 2006). Furthermore, major challenges lie ahead
in explaining the mechanisms by which stomata regulate gas exchange in response to the
hydraulic conductance of soil and tree (Sperry et al., 2003). In fact, in the context of climate
change and drought-induced tree mortality, the attention is drawn to species-specific
physiological mechanisms controlling water loss due to transpiration and its relation to the

hydraulic system (e.g. Anderegg et al., 2012a; Barigah et al., 2013; Sevanto et al., 2014).

This PhD thesis was designed to address the stomatal response of individual trees towards
changing environmental conditions and to determine the water balance of the forest.
Therefore, 1 applied a hydrodynamic single-tree modeling approach of European beech
(Fagus sylvatica L.) providing a high temporal and spatial resolution of the water relations
within the tree. In fact, there is evidence for the functional linkage of the stomatal control with
the whole-tree water conductance (e.g. Choat et al., 2012; Cochard et al., 1996; Sperry et al.,
2002). For example, Lemoine et al. (2002) demonstrated the great relevance of stomatal
control of European beech trees in order to avoid harmful water deficits and xylem from
dysfunction. Furthermore, the stomatal conductance has a great impact on both transpiration
and photosynthesis and is related to the two main hypothesis of climate change induced forest
decline; the carbon starvation hypothesis and the hydraulic failure hypothesis (McDowell et
al., 2008). In fact, the carbon metabolism is supposed to be closely linked to tree hydraulics
and, thus, the margins of hydraulic safety of forest trees might dictate the survival during

drought (McDowell, 2011).

However, there is still a lack of knowledge about the most basic link, the mechanisms by
which plant cells sense water stress (Sperry et al., 2003). Two contrasting hypothesis were
established, either explaining the stomatal response as a feedback function of lowered leaf

water potential, or as a feedforward function of the vapor pressure deficit of the air, probably

9



Introduction

triggered by abscisic acid (ABA) in the leaves (see for review Streck, 2003). Indeed, it seems
to be unclear whether stomata are controlling gas-exchange or vice versa (e.g. Buckley, 2005;
Buckley and Mott, 2013; Jones, 1998). In analogy, two well-established approaches explain
stomatal control either in response to the environmental conditions (e.g. Ball et al., 1987) or
on the theoretical basis that stomata should act to minimize the amount of water used per unit

carbon gain (Cowan and Farquhar, 1977).

In hydrodynamic modeling, the leaf water potential has been shown to be the best known
predictor of the stomatal response (Oren et al., 1999). The mechanistic linkage between
stomatal conductance and the leaf water potential could be proved by various hydrodynamic
modeling approaches (e.g. Bittner et al., 2012a; Bohrer et al., 2005; Sperry et al., 2002). In
consequence, hydrodynamic modeling approaches considering the explicit hydraulic
architecture of trees are supposed to provide a reliable estimation of the stomatal response

towards changing environmental conditions.

Due to the strong coupling of the carbon-water balance in trees (McDowell, 2011), however,
the impact of stomatal closure on leave photosynthesis needs to be considered when
addressing the drought tolerance of trees (Sevanto et al., 2014). Indeed, evidence for the
relationship between hydraulic regulation of water status and carbohydrate depletion of trees
exposed to drought has been observed (e.g. Mitchell et al., 2013). A qualitative estimate of the
carbon-water balance and the leaf physiological response towards changing environmental
conditions is more commonly determined by the analysis of stable isotopes (see for review
Gessler et al., 2014 and Werner et al., 2012). In particular, the tree ring carbon isotope derived
intrinsic water use efficiency represents a valuable determinant of retrospective eco-
physiological processes (Farquhar et al., 1982; McCarroll and Loader, 2004; Seibt et al.,
2008). In fact, Gessler et al. (2009a) could trace the carbon and oxygen isotope signals from
the leaves to the tree-ring archive by the analysis of tree-ring, leaf and phloem organic matter
and approved the expected isotope fractionation in relation to the prevailing environmental

conditions and physiological response.

In this PhD thesis, I combine information from literary sources, hydrodynamic modeling,
tree-ring stable isotope analysis and tree growth data. The investigations conducted were part
of the joint-projects ,,The carbon and water balance and the development of beech dominated
forests — Physiological and competitive mechanisms on different scale levels” with funding
from the German Research Foundation (DFG; contract number GE 1090/8-1) and “Dieback of

Norway spruce — causality and future management strategies” which was financed by the
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Norwegian Research Council, the Norwegian Forest Owners Research Fund
(Skogtiltaksfondet) and regional funds from six county forest offices in southeast Norway
(Fylkesmannens landbruksavdeling). Both research projects were focused on the water

balance of individual trees in relation to their carbon balance, growth and drought tolerance.

A major part of my studies focuses on the most important broad-leaf tree species in Central
Europe (Fagus sylvatica L.). For a comprehensive study of the water balance of beech trees, a
functional-structural xylem water flow model (XWF) was applied for a beech cluster
consistent of 98 mature beech trees in total (section 2). This study addresses the evaluation of
the XWF model and the determination of the water balance of the entire forest stand. A
second part focuses on the physiological regulation of Norway spruce (Picea abies L. Karst.).
This study was included since some trees have shown dieback symptoms and provided the
chance to examine the physiological thresholds of individual trees. The investigation of the
dieback in Norway spruce examines the intrinsic water use efficiency of trees with- and
without dieback symptoms. Since drought was hypothesized as main trigger of the observed
dieback, it was proven whether the physiological control and the hydraulic properties of the
individual trees explain the variability in mortality (section 3). A third study, combining both
the hydrodynamic modeling (section 2) and the tree ring stable isotope analysis (section 3),
furthermore, provides insights into the carbon-water balance and leaf physiology of beech

trees based on mechanistic modeling and analytic determination (section 4).

The global discussion of this PhD thesis (section 5) addresses on three major research
questions related to the studies introduced above. Note that the main results of the discussion

are illustrated in a summary box at the end of each section:

e (5.1) “European beech (Fagus sylvatica L.) — a forest tree without future in the
south of Central Europe?” (Rennenberg et al., 2004)

e (5.2) “Forest water balance predictions — a paradigm of generalization and
complexity of forest ecosystem properties and processes?”

e (5.3) “At what range does stomatal control lessen the vulnerability to drought —
how to predict physiological thresholds?”

The first question (section 5.1) focuses the species-specific drought tolerance of Fagus

sylvatica and discusses the competitive strength of beech trees under dry condition. Therefore,

the hydraulic vulnerability and the physiological control of beech trees have taken a major

part in this section. Due to the complexity of the forest water cycle and the great diversity of

forest stands in structure and tree species composition, the second question (section 5.2)
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summarizes main important measuring and modeling techniques of the forest water balance
and highlights their strengths’ and weaknesses. The main focus, however, was set on process-
based models established for forest water balance predictions under consideration of the
hydraulic architecture of trees and tree physiological control mechanisms of water loss. Since
stomata represent the main interface for the gas exchange in trees, the third question (section
5.3) summarizes the impact of the stomatal control on the carbon-water balance of trees and

the impact of drought.

Since all investigations presented in this PhD thesis were conducted for subsequent years of
varying soil water supply, the inter-annual physiological response was expected to significant
change the carbon-water balance of the examined trees. In particular, the stomatal response
was assumed to distinctly reduce water loss at scarcity of water in order to avoid harmful
xylem water tension. The latter should be mirrored by the whole-tree hydraulic conductance
obtained by XWF modeling indicating the hydraulic thresholds at single-tree level. Due to the
restriction in gas exchange by stomatal closure, however, an increase of the intrinsic water use
efficiency in order to optimize the ratio of water loss and carbon gain was assumed. The
changes in the carbon-water balance should be mirrored in the annual growth rates and the

tree-ring isotope composition.

All sections of the discussion refer to the scientific article written in this PhD project and
published in Forest and Agricultural Meteorology (Hentschel et al., 2013; section 2), Forest
Ecology and Management (Hentschel et al., 2014; section 3) and submitted to Trees
(Hentschel et al., 2016; section 4).
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Simulation of stand transpiration based on a xylem water flow model for individual trees

2 Simulation of stand transpiration based on a
xylem water flow model for individual trees

The following study was published in the international peer-reviewed journal Agricultural

and Forest Meteorology (2013). The original article was published by ELSEVIER:

Hentschel, R., Bittner, S., Janott, M., Biernath, C., Holst, J., Ferrio, J.P., Gessler, A.,
Priesack, E., 2013. Simulation of stand transpiration based on a xylem water flow model
for individual trees. Agric. For. Meteorol. 182-183, 31-42.

A collective list of the participating co-authors of the research articles presented in this thesis
can be found at the end of the manuscript (List of co-authors). In order to avoid duplications
in citation, all references cited in this thesis were jointed to one list (References). All figures

and tables illustrated in this thesis are listed respectively (List of figures, List of tables).
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2.1 Abstract

Quantifying the water exchange between a forest stand and the atmosphere is of major interest
for the prediction of future growth conditions and the planning of silvicultural treatments. In
the present study, we address (i) the uncertainties of sap flow estimations at the tree level and
(i1) the performance of the simulation of stand transpiration. Terrestrial laser scan images
(TLS) of a mature beech stand (Fagus sylvatica L.) in southwestern Germany serve as input
data for a representation of the aboveground tree architecture of the study stand. In the single-
tree xylem water flow model (XWF) used here, 98 beech trees are represented by 3D graphs
of connected cylinders with explicit orientation and size. Beech-specific hydraulic parameters
and physical properties of individual trees determine the physiological response of the tree

model to environmental conditions.

The XWF simulations are performed without further calibration to sap flow measurements.
The simulations reliably match up with sap flow estimates derived from sap flow density
measurements. The density measurements strongly depend on individual sapwood area
estimates and the characterization of radial sap flow density gradients with xylem depth.
Although the observed pure beech stand is even-aged, we observe a high variability in sap
flow rates among the individual trees. Simulations of the individual sap flow rates show a
corresponding variability due to the distribution of the crown projection area in the canopy

and the different proportions of sapwood area.

Stand transpiration is obtained by taking the sum of 98 single-tree simulations and the
corresponding sap flow estimations, which are then compared with the stand-level root water
uptake model (RWU model) simulation. Using the RWU model results in a 35 % higher
simulation of seasonal stand transpiration relative to the XWF model. These findings
demonstrate the importance of individual tree dimensions and stand heterogeneity
assessments in estimating stand water use. As a consequence of species-specific model
parameterization and precise 7LS-based stand characterization, the XWF model is applicable
to various sites and tree species and is a promising tool for predicting the possible water

supply limitations of pure and mixed forest stands.
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2.2 Introduction

European beech (Fagus sylvatica L.) is the most important deciduous tree species in the
natural forests of Central Europe (Ellenberg, 1996), but an increasing frequency of drought
might reduce the growth and competitiveness of this species (Gessler et al., 2007; Rennenberg
et al., 2004). Possible climate change impacts on European forest ecosystems are discussed in
Lindner et al. (2010), and drought represents an important threat for regional tree populations.
As a consequence, determining and forecasting beech stand water use is of major interest in
commercial forestry and forest conservation to ensure productivity as well as ecosystem

stability.

Predicting forest ecosystem responses to disturbances (e.g., drought events) requires a degree
of complexity found only in eco-physiological process models (Pretzsch, 2007). There is a
trade-off between model data requirements and the variety of quantifiable input-output
relationships (Fontes et al. 2010); hence, various forest ecosystem models have been
developed to serve different purposes. Different modeling concepts are reviewed by Bugmann

et al. (2010), Mékela et al. (2000), Pretzsch (2007) and Vacchiano et al. (2012).

When modeling the water dynamics in the soil-plant-atmosphere continuum (SPAC), tree
hydraulic architecture can be crucial (Tyree, 1988, 2002). Furthermore, large observed
differences in water use among species can be partly attributed to differences in their
hydraulic properties (Sperry et al., 2002). The advantage of a hydraulic single-tree model over
the commonly used stand water use model is the more detailed representation of the vertical
distribution of transpirational water loss in the underlying model structure. The modeling
advantage is obtained as a result of the representation and parameterization of the
capacitance-conductance relationship that exists due to the structural allometry and hydraulic
properties of wood and xylem (Bohrer et al. 2005). As a consequence, the modeled water flow
is not only limited by the vapor pressure deficit (VPD) of the air and soil water supply, but it
is also determined by the hydraulic conductivity of branches, which, in turn, depends on
branch water pressure and species-specific wood properties. Furthermore, leaf-level
physiology can be displayed in a hydraulic single-tree model by adding a stomatal response
model that links the water pressure in the branches to stomatal resistance (Bohrer et al. 2005;

Chuang et al. 2006).

In previous hydraulic tree model approaches (e.g., Bohrer et al., 2005; Chuang et al., 2006;
Frith and Kurth, 1999), virtual plant models (e.g., Lindenmayer, 1968) were incorporated to
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describe the hydraulic architecture of trees. Within the last decade, the terrestrial laser
scanning (7LS) technique has advanced and now allows for the characterization of entire
aboveground tree architectures (Xu et al. 2007; Pretzsch 2011; Seidel et al. 2011; Bittner et al.
2012b). As a result, the explicit architecture of standing trees can be incorporated into single-

tree models.

In the present study, the xylem water flow model (XWF model), which was developed by
Janott et al. (2010) and further extended by Bittner et al. (2012a), is applied to a mature beech
stand in southwestern Germany. Terrestrial laser scan images provide the inputs for an
automatic skeleton extraction algorithm (Verroust and Lazarus 2000; Xu et al. 2007),
resulting in a 3D graph of connected cylinders at high spatial resolution to represent the
aboveground tree architecture. The corresponding 3D root architecture is generated according
to the vertical and horizontal fine-root distribution of mature beech trees (Meinen 2008). In
addition to the explicit structure of the tree, physical properties of the wood material, such as
the elastic modulus, the fraction of xylem area to basal area and xylem porosity, are used to
characterize the hydraulic pathway within the tree. Hydraulic properties are introduced to
account for species-specific characteristics such as the maximal hydraulic conductivity, air

entry value in xylem vessels and stomatal behavior.

To calculate the daily water balance in the SPAC, the hydraulic beech model is implemented
within the modeling framework Expert-N 3.0 (Priesack and Bauer 2003; Priesack 2006b;
Priesack et al. 2006; Biernath et al. 2011). The lower boundary conditions are determined by
an integrated soil water balance model, which is coupled to the root water uptake term from
the XWF model. The upper boundary conditions are provided by the water loss resulting from
potential transpiration as derived from the /40O Penman-Monteith evapotranspiration model

(Monteith 1965; Allen et al. 1998; ASCE-EWRI 2005).

The objective of the present study is to integrate recently available 7LS images for
mechanistic modeling purposes. The high integration level (e.g., stomatal response at the leaf
level) for explicit spatial distribution can improve our understanding of the effects of crown
architecture on trees' hydrodynamics and physiological responses to environmental changes.
Area-related transpiration rates are difficult to determine in complex systems (Crosbie et al.
2007); therefore, the representation of forest stand heterogeneity via 7LS imaging models

might improve simulations of stand water dynamics.
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In this study, we perform water flow simulations for 98 individual trees over an area of 0.21
ha. Sap flow data from 12 beech trees within the study stand are used for model evaluation.
Furthermore, we apply a stand-level root water uptake model (RWU model) to compare the
simulated stand transpiration as derived from the hydraulic single-tree approach with the
results of the conventional stand model approach. The main question is whether the XWF
model can account for variations in individual sap flow rates and thereby improve stand
transpiration estimations with respect to environmental drivers in comparison to the RWU
model. Furthermore, we test whether the species-specific parameterization of the XWF model
as obtained by a previous study (Bittner et al. 2012a) is valid for the beech stand investigated

here.
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2.3 Materials and methods

The abbreviations and variables used in this study can be found in the appendix (Table 2-3)

while the parameterization of the applied models is illustrated in Table 2-1.

Table 2-1: Description of the parameters, values and sources applied in this study.

Parameters of the XWF model Unit Value Source
CPA;  crown overlapping (%) 32 present study
K maxroor ~ max. root hydraulic conductivity (mms’ ]) 0.13 Bittner et al. (2012)
k max.prancn,  Max. branch hydraulic conductivity (mm s'l) 0.017 Bittner et al. (2012)
k. soilroot hydraulic conductivity (mMPa' s™) 4.70E-08 Korn (2004)
E specific elastic modulus (mm) 3.50E+06 Oertli (1993)
LAl leaf area index (m2 m'z) 5.12 Gessler et al. (2004)
RAI root area index (m’ m?) 11 Leuschner et al (2004)
Parameters of stomata model Unit Value Source
Sty parameter of stomatal resonse (mm) 2.29E+05 Kocher et al. (2009)
St . parameter of stomatal resonse () 3.5 Kocher et al. (2009)
Parameters of the xylem water retention curce Unit Value Source
a xylem air entry value (mm) -3.16E+05 Oertli (1993)
€ Xylem porosity (mm3 mm° ) 0.52 Gebauer et al. (2008)
A Borrks and Corey parameter ) 0.86 Oertli (1993)
Parameters of the vertical root distribution Unit Value Source
p Gale & Grigal parameter -) 0.94 Gale & Grigal (1987)
Parameters of the soil water retention curce Unit Value Source
Kg saturated soil hydraulic conductivity (mmday ") Table 2-4 present study
a van Genuchten parameter (cm'l) Table 2-4 present study
n van Genuchten parameter ) Table 2-4 present study
0. residual soil water content (%) Table 2-4 present study
0 saturated soil water content (%) Table 2-4 present study
Parameters of the RWU model Unit Value Source
R in minimum soil water potential (mm) -2.40E+04 Bittner et al. (2010)
h opt optimal soil water potential (mm) -8.00E+03 Bittner et al. (2010)
Parameters of the radial SFD profile Unit Value Source
b coeflicient of the Weibull finction -) 342  Gebauer et al. (2008)
c coefficient of the Weibull function (-) -2.44 Gebauer et al. (2008)
d step wide (mm) 1 present study
SED y4x  coefficient of the Weibull function -) 2.69  Gebauer et al. (2008)
X SED coeficient of the Weibull function () -2.44 Gebauer et al. (2008)
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2.3.1 Study site

The study was conducted in a beech-dominated forest stand (> 90 % Fagus sylvatica L.) on
the Swabian Alb in southwest Germany (790 m a.s.l., 8°45'E, 47°59'N). This single-layer, 80-
to 90-year-old beech stand with a density of 28 m” ha™ is located on a steep, NE-exposed
slope (58-100 %). Meteorological data were recorded at a forest walk-up tower station (1.5
times the stand height) located within the stand. Detailed information on the meteorological
data acquisition and stand characteristics are provided by (Mayer et al. 2002; Gessler et al.

2004; Holst et al. 2004b).

In addition to meteorological measurements, the volumetric soil water content of the upper 30
cm was determined with the time-domain reflectometry method (7DR, sensor type CS615,
Campbell Scientific). The soil profile is a Rendzic Leptosol derived from limestone (Gessler
et al., 2005a), and the soil properties of four soil layers (0-20, 20-35, 35-65, 65-100 cm) are
shown in Table 2-4 (appendix). Further detailed information about the soil characteristics can
be found in Wohrle (2006). We used the software Rosetta 1.2 (Schaap et al. 2001) to estimate
the saturated volumetric water content (6, %), the residual volumetric water content (6,, %),
the saturated hydraulic conductivity (Ks, mm day") and the van Genuchten soil water
retention curve parameters a and n for each soil layer. The soil hydraulic model was
parameterized by using physical soil characteristics (appendix; Table 2-4). To account for the
shallow soil profile and the likely presence of karst cavities, the van Genuchten parameter n
was adjusted to match the simulation using the RWU model with the actual soil water
contents. Note that we placed special emphasis on the lowest measured soil water contents, as
the model performance was of particular interest under limited soil water conditions. We also
neglected forest canopy rainfall interception because soil water dynamics were better reflected

with total precipitation as the input variable.
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Figure 2-1: Terrestrial laser scan image of the present study stand (birds'-eye
view). Color shading marks the single trees. Study trees where sap flow density
measurements were performed are indicated in green.

2.3.2 Tree architecture

The aboveground stand structure was captured with a Riegl VZ-400 terrestrial laser scanner
(Riegl GmbH, Horn, Austria). During nearly windless weather conditions, terrestrial laser
scans (7LS) were performed at 29 scan setup positions distributed across the sample plot to
match several scan images for each individual tree within the stand. All scan setup positions
were referenced in a local coordinate system using reflectors and reference targets with a
positional average standard deviation of less than 8 mm. The scanner has a range precision of
3 mm, and the angular spacing between two laser beams was set to 0.04°. The resulting three-

dimensional point cloud was manually divided into subsets representing individual trees (for a
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total of 98, Figure 2-1). An automatic skeleton extraction algorithm (Verroust and Lazarus
2000; Xu et al. 2007) was applied to transform sets of three-dimensional points to connected
cylinders with exact positions and orientations, each representing a section of the trunk or of a
branch of the crown. Furthermore, we wrote a semi-automatic routine to derive the diameter
at breast height (DBH, cm), tree height (H, m) and crown projection area (CPA4, m”) from
individual tree 7LS images (Figure 2-2). For all cylinder elements of the individual tree
skeleton, the pipe model (Shinozaki et al. 1964) was assumed to calculate the sapwood

distribution area at the branching points.

Figure 2-2: Example of the further processed tree representation
obtained by terrestrial laser scans and the root generator (tree 194).
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Because there was no adequate information about the rooting systems of the present study
stand, the root system was generated based on data of a comprehensive root investigation in a
pure beech stand conducted by Meinen (2008). The root model target parameters are the
vertical and horizontal fine root distribution, root area index (RAZ, root surface per soil surface
area, m> m™), rooting depth and horizontal coarse root expansion. The root architecture is
built by coarse roots that branch into vertical roots according to the observed horizontal root
distribution for beech trees (Meinen et al., 2009). The decrease in fine-root biomass from the
distance to the stem was best described by a sigmoidal shape function. The coarse-root
expansion was set according to the respective CPA radius, but the fine-root expansion was
allowed to exceed the CPA to simulate the defined RA/. This approach is in agreement with
the observation that the fine-root system of Fagus sylvatica can exceed the size of its
respective CPA by 5-20 times (Meinen et al. 2009), but fine-root density sharply declines
with increasing distance from the stem when the average crown radius is exceeded as found
by Holscher et al. (2002). Note that the horizontal root distribution is assumed to be axis-
symmetric, and tree soil water uptake only results from the sum of root water uptake per
square meter of soil layer. The vertical root distribution is simulated by the non-linear vertical

distribution model introduced by Gale and Grigal (1987) as follows:

y=1-p 1)

where y expresses the cumulative fine-root fraction contained in the soil at soil depth z (cm).
The vertical decrease in root mass is then described by the § value determined for a mature
beech stand by Meinen et al. (2009), in which approximately 70 % of the fine-root biomass is
located in the upper 20 cm of the soil. The vertical roots accordingly branch into horizontal
roots of a higher branching order, and the root surface results from the length of the horizontal
root segments. An RAJ of 11 m* m™ was assumed as determined by Leuschner et al. (2004) in

a beech stand in Hainich National Park.

2.3.3 Sap flow

For the year 2007, Holst et al. (2010) determined the sap flow density (SFD, 1 cm™ sapwood
area min™') of the outer 2 cm at breast height for 12 adult beech tree trunks in our study stand.
They applied the constant-heating method from Granier (1985) and Kostner et al. (1992) with
pairs of 20 mm Granier-style probes (Granier et al. 2000; Wilson et al. 2001). In total, 80 days

of valid SFD measurements were recorded. In the same study, the sapwood area (S4, cm?) of
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25 beech trees with different DBHs was determined according to Glavac et al. (1989). The

observed relationship was as follows:
SA = 0.6546 - DBH? + 0.5736 - DBH — 40.069  (2-2)

This formula was applied to all 98 beech trees in the present study. The hourly sap flow rates
of individual trees (SF; 1 h™) were obtained by multiplying the measured SFD by its

respective SA.

In addition, the radial variation in SFD at sapwood depth x was taken into account and then

calculated by applying the four-parametric Weibull function (Kubota et al. 2005):

Cc

1
1-¢  _[X=XSFD_ (¢=1\c
C—l) c e ( b +( c ) )

SFDy = "=+ SFDyqx (=

1, C—1
(b + (Cj)z> (2-3)

where SFD, is the relative SFD at xylem depth x, coefficient SFD,,,, characterizes the peak

value of the function, coefficients » and ¢ determine the shape of the curve and xgzp is the
xylem depth where the maximum SFD is located. According to the beech tree
parameterization by Gebauer et al. (2008), the radial variation in SFD is described as a
negative exponential function of the xylem depth (Table 2-1). The corresponding sap flow

rate for the individual tree (SF,, 1 h™") is then obtained by
SF, = Y.™* SFD - SFD, - SA, (2-4)

where d is the step width (here, 1 mm) and x,,,, is the maximal xylem depth. SA, is calculated
as the area of an annulus, where the inner radius is determined by x and the outer radius by

x+d.

Both SF and SF, were extrapolated to the stand level according to Granier et al. (1996a) by
grouping trees into DBH classes (DBHc) of <29.5 cm, between 29.6 and 35.0 cm and >35.1
cm. The mean SFD was calculated for each DBHc and applied to an SF' calculation of the
trees for their respective DBHc results. The sum of all individual sap flow rates resulted in a

total stand transpiration ST (based on SF) and ST (based on SF).

23



Simulation of stand transpiration based on a xylem water flow model for individual trees

2.3.4 Model description

The XWF model determines the water flow within individual trees. According to the
cohesion-tension theory (Tyree and Zimmermann, 2002), water flow is driven by a gradient
of xylem water potential between the canopy and the root system. The hydraulic pathway of
finite cylinder elements, which is represented by root, stem and branch segments (section
2.3.2), is characterized by its hydraulic properties. These properties are described by a set of
four physical input parameters (k. specific axial hydraulic conductivity, ¢ xylem porosity,
SA/BA fraction of sap wood to basal area, E elastic modulus). In this study, the hydraulic and
physiological properties were measured at the experimental site or selected from the literature

on adult beech trees (Bittner et al. 2012a).

The present parameterization of the XWF model is illustrated in Table 2-1. With the exception
of the differing k., of root and branch elements, the hydraulic properties were assumed to be
homogeneous for all elements and trees. The internal tree water storage (WS, 1) is defined as
the water content of all aboveground xylem elements. The individual tree parameters (e.g.,

CPA) were determined from 7LS images and are summarized in Table 2-2.

Table 2-2: Distribution of single-tree dimensions (DBH, diameter at breast
height; H, tree height; CPA, crown projection area; SA/BA, ratio of sapwood area
and basal area) and averaged daily sap flow rates (SF,, sap flow derived from
SFD measurements; SFyyr, simulated sap flow). The variable »n indicates the
distribution within the entire study stand (n = 98) and within the subpopulation
of the study trees for SF'D measurements (n = 12).

Variable ~ Unit ~ Number Distribution parameter
Min. Ist Qu. Median Mean 3rd Qu. Max.
DBH (ecm) n =98 9.98 2138  27.56 2656 3258  45.52
n =12 2133 28.53  31.51 32.18 3692  42.65
CPA () n =98 3.82 18.16  29.61 31.34 4197  80.57
n=12 11.50  34.55 4648 40.65 51.03 55.55
H (m) n =98 12.80  25.52 2830 26.62 29.60  35.60
n =12 27.00 28.82 2950 29.78  30.50 34.70
SA/BA ) n =98 0.39 0.76 0.79 0.76 0.81 0.82
n =12 0.76 0.80 0.81 0.80 0.82 0.82
SF (lday'l) n =98 5.82 19.81 28.60  28.00 3634  58.78
n =12 13.29 2744 3404 3581 4296  58.76
SF ywr (1day') n =98 5.42 19.55  30.89 3099 4025  75.52
n=12 1543 3441 4337  42.03 5337  60.67
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The xylem can be seen as a porous medium (Siau, 1984), and the water flow can therefore be
described by the non-linear Darcy equation (Frith and Kurth 1999; Chuang et al. 2006).
Because transpiration and root water uptake are added as a sink-source term to the Darcy
equation and water storage in the porous medium is considered, water flow is calculated by

solving the one-dimensional Richards equation:

060 _ [k(l/))( +cos(a))] S (2-5)

ot

where 6 denotes the volumetric water content (m®> m™) at time step ¢ (s) for the individual
cylinder element with the axial hydraulic conductivity k& (mm s™). The vertical position of the
cylinder element is given by the height above (positive upward) or the depth below the soil
surface (negative downward), the axial length of element / (mm) and the respective zenith
angle a (-). The sink-source term S (s") represents the water loss of outer branches

(transpiration) and soil water uptake by the root elements.

Both 6 and k are non-linearly dependent on the xylem matric potential y (mm). For a
description of hydraulic conductivity &, the maximal xylem cross-sectional area is used as the
reference surface for water flux. The maximal axial hydraulic conductivity is given for xylem
water potential = 0. At more negative values of y, the cylinder element diameters decrease
and the smaller area of water-conducting xylem results in lower conductance. Air enters into
single xylem vessels below air entry value a (¢ < a), which leads to a strong (non-linear)
decrease in k. The xylem water retention curve and xylem conductivity curve following air
entry were introduced by Brooks and Corey (1966), and the related exponents for beech trees
(Table 2-1) are given by Kocher et al. (2009). We can derive xylem hydraulic conductivity k&
from the xylem water retention curve, which is based on the Hagen and Poiseuille law for

water mass flow rate in a cylindrical pipe by considering bundles of such pipes as follows:

6(@) _ @)\, (a9
o] O vz
(—) Y <a

a

with xylem porosity € (mm’ mm ), Brooks and Corey exponent 4 (-) and #:=2/4+1. The total
hydraulic conductance of a cylinder element is then found by multiplying the specific

conductivity with the hydroactive xylem area SA of the respective cylinder element.
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To define the boundary conditions of the system, the model is embedded in model framework
Expert-N 3.0 (Priesack and Bauer 2003; Priesack 2006b; Priesack et al. 2006; Biernath et al.
2011). The associated Expert-N database provides a characterization of the soil profile and
climate data (section 2.3.1). Both the sink and source terms of the Richards equation depend
on the potential evapotranspiration (£7,,, mm h"), which is derived from the stand-level
Penman-Monteith reference evapotranspiration on an hourly basis (ASCE-EWRI 2005). The
partitioning of E7,, into potential transpiration and potential evaporation was achieved by
using the plant cover factor and the leaf area index (LA, m* m ?) of the stand. An LA/ of 5.12
was determined in a previous study at the present stand by Gessler et al. (2004) and is
assumed to be almost constant in a mature, undisturbed beech stand. To simulate an average
evaporation rate of approximately 15 % of the total evapotranspiration for the present stand as
observed by Matzarakis et al. (1998), a crop cover fraction of 0.83 was applied. The
partitioned ET),,, describes the potential water demand for both the single-tree model (XWF
model) and stand model (RWU model) approaches.

In XWF model simulations, the potential transpiration (7., mm h') was scaled in
correspondence to the hydraulic area A4 (m®) of individual trees. Crosbie et al. (2007)
showed that using the total crown projection area (CPA, m?) as the basis for scaling up tree
water use to areal transpiration can cause an overestimation of up to 100 %. In the present
study, the 4,4, of the tree equals the particular CPA reduced by a factor of crown overlapping
within the stand (CPAy %). CPAy was calculated by summing the CPA of all trees and a

subsequent division of the sum by the area of the study plot.

In the next step, 7,,, was distributed to the outer branch elements. The representative leaf area
was assumed to be proportional to the length of the particular cylinder element and
normalized with the total length of the outer branches. The actual transpiration (T, mm h™)
was obtained by reducing the T,, of each outer branch by a factor describing stomatal

response, as suggested by Bohrer et al. (2005), as follows:

fstm = max |0.1, exp (— (%)S%)] (2-7)

where the reduction factor f;,, depends on the xylem water potential of the branch element
(mm). The parameters S, (mm) and S?, (-) describe the stomatal response to v, and they were

estimated by using leaf conductance vulnerability curves for beech trees (Kocher et al., 2009).
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In the RWU model, the actual transpiration does not depend on the water potential within the
plant but, rather, on the soil water potential (y,, mm) and the vertical distribution of the roots.
The root water uptake is proportional to the root density at soil depth z but is reduced by a
factor that depends on the specific soil matric head. This factor is determined by a threshold
of optimal soil water potential /., (mm) and minimal soil water potential 4, (mm) and
depends on soil and species-specific properties. Detailed model descriptions are given by

Bittner et al. (2010).

The vertical soil water flow is simulated by solving the one-dimensional Richards equation
according to Eq. 2-5 by following the water balance model HYDRUS 6.0 (Simtinek et al.,
1998). Both the volumetric soil water content and soil hydraulic conductivity are given as
functions of y,, which is defined by the parameterization described by van Genuchten (1980).
In the XWF model, the volumetric soil water flow @ (mm?® s™) between the one-dimensional
soil layer and a root element is then driven by the difference between the soil matric potential

ws and xylem water potential y of the particular root element as follows:

D = kg-s[pps — Y] (2-8)

where kg, (s) is the radial conductivity between the soil and the root and s (mm?) denotes the
surface of the particular root element. The total tree root water uptake is then given by the
sum of fluxes related to the maximal xylem volumes of the root elements. The sink term of
the soil water model is defined by the sum of the parts of root elements that intersect with a
particular soil layer divided by the soil reference, which is consistent with the hydraulic area

of the tree (4pyq4,) in this study.
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2.3.5 Statistical criteria

The deviation of the simulation results from observed measurements is expressed by three
statistical criteria. The root mean square error (RMSE), as defined by Mayer and Butler
(1993), determines the deviation between predicted and observed values in proportion to the
mean observed value. The normalized root mean square error (NRMSE) evaluates the average
relative deviation between the simulation and measurements in a range between 0 for a
perfect match and with +oo indicating no match at all, according to Wallach and Goffinet
(1989). The Nash-Sutcliffe model efficiency (NSE) was defined by Nash and Sutcliffe (1970),
and it is an appropriate statistical criterion for evaluating the daily dynamics of simulated
values. NSE values are dimensionless and can take values from -0 to 1.0. A value of NSE =
1.0 is given for a perfect match between the simulation and the observation. For a value of

NSE <0, the model is not better than a model that uses the observed mean as a predictor.
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2.4 Results

Water balance simulations of the soil-plant-atmosphere continuum were performed for the
2007 growing season. The RWU model was used to simulate whole-stand transpiration,
whereas the XWF model was applied to simulate the single-tree transpiration of each tree

within the study stand.

2.4.1 Forest meteorological measurements and soil water balance

An overview of the general atmospheric conditions at the study site is presented in Figure 2-3.
During the observation period from the first of May to the end of October, the daily average
values for relative humidity ranged between 36 % and 100 %. Periods of up to two weeks of
low relative humidity, daily mean air temperatures above 20 °C and almost no precipitation
were observed. Additionally, there were periods of reversed temperature and humidity

conditions and higher rainfall of up to 35 mm day'.

100

90

P[mm] / T[°C] / G [MJ m7
50 60 70
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Figure 2-3: Daily values of relative air humidity RH (%), air temperature 7'
(°C), global radiation G (MJ m™) and total gross precipitation P (mm) during
the 2007 growing season. Measurements were taken above the canopy at a
forest meteorological walk-up tower station located at the present study site.
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In accordance with the heterogeneity of the meteorological conditions, the measured
volumetric soil water content of the upper 30 cm of forest soil (Figure 2-4) ranged from 20 %
to 56 %. According to the embedded soil hydraulic model calibration (Section 2.3.1), the
RWU simulations matched the lowest measured soil water contents (Figure 2-4). As a
consequence of different simulations of the actual transpiration, the XWF model resulted in up
to 5 % higher soil water contents in comparison to the RWU model. Note that the individual
root water uptake sum observed for the XWF model was referred to as the total stand area at
each time step of the simulation; thus, homogeneous soil water conditions within the stand
were assumed. However, we observed that damped representations of soil water dynamics

and high soil water contents after rainfall were clearly underestimated by both models.

=== Measurement
= XWF

vol. soil water content [%]

NSE RMSE NRMSE
RWU 0.49 6.41 0.17
0.7 4.92 0.13

Figure 2-4: Simulated and measured volumetric soil water content in the first
30 cm of topsoil. The simulation results for both the RWU and XWF models are
given. Statistical criteria for the simulations are presented in the box as
follows: Nash-Sutcliffe model efficiency (NSE), root mean square error
(RMSE) and normalized root mean square error (NRMSE).

30



Simulation of stand transpiration based on a xylem water flow model for individual trees

2.4.2 Xylem water flow (XWF model)

The arithmetic mean of the average simulated sap flow rates (SFxpr) was approximately 11 %
higher than the average sap flow rates calculated from SFD measurement SF (Table 2-2).
Over the 80 days of valid SF measurements, the simulation yielded an RMSE of 10.7 1 day’,
an NRMSE of 15 % and a corresponding NSE of 0.7. The measurements and simulation
results for the 12 study trees are presented in Figure 2-5, and they show a high variability
among the study trees. We obtained insufficient simulation results (NSE < 0; Tree
111/128/133) for three of the trees. The highest NRMSE was 31 % (Tree 128), and the lowest
was 12 % (Tree 190).
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Figure 2-5: Daily sap flow rates for individual study trees of the sap flow density
measurement during the 2007 growing season. Measured values SF; are indicated with
black bars, and the simulated values SFypr are indicated with solid green lines. The
heading of each chart gives information about the tree i.d. (7ree), diameter at breast
height (DBH), crown projection area (CPA), Nash-Sutcliffe model efficiency (NSE), root
mean square error (RMSE) and normalized root mean square error (NRMSE).
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To use the diurnal water flow pattern within an average tree to represent the whole stand, the
arithmetic mean of the measured and simulated sap flow (SFy and SFyyr), simulated actual
transpiration (7xyr) and simulated tree water storage (WS) are presented in Figure 2-6. The
peak simulated sap flow was delayed in comparison to the diurnal transpiration by
approximately two to five hours. In accordance with this time shift, the simulated WS declined
in the morning hours, began to refill when sap flow rates were maximal and fully recovered to
the maximal WS during the night. The daily WS water use ranged between 20 % and 28 % of
Txwr. The SFywr and Tyyr diurnal patterns matched with measured sap flow SF, on days of
higher transpiration rates, whereas both models overestimated SF, when the evaporative

demand was low (SFy < 4 1 hour™).
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Figure 2-6: Diurnal patterns of measured sap flow corrected for radial sap flow
density gradient within stem SF) (black bars), the simulated transpiration Txyr
(solid blue lines), the simulated sap flow SFywr (solid green lines) and the
simulated tree water storage WS (solid gray lines). Values are presented as
average values for the 12 study trees of the sap flow density measurement for
the first two weeks of October 2007.
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2.4.3 Stand transpiration

At the stand level, the neglect of the radial SFD profile when extrapolating SFD
measurements to the tree level (Section 2.3.3) caused an overestimation of 55 % in the
calculated stand transpiration. When the radial SFD profile was considered, stand
transpiration (S7%) resulted in maximum values of 2.8 mm per day, whereas neglecting the
radial SFD profile resulted in maximum stand transpiration (S7) values of 5.2 mm per day.
The XWF simulation (STywr) showed a reliable match with S7, at an NRMSE of 15 %,
whereas the RWU simulation corresponded to an S7 with an NRMSE of 10 % (Figure 2-7).
Furthermore, STy corresponded to potential stand transpiration S7),,, on most days, whereas

STxwr was significantly reduced in comparison to ST,

STpot
= ST,
STy
e STy

NSE RMSE NRMSE
RWU 0.86 0.49 0.1
0.64 0.43 0.16

stand transpiration [ mm day ']

1 1 I 1 1 1 I
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Figure 2-7: Daily stand transpiration rates for the 2007 growing season.
Penman-Monteith potential transpiration S7),, is indicated by light gray bars.
Simulated stand transpiration derived by the RWU model is indicated by the
solid dark green line (STrpyy) and results of the XWF model are noted by the
solid light green line (STxwr). The estimated stand transpiration as calculated
from sap flow density measurements and accounting for the radial sap flow
gradient (S7)) is given in black bars, and the ST values neglecting the radial
gradient are represented by dark gray bars. The heading gives information on
statistical criteria, whereas the RWU model performance was tested for S7 and
the XWF model performance was tested for ST7,: Nash-Sutcliffe model
efficiency (NSE), root mean square error (RMSE) and the normalized root
mean square error (NRMSE).
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2.5 Discussion

The use of complex dual-permeability models involving two coupled Richards equations to
describe preferential flow and water transport include a large number of parameters; hence,
model calibration is difficult (Simtnek et al. 2003). Moreover, simultancous hydraulic
property calibration for both soil and plant models is a particular challenge because of the

interdependence of the soil-root interface.

2.5.1 Estimation of actual sap flow and stand transpiration

A stand transpiration estimate based on measurements of sap flow density (SFD) at the trunk
of a tree includes two scaling-up processes: the first one from SFD to the sap flow of the
entire tree and the second for scaling up to the entire stand. Wullschleger et al. (1998)
postulated that the main source of error is associated with the absolute sap flow estimation for
individual trees rather than with the scaling-up step to the stand level. When the radial
gradient of SFD proposed by Gebauer et al. (2008) was neglected in calculating whole-tree
sap flow, we observed a 29 % to 58 % higher average for daily sap flow estimates in our
study. In a previous study in which SFD probes consisting of seven in-line thermocouples
were used, Gessler et al. (2005b) reported an overestimation of mean sap flow rates for six
beech trees by approximately 35 % when the radial decrease in SFD was not taken into
account. At the stand level, we observed a 55 % higher average stand transpiration per day
when a radial SFD profile was not taken into account (S7) in comparison to our alternative
estimate (S7Y), which assumed a negative exponential function of SFD with xylem depth. For
Fagus sylvatica, an exponential decrease in sap flow density with sapwood depth was
observed in several studies (Kostner et al. 1998; Granier et al. 2000; Schafer 2000), but the
slope of the decay function may vary with the tree size and diameter increment (Liittschwager
et al. 2007; Dalsgaard et al. 2011). Furthermore, Liittschwager and Remus (2007) determined
seasonal variations in the sap flow density gradients with no obvious relationship to the tree
diameter and no consistent pattern among years, and Gessler et al. (2005b) observed diurnal
variations in the slope of the decay function. Because we did not account for such radial
gradient variations in our SFD, we kept the parameters of the decay function (Eq. 2-3)
constant over time and for individual trees. Thus, the effective sap flow of individual trees
might differ. However, we have good evidence to conclude that S7,, which accounts for
observed SFD gradients within the sapwood, is close to the true stand transpiration and that
ST, which only extrapolates the SFD of the outer 2 cm of the sapwood to the whole S4,
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strongly overestimates stand water use. Another possible source of error for scaling up SFD
measurements is the determination of water-conducting area S4 (Eq. 2-2). The ratio of S4/BA
at the stand level ranged from 0.39 to 0.82 (Table 2-2). The size of the water-conducting area
is a major parameter that determines the sap flow estimates for single trees (Eq. 2-4). Gebauer

et al. (2008) determined an average ratio of SA/BA for beech trees of 0.75.

2.5.2 Simulation of single-tree transpiration

In contrast to other studies (Granier and Biron, 1996; Kdstner, 2001) showing relatively small
variations in the average sap flow rates among trees in homogenous stands (coefficient of
variation CV < 15 %), we observed a CV of 38 % for the measurements (SFy) and 36 % in
corresponding simulations (SFxpr). High SF variability can occur when the water supply is
limited (Lu and Granier 1992; Katul et al. 1998) but also as a consequence of the differing
statuses of sample trees within the stand (Bréda et al. 1995a; Filho et al. 1995; Lu et al. 1995;
Granier et al. 1996b; Magnani et al. 1998). In the present study, the measured SFD was
extrapolated to the tree level by accounting for its S4 and simulated sap flow SFyyr, which
was driven by the Penman-Monteith potential transpiration for the hydraulic area of tree Ay
Both scalars showed a comparable variability among the study trees (CVsy = 43 % resp.
CVeps = 37 %); thus, the between-tree variability in sap flow can be explained by tree
dimension variability within the stand. Oren et al. (1998) noted that standardizing the sap flow
of individual trees by using the conducting or transpiring surface area (i.e., S4) or by using an
index of such areas (e.g., CPA) decreases differences in SF' among individual trees, but the

residual variability then originates from competition effects.

We observed a close match between the average SFyyr and the average SFy, with an NRMSE
of 15 % and NSE of 0.7. Beech stand heterogeneity (Table 2-2) is indicated by the range of
average sap flow from 13 1 day” to 59 1 day™ (using a subset of the 12 trees chosen for SFD
measurements). However, simulations for three of the 12 study trees failed (NSE < 0), but the
variability in single-tree sap flow rates was generally captured by the XWF model (Figure
2-5). This finding indicates the valid transfer of the evaporative demand to the tree level and
gives insight into the physical and physiological limits of individual tree transpiration. The
residual variation of SFyyr and SF, may be caused by incorrect parameter estimates (e.g.,
SA/BA, €, a) but also by unconsidered competition effects. To account for light competition,

the diurnal distribution of radiation inside the canopy can be simulated when a TLS-derived

35



Simulation of stand transpiration based on a xylem water flow model for individual trees

voxel representation of the canopy representing crown structures and the positions of the

neighboring trees is integrated into the XWF model (Bittner et al. 2012b).

On an hourly basis (Figure 2-6), the XWF model showed a rapid response to water loss by
transpiration Ty and, on average, 23 % of the transpiring water was supplied by internal tree
water storage WS. Bittner et al. (2012a) simulated a comparable usage of internally stored
water in the range of 15 to 22 % for beech trees. The significance of stored water for actual
transpiration depends on climatic and site conditions as well as on the tree size (Cermak et al.
1984; Tyree and Yang 1990). Even on days of relatively low soil moisture, such as in the first
week of August 2007 (Figure 2-4), the tree water storage was recharged to maximum values

overnight.

In general, the simulated daily sap flow rates were within the range and dynamics observed
for previous beech tree studies (Lang 1999; Schipka 2002). The XWF model was sensitive to
changes in environmental conditions but exhibited a two to five hour delay for the
compensation of Tyyr. However, no strong drought periods were observed within the
observation period, and the pF-value of the soil water retention curve ranged between 2.7 and
3.5 (data not shown). Under restricted soil water availability when tree water storage WS is
exhausted the model performance might need to be reconsidered. The importance of a proper
estimate for the physiological parameters and tree properties derived from 7LS images
included in the model may increase under drought conditions. It is obvious that the maximal
tree water storage and the transpiring reference area strongly influence the tree water status.
The latter is an input XWF model parameter with high sensitivity to individual tree water use
(Bittner et al. 2012a). Furthermore, the accuracy of the soil water uptake term, and hence the
representations of the soil-root interface, will become more important under drought
conditions. Aranda et al. (2005) noted that the soil-root interface provides the main hydraulic
resistance in the hydraulic pathway of trees (Bréda et al. 1995b; Kolb and Sperry 1999). In
our study, the root geometry was the same for all trees; only the root size was scaled
according to a particular CPA. Because no information about individual rooting systems or
reliable correlation functions between below and aboveground tree characteristics (Bakker et
al., 2008; Pregitzer et al., 2002) are available, the representation of the root system remains a
critical assumption as a consequence of the related uncertainty in the root water uptake

simulation.

36



Simulation of stand transpiration based on a xylem water flow model for individual trees

2.5.3 Simulation of stand transpiration

Daily values for simulated stand transpiration STyyr showed a reliable match with the
estimated value ST, (NRMSE of 15 %) and provided a good representation of stand seasonal
water dynamics. The annual (growing season) stand transpiration derived from the XWF
model amounted to 262 mm, which was in the range of previous investigations, in which the
beech stand transpiration ranged from 250 to 350 mm (Schipka 2002). For the 2000 growing
season, Keitel et al. (2003) determined a stand transpiration of 250 mm for the beech stand in
the present study by applying SFD measurements. This similarity indicates the plausibility of

both the XWF simulations and the derivation of individual sap flow rates.

The stand transpiration derived by the RIWU model (STgpy) amounted to 388 mm and was
approximately 35 % higher than the XWF model simulation (Figure 2-7). Furthermore, STrpv
was equal to potential transpiration 7, on most days. In contrast, STyyr was consistently
lower than 7, during the majority of the growing season. The potential transpiration was not
significantly reduced by the root water uptake, as we observed an overnight refill of tree water
storage WS (Figure 2-6); thus, the hydrodynamic properties of the canopy cylinder elements
determined the hydraulic resistance. Many studies have demonstrated the major importance of
stem hydraulic conductivity in controlling stomatal closure (Yang and Tyree 1994; Tsuda et
al. 1997). This relationship underlines the importance of hydraulic properties such as xylem
porosity, the individual sap wood area (Eq. 2-6) and the reliable parameterization of our
simulations. Bittner et al. (2012a) reported a ratio of T,./T,, close to 1 in beech tree
simulations under non-limited soil water conditions, whereas we observed an average ratio of
0.65. We assume that the stand-level Penman-Monteith reference evapotranspiration
overestimated the potential transpiration of the present forest stand under given estimates of

the leaf area and the crop cover fraction.

However, besides the potential overestimation of the driving force (E7,,) of our transpiration
models, the overestimation of the STrpyy might also be due to an underestimation of the
hydraulic resistance. In our study, we did not observe distinct drought periods and hence a
predicted low hydraulic resistance might in turn be a result of an overestimation of the fine-
root biomass rather than an underestimation of the reaction to water stress given by the
minimal and the optimal soil water potential (section 2.3.4). Kdcher et al. (2009) observed a
decrease in leaf water potential and sap flux density below a threshold value in the soil water
matric potential of -0.11 MPa, whereas we observed minimal values of -0.02 MPa only.

While the vertical root distribution for various biomes can be derived by vegetation-
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dependent coefficients (Feddes et al. 2001), the fine-root density and its effects on the
hydraulic resistance is likely to be variable with sites and forest stands. As an example
Leuschner et al. (2004) observed a RAI of six old-growth beech forests to range from 3 to 11
m” m™. The required water flux densities towards the root to yield a constant root water
uptake rate is consequently proportionately smaller with higher root densities (van Lier et al.
2006). Furthermore, no information about the soil water content in deeper soil layers was
available in our study mainly due to the shallow and spatially heterogeneous soil structure.
Gessler et al. (2004) characterized the soil as a Rendzina derived from limestone (Rendzic
Leptosol), which is very shallow averaging to ca. 0.20 m depth of topsoil before becoming
dominated by parent rock interspersed with pockets of organic matter and mineral soil.
Hence we could not evaluate the effects of water uptake from deeper soil layers. However,
this would become more important in drought periods when the root water uptake from
pockets of organic matters and through clefts in the parent rock might be crucial to keep the

tree water balance.

The difficulty of the determination of the effective rooting system of forest stands and the
explicit description of the soil properties of the different soil layers (including the spatial
heterogeneity) is leading to uncertainties in the parameterization of the root water uptake
models. Hence, the limiting hydraulic conditions derived from above-ground tree architecture
and wood properties measurements might partially correct the weaknesses in the

parameterization of root and soil models.
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2.6 Conclusion

This study demonstrates the importance of individual tree dimensions for scaling up sap flow
density measurements to the tree level as well as for single-tree transpiration simulations. The
availability of 7LS imaging for entire tree stands has great potential to reduce scaling errors
and to address specific tree architectures. The XWF model reproduced the variability of
individual tree transpiration rates without calibration and is therefore applicable to various
sites. However, accurate estimates of the water-conducting area of the tree and the transpiring
area of the canopy are crucial. For a more detailed investigation of the physiological
properties and control mechanisms of trees used to prevent water loss, more information

about the soil-root interface is needed.

The stand-level RWU model overestimated the actual stand transpiration as a result of its
strong dependency on potential evapotranspiration, but it still captured the seasonal
transpiration dynamics. A reduction factor for the potential transpiration caused by tree stand
hydraulic resistance can be estimated by randomized sap flow measurements or by simulating

the individual sap flow rates using a single-tree model.

Further work is needed to develop a fully automated separation of single trees from 7LS
images, as this is the most time-consuming task and might restrict wider applications of the
model. However, the semi-automated tree dimension calculation and the processing of
simulation results provide novel insights into the stand structure and water dynamics of
individual trees, and further applications of the XWF model in various tree stands is

recommended.
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2.8 Appendix

Table 2-3: Abbreviations and variables used in this article.

Abbreviation

FAO Food and Agriculture Organization of the United Nations

NRMSE normalized root mean square error

NSE Nash-Sutcliffe model efficiency

RMSE root mean square error

RWU root water uptake model

SPAC soil-plant-atmosphere continuum

TDR time domain reflectometry method

TLS terrestrial laser scanning

VPD vapor pressure deficit

XWF xylem water flow model

Variable Unit

Apyar hydraulic area of the tree (m’)

BA basal area of the tree (cm®)

CPA crown projection area (m?)

cv coefficient of variation (%)

DBH stem diameter at breast height (cm)

DBHc DBH class )

ET,, potential evapotranspiration (mmh™)

Sfom factor of stomatal response )

H tree height (m)

k hydraulic conductivity (mms™)
axial length of the element (mm)

s surface of the element (mm?)

SA sap wood area (cm?)

SA/BA ratio of sap wood area and basal area )

SF sap flow rate (1h™

SFD sap flow density (lem* S4 min™")

SFD, relative SFD at xylem depth x )

SFs, SF obtained by SFD and SA4 (1h™h

SF, SF corrected for radial gradient in SFD (1hh

SFywr XWF simulation of SF (1hh

ST stand transpiration derived by SF (mm day™)

ST,or potential stand transpiration (mm day™)

STrwu RWU simulation of ST (mm day™)

ST, stand transpiration derived by SF, (mm day™)

STxwr XWF simulation of ST (mm day™)

S sink-source term of Richards equation s

t time step (s)

T, actual transpiration (mm h'l)

Thor potential transpiration (mm h™)

Txwr XWF simulation of T, (mm h™)

WS tree water storage 0]

Xmax maximal xylem depth (mm)

x xylem depth (mm)

y cumulative fine root fraction (%)

z soil depth (cm)

o zenith angle of the element )

Db soil bulk density (g cm™)

0 vol. xylem water content (m® m?)

7 xylem water potential (mm)

Vs soil water potential (mm)

D vol. soil/root water flow (mm’ s™)
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Table 2-4: Soil properties and hydraulic parameters of the present soil profile. Values in
brackets show the applied changes of the van Genuchten parameter » for the calibration of the
soil water model (Az, soil interval; relative contribution of: sand, silt and clay; py, soil bulk
density; 6, saturated vol. water content; 6, residual vol. water content; StF, stone fraction; n,
van Genuchten parameter; o, van Genuchten parameter; Ks, saturated hydraulic conductivity).

Layer Az Sand Silt Clay StF Pb 0 0, n o K
cm % % % % g cm % % 1 em!  mm day‘1
1 20 20 40 40 15 0.9 61 11 1.38(2.5) 0.016 148
2 15 16 34 50 35 1.1 56 11 1.33(2.5) 0.019 51
3 30 16 34 50 30 1.3 50 10  1.33(2.5) 0.016 17
4 45 10 50 40 40 1.4 47 9 1.43 (2.5) 0.011 9
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3 Norway spruce physiological and anatomical
predisposition to dieback

The following study was published in the international peer-reviewed journal Forest Ecology

and Management (2014). The original article was published by ELSEVIER:

Hentschel, R., Rosner, S., Kayler, Z.E., Andreassen, K., Borja, 1., Solberg, S., Tveito, O.E.,
Priesack, E., Gessler, A., 2014. Norway spruce physiological and anatomical
predisposition to dieback. For. Ecol. Manage. 322, 27-36.

A collective list of the participating co-authors of the research articles presented in this thesis
can be found at the end of the manuscript (List of co-authors). In order to avoid duplications
in citation, all references cited in this thesis were jointed to one list (References). All figures

and tables illustrated in this thesis are listed respectively (List of figures, List of tables).
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Norway spruce physiological and anatomical predisposition to dieback

3.1 Abstract

Top dieback on Norway spruce has frequently occurred in stands of southern Norway and it is
a serious threat to the productivity and stability of economically important spruce stands. The
underlying dieback mechanisms are unclear; often the whole stand is not affected, but only
individual trees. Drought stress is hypothesized as a crucial trigger for the onset of symptoms;
therefore, we studied the response-effect relationships of water limitation and tree specific
traits. We analyzed year ring anatomy, i.e. wood density, as an estimate of drought
vulnerability, and carbon and oxygen isotope composition of the year rings as an estimate of
leaf physiology. At two sites in SE Norway, we grouped declining and symptomless trees in
direct vicinity of each other into pairs for comparison of anatomical and physiological traits.
For one site, we observed a distinct lower wood density and higher radial growth of declining
trees in comparison with the healthy trees over several years. We identified high vulnerability
to cavitation due to lower wood density as a trait of individuals prone to dieback. We
observed lower intrinsic water-use efficiency (WUE,) associated with increased stomatal
conductance. The healthy trees had lower stomatal conductance, which most likely prevented
water losses during dry periods. Within a population, we observed a trade-off between long-
term growth performance under ‘‘average’ conditions and a different response for
“‘extreme’” events. These resource strategies will be important for Norway spruce

management, especially for regions facing an increase in the frequency of drought events.
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3.2 Introduction

Temporal and spatial patterns of increased tree mortality have been documented around the
globe (Allen et al. 2010; Choat et al. 2012). These mortality patterns are strongly related to
climate change and, in particular, to the increase in frequency and intensity of heat stress and
drought. In Southern Norway and Sweden, a top-dieback of Norway spruce (Picea abies L.
Karst.) has been observed over the past decades and has primarily been attributed to drought
and heat stress (Solberg et al. 1992, 1994; Barklund and Wahlstrem 1994; Wahlstrem and
Barklund 1995). The dieback has triggered considerable concern, mainly because the afflicted
trees are at the age of highest growth, i.e. usually 40-60 years old, and are dominant or co-
dominant in highly productive stands. Typical symptoms appear first as a stunted top growth,
needle discoloration and drying of the top (Solberg 2004). While these dieback symptoms are
widely recognized and described, the underlying changes in tree anatomy and the
physiological causes that lead to the visible dieback symptoms and subsequent death are not

well understood.

Tree responses to drought and heat stress over a growing season are manifold, but can be
categorized as long- and short-term responses. Changes in wood anatomy fall under the long-
term category, as trees optimize water transport pathways by adjusting tracheid cell size and
shape as well as cell wall thickness to reduced soil water availability and higher evaporative
demand. Two recent studies applying artificial drought conditions to Norway spruce reported
a decrease in radial growth, since fewer tracheid rows are produced (Jyske et al. 2010;
Eldhuset et al. 2013). Drought experiments with mature trees revealed only a slight increase
in wood density due to an increase in tracheid cell wall thickness; lumen diameters were
however not influenced (Jyske et al. 2010). The authors concluded that severe drought as
predicted to occur more frequently in the future may reduce Norway spruce growth, but it is
unlikely to result in large changes in wood properties. This is emphasized by the fact that an
increase in wood density is achieved mainly by narrowing lumen diameter rather than
increasing cell wall thickness (Hannrup et al. 2004; Pittermann et al. 2006; Sperry 2006). The
intrinsic wood anatomy of the water conducting tissue, however, determines the hydraulic
conductivity as well as the hydraulic safety. Wood density has been the most promising
candidate to predict vulnerability to cavitation and thus drought sensitivity in mature Norway
spruce trunk wood (Rosner et al. 2008). Rosner (2013), showed a clear and significant
negative relationship between air seeding pressure or full embolism pressure on the one hand

and wood density of Norway spruce on the other. Hence, a greater resistance to cavitation
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requires a safer design for resisting implosion, because the cell walls need to withstand higher
tensile strain before cavitation occurs (Hacke et al. 2001). Tensile stresses in a water filled
conduit should thus increase with decreasing double cell wall to span ratio, based on the
assumption that both mechanical strength and stiffness increase with increasing wood density
(Hacke and Sperry 2001; Hacke et al. 2001; Pittermann et al. 2006; Sperry 2006; Domec et al.
2009).

Short-term responses mainly occur at the leaf level whereby a reduction in stomatal
conductance (g;) reduces water losses to the atmosphere. This change in stomatal aperture
subsequently reduces the amount of CO, diffusing through stomata reducing photosynthetic
capacity (4). Consequently, the probability of tree mortality under drought is related to the
balance between carbon uptake and water loss. Precise physiological mechanisms of drought
related mortality is an active area of research (Anderegg et al. 2012), and it is unclear how
important carbon starvation is compared to hydraulic failure (Sevanto et al. 2014), yet, the
intensity and duration of drought stress (McDowell et al., 2008) most likely plays a large role
in Spruce dieback. Stable isotopes have been widely used to address leaf level acclimation of
A and g, to environmental conditions (for a recent review see Werner et al., 2012).
Photosynthetic carbon isotope fractionation and consequently the carbon isotope composition
(8"°C) of plant organic matter is an indicator for the ratio of ambient (c,) to leaf intercellular
(ci), more precisely, to chloroplastic (c¢.) CO, concentration (Farquhar et al. 1982). Since ¢;/c,
and c/c, are strongly dependent on g, and 4, 8"°C is a direct indicator of intrinsic water use
efficiency (WUE; = A/g,) (Farquhar et al. 1989), which is also recorded in the dateable tree
ring archive (McCarroll and Loader 2004).

The oxygen stable isotope composition (5'*0) of plant organic matter provides additional
physiological information that allows for distinguishing between effects of stomatal
conductance (as mainly affected by water availability/air humidity) and effects of changes in
photosynthetic capacity (as additionally influenced by irradiance, temperature and nutrient
availability) on 8'"*C. In addition to the 80 of the source water (Farquhar and Cernusak
2005) and the biochemical fractionation between the carbonyl groups of organic matter and
the surrounding reaction water (Sternberg 2009), 8'°0 of organic matter depends on the
evaporative enrichment of the leaf water, which in turn is affected by the vapor pressure
differences between leaf interior and ambient air (Dongmann et al. 1974) and transpiration
(via the Péclet effect; c.f. (Farquhar and Lloyd 1993)). Thus §'*0 is strongly related to g, but

not to A. The dual-isotope approach combining 8"°C and 8'*O analyses can give deeper
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insights into the physiological control of water use and carbon gain affected by environmental
conditions (Scheidegger et al. 2000; Grams et al. 2007; Gessler et al. 2009a, 2009b; Barnard
et al. 2012). However, there are assumptions mainly on the side of 8'°O that need to be
fulfilled for a valid interpretation of the dual isotope approach: 8'°0 of source water should be
comparable between individuals or treatments compared. Moreover, g; needs to be coupled to
the evaporative demand of the atmosphere (Scheidegger et al. 2000) or a clear g; vs.
transpiration relationship has to be assumed (Gessler et al. 2009a) and the pathways for water

movement within the leaf need to be constant (Ferrio et al. 2009).

The combined analysis of wood anatomy, xylem hydraulic properties and the isotopic
composition of tree rings allows for the assessment of the short- and long-term drought
responses (Panek 1996; McDowell et al. 2003; Battipaglia et al. 2010). This approach is also
suitable to retrospectively characterize changes in wood anatomy and canopy physiology of
individual trees, and to relate these changes to climate trends or extreme events in the past.
Moreover, intrinsic predispositions of individual trees can be discerned and related to the
actual status of vitality. Therefore, we studied trees that displayed crown dieback symptoms
(symptomatic trees; sym) and neighboring non-symptomatic (non-sym) trees at two sites in

Southern Norway.

Extensive drought-induced mortality (the hypothesized reason for the dieback in our study)
has been primarily attributed to either hydraulic failure (Peguero-Pina et al. 2011) or carbon
starvation (Galiano et al. 2011). Carbon starvation, however, is most likely related to both the
avoidance and occurrence of hydraulic failure, due to their impacts on assimilation,
maintenance metabolism, phloem transport and defense (McDowell et al. 2011). Since our
study trees were selected with respect to their comparability, tree dimensions and social status
did not differ between sym and non-sym trees. Hence, we hypothesized that differences in the
susceptibility to hydraulic failure and carbon starvation depend on the differences in
anatomical properties and canopy physiological traits among individuals of a population. To
test this hypothesis, we investigated long-term responses of trees by comparing wood density
as measure for cavitation vulnerability. Short-term responses of canopy physiology were
characterized retrospectively by analyzing late wood 8"°C and §'%0 isotope signatures from

tree rings.

We expect that declining trees will be more highly sensitive to drought evidenced by (1) a
higher vulnerability to cavitation related to a lower wood density of the xylem tissue (Hacke

and Sperry 2001; Rosner et al. 2008), and as a short-term response in dry years (ii) a stronger
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increase in water use efficiency due to stomatal closure as a safety mechanism to avoid to
hydraulic failure, but leading to carbon starvation. Furthermore, (iii) we expect a stronger
coupling between climate, tree growth and the intrinsic water use efficiency WUE; of the sym
trees as previously observed for declining Scot pine trees (Pinus sylvestris L.) by Voltas et al.

(2013).
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3.3 Material and methods

3.3.1 Study sites

This study was conducted at two different locations in SE Norway (Hoxmark: 80 m a.s.l., Lat.
59°40'19" N, Long. 10°45'11" E; Sande: 110 m a.s.l., Lat. 59°35'12"” N, Long. 10°1230" E).
The study plot Hoxmark was located in As at the eastern site of the Oslo-fjord, whereas the
study plot Sande was located in Vestfold County at the western site of the Oslo-fjord. Long
term climatic conditions (2000-2010) were similar at both sites: mean annual air temperature
was 6.5 °C and the average annual sum of precipitation was 926 mm. In addition, the
Norwegian Meteorological Institute in Oslo Blindern (94 m a.s.l., Lat. 59°9423" N, Long.
10°72'00" E) provided an estimate for the water availability within the growing seasons at the
regional scale. Therefore the modeled, cumulative potential evapotranspiration was subtracted
from the cumulative precipitation and resulted in an index for the potential water deficit (Wd;
mm). The potential evapotranspiration is estimated using a modified Penman 2 method (Shaw
et al., 2010), by applying values of relative humidity, temperature, cloud cover and wind

speed as input variables.

Both study sites are characterized by rather shallow soils with an average depth of 44 cm in
Hoxmark and 52 c¢cm in Sande. While the clay fraction was comparable in the mineral soil
layers at both sites ranging from 20.8% to 23.9%, the sand fraction was distinctly higher in
Hoxmark (32.1% in the top layer and 43.4% in the deepest layer) than in Sande (17.4% in the
top layer to 11.8% in the deepest layer).

Both study plots were planted with Norway spruce around 50 years ago. The current basal
area of (living) trees amounted to 38 m” ha™' in Hoxmark (865 trees ha™) and 35 m” ha in
Sande (916 trees ha). The mean diameter at breast height (23 cm) and the tree height (21 m)
at the sites were comparable. In 2011, spruce trees showing needle yellowing, top drying and
the beginning of crown dieback at both sites, were categorized as declining sym trees. Six
dominant tree pairs per site, each considering one sym and one neighboring non-sym spruce
tree, were selected for year ring analysis of radial growth, wood anatomy and isotopic
composition. After sampling, these trees were felled to examine the relative needle loss of the
sym trees. The needle amount of the upper 1/4 and lower 3/4 of crown was compared with the
amount of the healthiest tree at the particular site (Muukkonen and Lehtonen 2004). The

average needle loss of sym trees was comparable at both sites for both the upper (85%) and
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lower (35%) canopy. Retrospective measurements of the progress of the top dieback of the

sym trees and the development of the foliage were not available.

3.3.2 Wood samples

At both study sites, wood cores of the six tree pairs were taken (sampling dates: 2011-09-01
and 02) at breast height and southern alignment of the trunk. The year ring analysis was
conducted for year rings formed in the years 2000-2010. Anatomical year ring traits were
determined by ring-width, wood density and wood density variation analysis. For the
Hoxmark site, we took advantage of wood anatomy measurements recently published by
(Rosner et al. 2014). The stable isotope analysis of the year rings was conducted for carbon

and oxygen isotopic composition (8"°C and 5"0).

3.3.3 Anatomical analysis

The 1.2 cm diameter wood cores were stored at -18°C until further preparation. Specimens
were thawed and separated in 2-3 pieces for mounting on the sample holder of the sliding
microtome (Jung-Reichert, Vienna, Austria). From each piece, 20 um thick transverse
sections were produced, stained with Methylene blue and mounted in Euparal (Merck,
Darmstadt, Germany). Annual rings were thereafter investigated for the presence of density
variations, i.e. ‘false rings’ or ‘drought rings’. False rings are important in the context of
spruce dieback because they indicate stressful conditions and an interruption of normal radial
growth (Hoffer and Tardif 2009). Distinctiveness categories for false rings published in
Hoffer and Tardif (2009) were slightly modified. Category FR1 includes false rings that are
hazy with moderate to low intensity (FR1 & FR2 categories in Hoffer and Tardif (2009)) and
category FR2 (FR3 category in Hoffer and Tardif (2009)) includes those that are (very) clear
and intense. The wood cores were additionally analyzed by SilviScan technology at CSIRO
Forestry and Forest Products (Australia) (Evans, 1994; Evans, 1999) in order to obtain year-
ring width and wood density. The resolution of the dataset was 25 um, X-ray microdensity
and cell wall dimensions are thus available in 25 pm radial measurement steps (Evans et al.,
1995). For both, year-ring width and wood density differences between sym and non-sym

trees were calculated.
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3.3.4 Isotopic analysis

Under a binocular microscope, the harvested wood cores were carefully separated into early
and late-wood sections of particular years using a razor blade. Only the late wood sections
were analyzed to assess climatic and physiological information of the current growing season
integrated in the respective year-ring (McCarroll and Loader 2004). We avoided early wood
in our study, because carbon incorporated in this wood section partially originates from
remobilized starch. Thus, the early wood isotope composition partially integrates
physiological responses to previous year(s) environmental conditions and is furthermore
affected by fractionation processes during starch formation (Gessler 2011; Offermann et al.

2011).

Stable isotope analysis was performed without further cellulose extraction. Gori et al. (2013)
and Jansen et al. (2013) showed that cellulose extraction is not required for tree ring 8'°C and
8'80 analysis, and most recent research showed that whole wood might even be a better
integrator for climatic signals than cellulose (Gori et al., 2013) . Homogenized wood samples
transferred into silver (8'°0) or tin (8"°C) capsules were pyrolyzed (oxygen) or combusted
(carbon) using a Thermo-Finnigan Flash HT elemental analyzer. Sample gas was flushed via
a con-flow III into a Delta V advantage isotope ratio mass spectrometer (Thermo-Scientific,
Bremen, Germany). The isotopic values are expressed in delta notation (in %o units), relative
to VPDB (Vienna Pee Dee Belemnite) for carbon and V'SMOW (Vienna standard mean ocean
water) for oxygen. Repeated measurements of laboratory standards revealed a precision of
measurement better than 0.1 %o. All six tree pairs on both sites were analyzed for §'°C;
however, for 8180, all six pairs were measured at Sande, but for the Hoxmark site, only four

pairs were available for analysis.

The carbon isotopic signature in plant material provides an integrative record of supply of and
demand for CO, (Barbour 2007). According to Farquhar et al., (1982) the photosynthetic
carbon isotope discrimination A"*C along with the 3'°C of the assimilated CO, determines the
8'"C of the assimilates, which can expressed as a linear function of the internal and external

CO; concentration:
AB3C=a+ (b—a)(c;/cy) (3-1)

where a is the fractionation against >CO, during diffusion through the stomata (4.4 %o), b is

the net fractionation due to carboxylation (27 %o), and ¢; and ¢, are intercellular and ambient
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CO; concentrations. Intrinsic water use efficiency (WUE;), defined as the ratio of the
photosynthetic capacity 4 and stomatal conductance g;, and was calculated from AC

according to Eq. 3-2 (Farquhar et al. 1982; Seibt et al. 2008).

WUE, = & (225 (3-2)
1.6 b—a
To distinguish between the effects of 4 and g, on 8"°C, we applied the dual-isotope conceptual
model of Scheidegger et al. 2000, further modified by Gessler et al. (2009b) and Grams et al.
(2007). For our approach, we compared sym and non-sym trees of same size, dominant social
class and in close vicinity, and hence, we assumed source water 580 to be equal and thus
differences in 8'°0 are solely a consequence of leaf evaporative enrichment (Barnard et al.
2012). As we assumed the neighboring tree of comparable height to be exposed to the same
water pressure deficit of the air, any change in 8'°0 is considered to be due to changes in
transpiration rate caused by changes in g, (Gessler et al. 2009b). An increase in g, and thus
transpiration rate would increase the amount of unenriched xylem water mixed with the leaf
water thus decreasing 8'°0O whereas a decrease in g, and transpiration would increase 8'°O.
Furthermore we assumed that the pathway L for water movement in the leaf, which modifies
the effect of transpiration on 880 (see Ferrio et al., 2009), was constant between sym and

non-sym trees.

3.3.5 Statistical analysis

Statistical analyses were carried out using R (R Development Core Team, 2014). Due to small
sample sizes within the tree groups and in the year-to-year validation, only non-parametric
methods were applied. All tests were performed at a level of confidence of 95 %. The non-
parametric Wilcoxon rank-sum test was used to determine whether the obtained tree-ring data
of both tree groups (rnon-sym and sym trees) originated from the same population (null
hypothesis) or if a particular population tends to have larger values than the other. The
Wilcoxon signed-rank test was used to assess whether the mean ranks of the tree pairs differ
from each other. The Spearman rank correlation test was used to detect correlations between

the annual averages of selected variables.
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3.4 Results

3.4.1 Climatic conditions and diameter increment

At both study sites (Sande and Hoxmark), the precipitation for the growing season months of
May to September (P) of the last decade ranged between 300 and 600 mm (Figure 3-1). The
mean air temperature (7)) of the growing season ranged between 12 °C and 16 °C. The year-
to-year variation in 7 and P was comparable at the two study sites. To characterize the water
availability status, we calculated the difference between cumulative precipitation and potential
evapotranspiration (section 3.3.1) as an index of the regional daily water deficit (Figure 3-1).
The values were negative over several weeks — thus indicating soil water limitation — from

2004 to 2006.
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Figure 3-1: Growing season water deficit, air temperature and precipitation
over the study period. The difference between cumulative precipitation and
cumulative potential evapotranspiration (Wd, mm, black line, left-hand side
axis) is used to produce an index of daily regional water deficit over the
growing seasons (May to September). The two vertical axes on the right-hand
side refer to the mean air temperature (7, °C, dashed grey line) and the sum of
precipitation (P, mm, grey bars) of the growing season.
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3.4.2 Tree ring analysis

We observed a high occurrence of density variations (FR1) and distinct false ring formation
(FR2) in both non-sym and sym trees (Figure 3-2a, b). No false ring formation (FR2) was
detected from 2000 to 2004, but in the years 2005, 2006 and 2009 they were once again
detected. In sym trees (Figure 3-2b) false rings were furthermore determined in 2007 and
2008. No density variations (either FR1 or FR2) were seen in non-sym trees in these years

(Figure 3-2a), but the frequency increased to 60 % in 2009.
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Figure 3-2: Occurrence of density variations in year-rings of non-sym (a)
and sym spruce trees (b) at both study sites Sande and Hoxmark.
Category FR1 includes false rings that are hazy with moderate to low
intensity and category FR2 includes those that are (very) clear and
intense (distinct false rings); n = 12 for each, sym and non-sym trees.
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The mean pair differences (sym minus non-sym) in year-ring wood density (AWD) and ring
width (ARW) of the tree rings are shown in Figure 3-3 (a-d). Using the Wilcoxon signed-rank
test, we determined that WD in Hoxmark was significantly lower in sym trees in 2000 and
2006 only. However, we consistently observed negative differences (AWD) within this time
frame (Figure 3-3b) as well as significantly lower WD of sym trees in 2000, 2001, 2003 and
2006 when applying the “one.sided” Wilcoxon signed-rank test by single years. In 2007, we
observed a notable increase of the year-ring WD of sym trees by approximately 25% reaching
a level comparable to non-sym trees at the end of the observation period. Four of the six tree
pairs showed significantly lower eleven-year-median values for sym trees (Figure 3-3). In
Sande, we did not observe significant differences between the tree groups, but we did detect a
negative trend in AWD (i.e. lower WD in sym trees) for the years 2004, 2005 and 2007 (Figure
3-3a). At Sande, for two of the six tree pairs sym trees were significantly lower in WD when
the whole observation period was considered. The ring width RW did not differ significantly
between the tree groups in Sande (Figure 3-3c). In Hoxmark, we obtained significantly higher
RW in sym tree at the beginning of the observation period in 2001 and a continuously decrease
in RW after 2002 (Figure 3-3d). In 2009 and 2010, the RW of sym trees was significant lower

compared to the non-sym trees.

The 8'"°C values of sym trees (Figure 3-3e, f) were lower (and thus negative A8"°C occurred)
at both study sites. The signed rank test resulted in significantly lower values in sym trees for
6 out of 11 years at both study sites. Over the whole observation period, the rank-sum test
resulted in significantly lower sym trees 8'°C values in four tree pairs at Sande and three tree
pairs in Hoxmark. The 8'"°C values of both non-sym and sym trees were in general lower in
Hoxmark compared to Sande. The overall mean value of §'°C was -26.6 %o in non-sym trees
and -27.3 %o in sym trees in Hoxmark and -25.5 %o and -26.2 %o in Sande, respectively
(appendix; Figure 3-3e, f). Comparable results with negative A3'®0O were found for the
oxygen isotopic signatures but with higher variability as indicated by larger standard errors
SE (Figure 3-3g, h and Figure 3-6¢, d). Nevertheless, two out of four tree pairs in Hoxmark
and four out of six tree pairs in Sande were significantly lower for sym trees when the whole

observation period was taken into account.
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Figure 3-3: Results of the Wilcoxon signed-rank test by single years. Mean signed pair
differences (sym minus non-sym) in year-ring wood density (AWD; panels a and b), ring width
(ARW: panels ¢ and d), carbon (A8'°C; panels e and f) and oxygen signature (A8'*O; panels g
and h) for the years 2000 to 2010. The left column panels (a, c, e and g) do show results of the
study site Sande, whereas the right column panels (b, d, f and h) illustrate the results of
Hoxmark. The error bars represent the standard error of the mean. At the top of each panel,
the “one.sided” Wilcoxon rank-sum test reports the number of tree pairs showing a significant
lower eleven-year-median of the sym tree. With exception, “two.sided” tests were performed
for RW analysis only. Significance levels of the Wilcoxon signed-rank test by single years are
indicated by grey stars (*: p-value < 0.05; **: p-values <0.01).
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On average, the 8"°C-derived WUE; of sym trees was reduced compared to the non-sym trees
at both study sites (Figure 3-4). Significant lower values in the WUE; of sym trees were
obtained for 2006 and 2007 in Sande and 2007 and 2008 in Hoxmark when applying the rank-
sum test. In general, the spruce trees in Hoxmark had a lower WUE; compared to the trees in

Sande.
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Figure 3-4: Mean values of the 8'°C-derived intrinsic water use efficiency
WUE; in Sande (a) and Hoxmark (b). Non-symptomatic (non-sym) trees are
indicated by black squares and symptomatic (sym) trees by grey triangles. The
error bars represent the respective standard errors. The grey stars at the bottom
of the figures indicate the significance at 0.05 level of the “one sided”
Wilcoxon rank-sum test by years for lower values in sym trees.

3.4.3 Dual isotope approach

In order to distinguish between the effects of the photosynthetic capacity 4 and effects of
stomatal conductance g, on the intrinsic water use efficiency WUE,, we applied the conceptual
model introduced by Scheidegger et al. (2000). The model input is obtained by plotting §'*0
values against 8'"°C values. In our study, we analyzed the relative differences of the average
values of sym and non-sym trees in single years (Figure 3-5). The isotopic signature of the
non-sym trees is normalized to zero and the black arrows indicate the relative change (A8'"°C
and A8'%0) of the isotopic signature from non-sym to sym trees at the study sites Sande and
Hoxmark. For all years, we observed a decrease in the average of 8"°C and 80O in sym
compared to non-sym trees. Hence, we obtained a consistent direction of the arrows in the

model input pointing to the bottom left of the coordinate system. Since the arrows were close

56



Norway spruce physiological and anatomical predisposition to dieback

to the diagonal of the coordinate system in most of the years, the interpretation of the relative

changes following Scheidegger et al. (2000) suggested an increase in stomatal conductance

(gs) of the sym trees rather than changes in the photosynthetic capacity (A4).
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Figure 3-5: Application of isotope values in the Scheidegger model
(Scheidegger et al. 2000). The difference in 8'°0 (A8'*0) is plotted against the
difference in 8"°C (A8"C). The grey triangles indicate the average isotope
composition of sym trees in Sande (bottom-up triangle) and Hoxmark (bottom-
down triangle) normalized to the average of the respective non-sym trees (grey
dot). The relative change in 'O is shown on the x-axis and the relative change
in 8"°C is shown on the y-axis. The error bars represent the standard error of
the mean of sym trees.
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3.4.4 Correlation analysis

At both sites and for both sym and non-sym trees, WD was significantly negatively correlated
with RW and this relationship was more pronounced in Sande (Table 3-1). Furthermore, lower
RW was associated with lower 8'°C however a significant correlation was obtained in non-
sym trees in Sande only. Most relevant relationships to climate variable were found for May
temperature and August precipitation. May temperature was significant positive correlated
with the carbon signature of non-sym trees (Sande) but significant negative correlated with the
oxygen isotopic signature (Hoxmark). In Sande, August precipitation showed significance for
correlations with the isotopic composition of non-sym trees and with anatomical
measurements of the sym trees. In Hoxmark, RW of sym trees only showed a strong

relationship to the August precipitation.

Table 3-1: Correlation results of average annual values of year-ring isotope
signatures (8'"°C; 8'°0), anatomical measurements (wood density, WD; ring
width, RW), the average temperature in May (7), and the sum of August
precipitation (P). Significant Spearman's rank correlation coefficients are
highlighted in bold (p value < 0.05).

Variables SAm SA,on HOX,, HOX,,,
§BCys. T 0.04 0.65 0.03 -0.01
§"0vs. T -0.24 -0.10 -0.69 -0.29
§Cvs. P -0.55 -0.62 -0.38 0.10
8" 0 vs. P -0.31 -0.67 0.29 -0.08
WD vs. P 0.67 0.38 0.46 -0.42
RW vs. P -0.70 -0.58 -0.90 0.59
RW vs. WD -0.93 -0.84 -0.63 -0.64
RW vs. C 0.50 0.84 0.55 -0.52
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3.5 Discussion

We hypothesized that Spruce dieback is a function of long and short term responses to
drought that can be characterized by anatomical traits and canopy physiology, ultimately
revealing tree level differences in susceptibility to hydraulic failure and carbon starvation.
However, before we can draw inferences about patterns in anatomy and physiology, the
meteorological and growth conditions of our sites, which form the backdrop from which we

make our comparisons, must first be characterized.

Meteorological variables are important for explaining year-to-year variation in Norway spruce
tree rings (Bouriaud et al. 2005; Andreassen et al. 2006) and are helpful to understand site
growing conditions. In general, growing conditions differed between both spruce stands, a
pattern illustrated by a distinct higher diameter increment in Sande during the 1990°s (4.4 vs.
2.1 mm per year). Growth patterns between sym and non-sym trees were strongly linked to
three consecutive drought years in 2004-2006 (Figure 3-3b in Rosner et al. (2014)), a trend
more obvious in Hoxmark, where sym tree RW continuously decreased after 2003 and non-
sym tree RWW even increased. This is in contrast to Sande, where radial growth was not clearly
affected and even displayed a slight tendency in sym tree R to increase in some years after

2003.

The onset of first visible symptoms of dieback is difficult to trace back, although the absence
of false rings in both tree groups indicates relatively good growing conditions until 2003.
Growth anomalies were detected only after 2003 and the three drought years in sequence
(2004-2006) might have led to a sharp water shortage leading to the onset of visible dieback
symptoms. As a consequence of the different growing conditions and drought patterns,
different long- and short-term responses of spruce trees to environmental variability

throughout our observation period might be expected.

3.5.1 Long term responses: Higher cavitation vulnerability can
be, but is not necessarily related to dieback symptoms

As a long term response, we expected anatomical properties of wood density and ring width
to help determine tree hydraulic safety toward preventing cavitation. In Hoxmark, the sym
trees showed significant higher basal area increment rates compared to non-sym trees until
2005, which is in agreement with findings of Voltas et al. (2013). These authors found higher

basal area increment and ring width in the approx. 50 years preceding the onset of symptoms
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for Scots pine displaying drought related dieback. Tree RW in our study, was significantly
negatively correlated with the year-ring WD, a proxy for vulnerability to cavitation in Norway
spruce across cambial age (Rosner et al. 2014). The sample set from Rosner (2013) comprised
trees from Germany, Sweden and from the same sym- and non-sym sites in Norway as our
study, i.e. Sande and Hoxmark. Consequently, the lower wood density of symptomatic spruce

trees for the years before 2006 indicates higher hydraulic-based drought susceptibility.

Rapidly growing trees are known to be more sensitive to cavitation (Rosner et al. 2008).
Rosner et al. (2014) suggest wood density is positively related to hydraulic safety but
negatively related to hydraulic conductivity. The differences in wood traits between the sym
and non-sym individuals in Hoxmark might point to two genetically determined growth and
resource use strategies within the spruce population in SE-Norway. (a) A provident strategy
of non-sym trees: the higher wood density increased the safety margin for hydraulic failure
already in years with normal or high water availability. This precautionary strategy, however,
comes with reduced growth and potentially lowers competitive abilities in ‘‘normal’’ years.
And (b), a prodigal strategy: the sym trees invest in growth and increased conductivity rather
than in hydraulic safety and benefit from this strategy in years with high water supply.
Prodigal trees however seem to suffer during periods with successive years of drought. As a
consequence, the sym trees showed a continuous decrease in growth toward the end of our
observation period and might have experienced irreversible cavitations of the xylem tissue,
probably triggered by the drought events in years 2004, 2005, and 2006. Furthermore, the
continuous decrease in RW since 2003 might have resulted in the start of needle discoloration
and top drying, and, therefore, a limitation in carbon supply. In contrast to Hoxmark, we did
not observe differences at the Sande site in RW and WD between sym and non-sym trees,
suggesting that dieback is not solely a function of the two different long-term resource use
strategies. Moreover, both sym and non-sym trees wood densities were already low at the
beginning of the observation period (0.40 g cm™) at Sande, which was in the range of the
Hoxmark sym trees, but about 0.07 g cm™ lower compared to the Hoxmark non-sym trees.
Hacke et al. (2001) found that branches from Pinus taeda L. clones grown in sandy soil had
higher tracheid dimensions, thus lower wood density, and were more vulnerable to cavitation
than those growing on a loamy soil. Therefore, dieback symptoms of sym trees cannot be
explained by the wood anatomical traits alone. Trees may respond to drought through changes
in plant physiology or a combined response of leaf level and anatomical hydraulic features.

As a consequence, we can neither completely accept nor reject hypothesis (i).
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3.5.2 Short-term responses: Lower water use efficiency and
higher stomatal aperture are risk factors for the dieback.

As a short term response, we expected leaf physiological mechanisms, depicted by isotope
based stomatal conductance and WUE;, to characterize the tradeoff between carbon uptake
and water loss. In both study stands, we observed a lowered WUE; of sym trees over the whole
observation period indicating a higher water demand for a unit gain of carbon assimilates. To
test if changes in stomatal conductance or assimilation rate were responsible for the observed
differences in WUE; between sym and non-sym trees, we applied the conceptual model of
Scheidegger et al. (2000). For all years and both sites we found a strong indication that
increased stomatal conductance was responsible for the lower WUE; of sym trees. Hence, we
can infer a higher water demand of sym trees, which in turn increases the vulnerability to

cavitation due to decreasing xylem water potentials within dry periods (Tyree and Sperry

1989).

When applying the Scheidegger model, however, we need to account for two assumptions: (1)
source water isotopic signature is comparable between the individuals tested, which our
experimental design accounted for by using sym and non-sym trees as neighboring pairs; and
(2) that evaporative enrichment and thus 80 of organic matter is mainly controlled by the
water vapor pressure deficit (VPD) of air. Gessler et al. (2009b) extended the Scheidegger
model for use in comparing tree individuals growing under comparable VPD as in our study,
in which we examined neighboring trees of comparable size that were exposed to comparable
atmospheric conditions (c.f. Roden and Siegwolf, 2012). According to the model extension,
the 5'®0 reduction we observed in symptomatic trees is due to an increased leaf level
transpiration rate due to higher stomatal conductance at a VPD comparable for sym and non-
sym trees. The increase in transpiration causes a reduction of leaf water 8'°0 (and
consequently, the assimilates produced) due to more intensive mixing of the leaf water with
non-enriched xylem water, a phenomenon referred to as the Péclet effect (Farquhar and
Cernusak 2005). We acknowledge that additional points might complicate the interpretation
of the dual isotope approach as summarized by Roden and Siegwolf (2012), but due to the
pairwise selection of non-sym and sym-trees in the direct vicinity of each other, we have
ensured for comparable environmental conditions (including pollutants) as well as source
water and vapor oxygen isotope composition. We also assume that the pathway for water
movement (L) is comparable between non-sym and sym trees. Any change in L would alter the
effect of transpiration on 8'*0 (Ferrio et al. 2009). There is little information on the variability

of L in adult trees in the field. Gessler et al. (2013), compiled values for different species from
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field experiments and the literature and there is some indication that L is rather constant for a
given tree species. Nevertheless, more information on this parameter depending on
environmental conditions and tree physiological and health status is needed for adult trees.
Keeping these potential sources of error in mind, we infer that the decrease in 8'°O found in
the tree rings of the sym trees from both sites are due to a higher stomatal conductance
resulting from higher leaf level transpiration. When interpreting 8"°C and 'O isotopic
signals imprinted in the tree-ring material, the occurrence of post-photosynthetic isotopic
source mixing and oxygen atom exchange needs to be considered (c.f. McCarroll and Loader
2004; Sternberg 2009). In our approach we did not extract cellulose from the tree ring but
analyzed whole wood, a procedure that does not take into account differences in the ratio of
cellulose:lignin and both compounds might differ in "°C and 8'*0 (Leavitt and Danzer 1993;
Borella et al. 1998, 1999; Barbour et al. 2001). It might be argued that the differences in
wood density between the sym and non-sym trees, as observed in Hoxmark, might be an
indicator of differences in the wood chemical composition. Following this argumentation, not
the differences in stomatal physiology, but rather different cellulose:lignin ratios could be the
reason for lower 8'"°C and 8'®0O values in the trees with dieback symptoms. We consider this,
however, very unlikely since (1) we observed lower 8'°0 and 8"°C values also at the Sande
site where no differences in WD and radial growth were observed. Moreover, (2) the shift in
wood density of the Hoxmark sym trees after 2006 that led to comparable density values
between the two tree groups had no effect on the 8"°C and §'®O patterns. In our case, the
1sotopic data allows us to extend our hypothesis that different growth and resource use
strategies can explain the scattered dieback of trees in forest stands, while other individuals
remain unaffected. Thus, based on water use efficiency and stomatal control we can define
provident and a prodigal strategies from a leaf physiological point of view, which may be
partly predetermined by phylogeny (Hao et al. 2008). Provident trees show higher water use
efficiency due to lower stomatal conductance during not only dry but also ‘‘normal’’ years,
whereas the prodigal trees exert less stomatal control during wet and dry periods. The
increase in transpiration by prodigal trees may be beneficial for nutrient uptake from the soil,
especially if water losses are due to night time transpiration (Scholz et al. 2007; Resco de
Dios et al. 2013). The prodigal strategy of exerting less control on the stomata seems to be
directly related to the risk of spruce individuals to develop top-dieback symptoms and thus
leads us to reject our hypothesis (i1). The sym trees apparently suffer not from reduced carbon
uptake and carbon starvation, which might result from stomatal closure, but rather from

hydraulic failure and embolism.
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3.5.3 Coupling between climate, tree growth and the intrinsic
water use efficiency was not distinctly different between
sym and non-sym trees

We hypothesized that trees under stress (i.e. sym trees) would exhibit a strong coupling of
physiology and growth with environ- mental conditions (hypothesis iii). Voltas et al. (2013)
observed a closer coupling of both WUE; and growth to climatic parameters in Scots pine with
dieback symptoms identified already years before any visible damage was observed. These
authors found a faster acclimation of WUE; toward increased 7" and reduced water supply in
sym trees and they assumed this served as a mechanism to prevent cavitation in individuals
that have a higher cavitation risk based on their wood anatomical traits. Obviously, however,
this mechanism did not prevent the trees from dieback and decline. Such a clear difference in
acclimation between sym and non-sym individuals was not observed in our study across all
sites and thus does not appear to be a general trait related to dieback. Moreover, the strong
negative relationship between May temperature and 880 we observed in the Hoxmark sym
trees is not an indication of acclimation by reducing water consumption, but rather, it is an
indication of higher transpiration and less strict stomatal control compared to non-sym trees.
In Sande, our correlation analysis between isotopes and climate showed a physiological
response of non-sym trees toward drier climate conditions by reducing water loss. Likewise,
August precipitation was significantly correlated to RW for only sym trees at both sites. This
might point to a higher sensitivity to summer soil water supply; however, the correlation is
negative indicating higher growth with lower precipitation for the sym trees and thus we can
infer that the correlation is spurious and that other confounding factors lead to this result.
Since there is no clear and unequivocal evidence for a closer coupling of both growth and

physiology together to climate in sym trees in general, we cannot support hypothesis (iii).
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3.6 Conclusion

The cause of a high sensitivity toward reoccurring drought events is most likely a
combination of anatomical and physiological traits that support a water spending behavior.
This predisposing trait combination, however, appears favorable for growth under normal
conditions. High growth and susceptibility to cavitation due to low wood density alone does
not seem to result in die- back symptoms, but when trees display this anatomical feature in
combination with less strict stomatal control, then they are most likely not able to cope with

several drought periods in subsequent years.

We thus see within a population different resource use strategies, which point to a trade-off
between long-term growth performance under ‘average’ conditions and the ability to respond
to extreme events. This trade-off needs to be considered for an economically viable and
sustainable management of Norway spruce. For regions already prone to drought, and that
anticipate even more events in the future, a prescription that includes individuals with

provident water use and growth might be a better choice, despite potentially lower yields.
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3.8

Appendix
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Figure 3-6: Average values of carbon (5'°C; panels ¢ and d) and oxygen (8'°0;
panels e and f) isotope signatures from 2000 to 2010. Non-symptomatic (non-
sym) are indicated by black squares and symptomatic (sym) trees by grey
triangles. The left column panels (a and ¢ ) illustrate the results of the study site
Sande and the right column panels (b and d ) the results of the study site
Hoxmark. The grey stars at the bottom of the panels indicate the significance
level of the “one.sided” Wilcoxon rank-sum test for lower values in sym trees
(*: p-value < 0.05; **: p-values <0.01; ***: p-value < 0.001). The numbers at
the bottom are colored according to the tree groups (non-sym, sym) and
indicate the number of replicates within the group.
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Stomatal conductance and intrinsic water use efficiency in the drought year 2003: a case study of European beech

4.1 Abstract

We applied hydrodynamic modeling together with a tree ring stable isotope approach in order
to identify the physiological responses of beech trees to changing environmental conditions.
The drought conditions of the extreme hot and dry summer in 2003 were hypothesized to
significantly influence the radial growth of European beech mainly triggered by the stomatal
response towards water scarcity leading, in turn, to a decline in carbon assimilation. The
functional-structural single tree modeling approach applied, revealed in fact a strong
limitation of water use and carbon gain during drought. However, tree ring width data did not
show a clear drought response and no differentiation in radial growth during six subsequent
years examined (2002 to 2007) has been observed. Using integrated results from mechanistic
carbon-water balance simulations, tree ring carbon and oxygen isotope analysis and tree ring
width measurements we postulate that the suggested drought induced growth decline has been
prevented by the remobilization of stored carbohydrates, an early onset in growth and the
relatively late occurrence of the severe drought in 2003. Furthermore, we demonstrate that the
stomatal response played a significant role in avoiding harmful water tension that would have
caused xylem dysfunction. As a result of the combined investigation with physiological
measurements (stable isotope approach) and hydrodynamic modeling of stomatal aperture, we
could give insights into the physiological control of mature beech tree functioning under
drought. We conclude that beech trees have been operating at their hydraulic limits and that

the longer or repeated drought periods would have affected the growth considerably.

67



Stomatal conductance and intrinsic water use efficiency in the drought year 2003: a case study of European beech

4.2 Introduction

An increasing vulnerability of forests in many regions worldwide towards climate change
induced drought stress has been described recently by various authors (Allen et al. 2010;
Lindner et al. 2010; Anderegg et al. 2012, 2014; Choat et al. 2012; Cailleret et al. 2014; Rais
et al. 2014; Doughty et al. 2015). Drought stress, e.g. induced by increased evaporation, has
been identified as a reason for global forest dieback (Adams et al. 2009; Allen et al. 2010;
Breshears et al. 2013). Moreover, even below the threshold of mortality, a general decline in
productivity due to dry conditions can be expected from reduced assimilation and a relatively
low sink priority for growth (e.g. Wiley and Helliker 2012) or due to drought induced tissue
damages decreasing their functionality and requiring additional carbon expenses for repair
(e.g. Palacio et al. 2014). As an example, the extraordinary dry growing season in 2003 in
Europe lead to an estimated reduction in gross primary productivity in ecosystems over
Europe of about 30 % (Ciais et al. 2005). In forest ecosystems a reduction in annual radial
growth has been observed in response to this drought year (e.g. Granier et al. 2007) but
exceptions have also been noted (Hartl-Meier et al. 2014). In particular for European Beech
(Fagus sylvatica L.), which is widespread in central Europe, growth decline has been
demonstrated at various sites (Jump et al. 2006; Low et al. 2006; van der Werf et al. 2007,
Charru et al. 2010; Maxime and Hendrik 2011).

Two main hypotheses have been put forward to explain the reduction of tree growth and
increased mortality: carbon starvation and hydraulic failure (McDowell et al. 2008a). Carbon
starvation summarizes the situation when the carbon demand for maintenance of cellular and
defensive metabolism is not met owing to low carbohydrate supply from photosynthesis and
storages (McDowell et al. 2011). However, in several cases it has been found to fail
explaining growth decline and tree death (Korner 2003; Sala 2009). Nevertheless, the carbon
supply status is likely to play an important role for repair and recovery as well as for
secondary stress defense (Niinemets 2010). Hydraulic failure, however, seems to be the
primary cause of plant mortality during drought due to xylem embolisms (Anderegg et al.
2012; Choat et al. 2012) but might be avoided under high availability of mobile soluble
carbon compounds (Adams et al. 2009; McDowell 2011; Gruber et al. 2012; Sevanto et al.
2014).

While carbon starvation is expected to occur during prolonged drought periods in relatively

isohydric plants closing their stomata at low xylem water tensions, hydraulic failure is
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expected to proceed more rapidly especially in relatively anisohydric plants keeping their
stomata open during drought (Sevanto et al. 2014). However, because hydraulic functioning
and carbohydrate and defense metabolism are strongly interdependent (McDowell et al.
2011), the explanation of growth decline and tree death may require a combination and
supplementation of these two hypotheses and supplementary explanations (Anderegg et al.
2012). While stomatal regulation in vascular plants is an efficient means for adjusting water
use to changes in plant water supply and demand (e.g. Aranda et al. 2005; Sperry et al. 2003;
Whitehead 1998), the question how the impact on tree metabolism can be described
considering a simultaneously reduced CO, uptake is still open (Sala et al. 2010; Zeppel et al.
2013). For example, tree species-specific variations in the mobilization of non-structural
carbohydrates in response to water shortage and critical thresholds for storage compounds in
trees may play an important role for the actual carbon supply during drought (Palacio et al.

2014).

Because water shortage evokes a general predicament for plant gas exchange, i.e. the loss of
water to gain carbon (Chaves et al. 2003), the mechanistic description of this tradeoff is
essential for the estimation of tree vulnerability to drought stress and of forest growth under
future climate conditions. In addition, the representation of relations between carbohydrate
availability and hydraulic regulation seems to be fundamental to describe long-term drought
responses (e.g. Galiano et al. 2011; Mitchell et al. 2013; Sevanto et al. 2014). We aim to
reveal which physiological responses occur and to which degree stomatal closure can be made
responsible for growth declines during drought. Therefore we investigate mature trees of
European beech and determined the ratio of water and CO, exchange throughout years of
contrasting water supply. The intrinsic water use efficiency (IWUE) as calculated by the ratio
of the assimilation (4) and the stomatal conductance (gs) is used here as an integrative
measure of the carbon and water balance. INUE can be derived from the A"C (carbon
isotope discrimination) of tree rings allowing a retrospective view of the physiological
responses under different environmental regimes (Farquhar et al. 1989; McCarroll and Loader
2004). For example, the stable isotope composition of plant organic matter, in particular the
carbon isotope (8"°C) and the oxygen isotope signatures (5'°0), has been widely used to
address leaf level acclimation of 4 and g to environmental drivers (see for review Gessler et
al. 2014 and Werner et al. 2012). Furthermore, the leaf water enrichment of 'O depends on
the ratio of the vapor pressures in the atmosphere and the intercellular spaces of the leaves
(Dongmann et al. 1974). Thus, the 3'*0 signature and the '*O enrichment above source water

(A"0O) of tree rings can be associated to the stomatal sensitivity to changing evaporative

69



Stomatal conductance and intrinsic water use efficiency in the drought year 2003: a case study of European beech

conditions (Scheidegger et al. 2000). In order to capture the short- and long-term responses
(c.f. Hentschel et al. 2014), the tree ring isotope composition and the tree ring width were
determined throughout a period of six subsequent years (2002 to 2007), which includes the
extremely dry year 2003. Furthermore, we relate our results to the findings of a long-term
growth assessment conducted at our study site (see Poschenrieder et al., 2013) covering the

period between 1970 and 2010.

Measurements were applied to challenge the current knowledge about stomatal behavior and
carbon assimilation by simulating g; based on a mechanistic, hydrodynamic modeling
approach (Xylem Water Flow model, XWF). In the model, the hydraulic conductance of the
soil-leaf continuum is functionally linked to the stomatal control of water loss — a fact that
might furthermore dictate the limits of a species’ tolerance to water stress (Sperry et al. 2002).
In the XWF model, g is expressed as a function of leaf water potential which in turn depends
on the evaporative demand and the water relations within the soil-leaf continuum (e.g. Bohrer
et al. 2005). According to the cohesion-tension theory (Tyree and Zimmermann 2002) and in
consideration of tree anatomy and individual branching systems (see for review Cruiziat et al.
2002), the water transport in the soil-leaf continuum can be calculated on a solid physical
basis (Hacke and Sperry 2001; Schulte and Brooks 2003; Tyree et al. 1994). Finally, we
model the photosynthesis of the individual trees by using a bio-chemical approach established
by Farquhar et al. (1980) which has been linked to the XWF model via its dependency on g.
Therefore, the individual hydraulic pathways of nine mature beech trees were parameterized
from terrestrial laser scanning (TLS) images. Thus, the whole-tree hydraulic conductance

could be linked with transpiration flux, carbon gain and growth rate.

Since various authors have demonstrated a drought induced growth decline in European beech
as mentioned above, we hypothesized for the drought in 2003, (i) that limited soil water
supply should have caused a reduction of the annual radial growth as a major indication of a
distinct drought response. Moreover, we assumed (ii) that a mismatch between plant available
water and evaporation demand occurred, leading to stomatal regulation and reduced H,O and
CO, exchange at the leaf level. As a consequence, we expected (ii1) that a shift in the A-to-g;
ratio towards increasing water use efficiency occurred. The first impact should be visible in
the tree ring dimensions, the second should be reflected in the simulation of whole-tree

hydraulic conductance, and the third in an increased IWUE.
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4.3 Materials and Methods

This study has been designed to examine the IWUE (umol mol™) of individual trees derived
by a hydrodynamic model approach (IWUExwr) and a tree ring stable isotope approach
(IWUE;s,). We examined nine mature trees of a closed beech stand in Southwest Germany.
The study trees ranged in diameter at breast height between 21.9 cm and 41.0 cm and in tree
height between 25.4 m and 34.7 m. In order to examine the physiological response towards
water shortage, we analyze six subsequent years of varying soil water supply (2002 to 2007)

including the drought year 2003.

In order to evaluate the growth response of the trees, we additionally considered a long-term
growth assessment conducted at the same study site that included the nine beech trees
mentioned above (Poschenrieder et al. 2013). These authors analyzed a stratified sample of 27
mature beech trees covering the years 1970 to 2010. The annual radial growth of the
individual trees (DBH;) was determined by two tree cores taken with an angular distance of

90° from each other and one of the cores was taken from the uphill side.

Furthermore, Poschenrieder et al. (2013) contrasted their findings of the NE exposed study
site with a similar growth analysis of a SW exposed beech stand in close vicinity. In order to
compare the growth and the intrinsic water use efficiency at the two different sites, we
conducted an additional tree ring stable isotope analysis at the SW exposed study site. The
study trees selected (n=9) had similar DBH as the trees of the NE exposed study site. For a
direct comparison of the beech trees analyzed for stable isotope composition, we present the
mean annual DBH; of the particular nine beech trees in this study. Due to the availability of
TLS images and XWF simulations, however, our study focus on the NE exposed study site

and the physiological response towards drought of the respective trees (Figure 4-1).
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Figure 4-1: Terrestrial laser scan image of the individual study trees at the NE
exposed study site displayed in different grey shading.

4.3.1 Study site

The forest where all measurements and the XWF simulations have been conducted is a beech-
dominated stand (> 90 % Fagus sylvatica L.) on the Swabian Alb in Southwest Germany (790
m a.s.l., 8°45'E, 47°59'N), stocking on a steep NE exposed slope (58-100 %). The trees are 80
to 90 years old and the stand density is 28 m” ha'. The soil profile has been characterized as a
shallow Rendzic Leptosol derived from limestone associated with a low water holding
capacity (Gessler et al. 2005a). The soil properties and the hydraulic parameters used for the

simulation of the soil water balance can be found in Hentschel et al. (2013).

The study site is located in a narrow valley. Both sites of the valley are covered by old growth
beech-dominated forest and various studies have been conducted to assess the impact of
differences in mesoclimate of the NE and SW exposed slope on water fluxes (Holst et al.,
2010) and stomatal conductance (Keitel et al. 2003) of beech trees. Thus, we have included an
additional tree ring analysis of stable isotope composition and ring width from the SW
exposed beech stand in our study. While both study stands are comparable in structure and

age, the SW exposed study site is characterized by a generally warmer and drier mesoclimate
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compared to the NE study site (Holst et al. 2004b) and shows lower volumetric soil water
contents in 2002 to 2007 (Holst et al., 2010; Table 4-1). The soil of the SW exposed study site
is shallower and has less water storage capacity (Gessler et al. 2001, 2004). A detailed site
and forest stand description of both study sites can be found in (Holst et al. 2004a; Gessler et
al. 2005b; Poschenrieder et al. 2013).

At the main study site (NE slope), we examine nine beech trees varying in diameter at breast
height between 21.9 cm and 41.0 cm and in tree height between 25.4 m and 34.7 m. These
trees have been chosen because of their favorable position for terrestrial laser scanning which
then feeds into the XWF modeling (Figure 4-1). The tree ring analysis of the isotopic
composition and ring width, however, has been conducted for both study stands (NE, SW),
taking care that the beech trees from the SW site are of equivalent dimensions to the nine

trees chosen at the NE site.

4.3.2 Environmental conditions

The meteorological data have been recorded at the top of a forest walk-up tower (1.5 times the
stand height) located within the study stand on the NE exposed slope. The soil moisture was
determined continuously on both study sites (NE and SW slope) with two probes each using
the time domain reflectometry method (TDR, CS615, Campell Scientific). Detailed
information on the instrumentation used for the measurements is given by Mayer et al. (2002)

and Holst et al. (2010, 2004b).

The drought year 2003 showed the highest seasonal values of air temperature (T; °C), global
radiation (G; W m™) and vapor pressure deficit of the air (VPD; kPa) and lowest values of
precipitation (P; mm) during the observation period. For the analysis of the tree ring isotope
signature we also compared the NE with the SW exposed study site. The SW exposed stand is
known to be more prone to drought (Holst et al. 2010), which is indicated by lower

volumetric soil water contents (®; %) compared to the NE exposed site.

73



Stomatal conductance and intrinsic water use efficiency in the drought year 2003: a case study of European beech

Table 4-1: Meteorological data including air temperature (T), precipitation (P),
water vapor pressure deficit (VPD), global radiation (G) and the average
volumetric water content in 0 - 30 cm soil depth (®) at the NE exposed study
site. Except of P, all values are given as arithmetic mean and respective
standard deviation of the growing season (01.05-30.09). P is given as sum of
the growing season. The values in brackets in the last column illustrate ® of the

SW exposed study site.

Year T[°C] P[mm] VPD[kPa] G [W/m2] O [%]
2002 13.944.1 568 0.49 190+95 4748 (33£9)
2003 16.9£5.0 258 0.88 215+76 37+1 (28+8)
2004 13.7+4.2 416 0.56 199+86 4348 (27+6)
2005 14.3+4.5 413 0.58 195485 4549 (32+7)
2006 15.0+4.5 441 0.62 202+84 4519 (41£11)
2007 13.8+£3.9 414 0.37 198+93 49+7 (34+£8)

In order to determine different levels of drought stress, the relative extractable soil water
(REW; %) was calculated by division of the actual soil water content and the maximal
extractable soil water content according to Granier et al. (2007). These authors suggested a
threshold of 0.4 REW when soil drought conditions start to induce stomatal regulation. Since
the TDR soil water measurements available obtained minor data gaps, we were using the
modeled soil water data for the XWF simulation and the REW calculation. The evaluation of
soil water simulations resulted in a normalized root mean square error (NRMSE) ranging
between 16 to 30 % for particular years (2002 to 2007), thus, providing a reliable estimate of

REW over the whole growing season.

Furthermore, the water deficit within the forest stand was characterized by the actual soil
water deficit (Wd; mm) calculated as the cumulative difference of daily precipitation and
potential evapotranspiration (pET; mm). The latter was modeled by the Penman-Monteith

equation at hourly time steps according to ASCE-EWRI (2005).

4.3.3 XWF modeling

The xylem water flow (XWF) model is based on a functional-structural single tree approach
with a detailed representation of the soil-leaf continuum and is implemented within in the

modeling framework Expert-N 3.0 (Priesack and Bauer 2003; Priesack 2006a; Priesack et al.
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2006). The explicit information of the hydraulic pathway of the individual tree is used to
determine the maximal water flow rates within the trees on a solid physical basis (Tyree et al.
1994; Hacke and Sperry 2001; Schulte and Brooks 2003). In previous studies, the XWF
model has shown a good match with sap flow density measurements (Janott et al. 2010;
Bittner et al. 2012a; Hentschel et al. 2013) and is supposed to provide reliable estimates of
stomatal responses. At our study site, in particular, the XWF simulation of twelve individual
beech trees resulted in a normalized root mean square error ranging between 12 and 31%
(Hentschel et al., 2013). The Nash-Sutcliffe model efficiency, given as dimensionless value
with 1.0 indicating a perfect fit of the model (Nash and Sutcliffe, 1970), amounted on average
to 0.7 at our study site and 0.75 at the study site of Bittner et al. (2012a).

The water flow in porous media, such as the xylem tissue of trees, can be described by the
cohesion-tension theory (Tyree and Zimmermann 2002) and has been calculated as a function
of the gradient in water potential following Darcy's law (Chuang et al. 2006). The pressure
drop between the atmosphere and the soil is driven by the evaporative demand of the
atmosphere and the water availability of the soil. In the XWF model, a sink/source term is
added to the hydraulic pathway in order to represent the water loss of the crown due to
transpiration and the water inflow due to the root water uptake and to solve the one
dimensional Richards equation as suggested by Chuang et al. (2006) and Friih and Kurth
(1999),

aGa(tw) = %[k(zp) : (% + cos(a))] ) (4-1)
where 0 denotes the volumetric water content (m® m™) at the time step ¢ (s) for the individual
cylinder element with the axial hydraulic conductivity & (mm s) as function of the xylem
water potential y (mm). The vertical position of the cylinder element is given by the height
above (positive upward) or the depth below the soil surface (negative downward); the axial
length of the element / (mm) and the respective zenith angle a (-). The sink-source term S )
represents the water loss of the outer branches (transpiration) and the soil water uptake by the

root elements.

The aboveground tree architectures of nine trees on the NE slope were obtained by TLS
conducted in the year 2011 (Hentschel et al. 2013). The point clouds obtained have been
further processed into a tree skeleton consistent of connected cylinders with exact position

and orientation (Xu et al. 2007). The belowground tree architecture has been modeled
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according to a beech specific distribution of coarse and fine roots (Meinen et al. 2009). The
XWF model operates at hourly basis and includes a mechanistic description of physiological
response derived by the individual tree water status. A detailed description of the XWF model
was published by Janott et al. (2010), Bittner et al. (2012a) and Hentschel et al. (2013). The
parameters applied for the simulations of the carbon-water balance of individual beech trees

are presented in the appendix (Table 4-3).

4.3.4 Stomatal conductance

The stomatal conductance g (mol m™ s™) can be calculated by Fick’s law in proportionality
with the water vapor pressure gradient between the leaf intercellular air spaces and the

ambient air (Ewers and Oren 2000),

E
Is = 5 (4-2)

w
where E is the actual transpiration per leaf area (mol m™ s™) and &, is the water vapor
pressure gradient (mol mol™). Under the assumption of similarity in leaf and air temperature
and water vapor saturation inside the leaf, o, can be described by the water vapor deficit of
the air (Ewers and Oren 2000). The stomatal conductance equation is, however, restricted to a
range of environmental variables examined by Phillips and Oren (1998). Therefore, Eq. 2 can
be only applied under conditions of VPD > 0.1 kPa, PAR > 0 pmol m™ s and for time
periods without rain. Following Phillips and Oren (1998), the daily mean of g, was only

calculated for days with a minimum of six suitable estimates at an hourly basis.

In this study, £ was simulated by the XWF model (Janott et al. 2010; Bittner et al. 2012a;
Hentschel et al. 2013) where the actual transpiration is controlled by the stomatal activity that
is driven by the water potential at the leaf level as suggested by Bohrer et al. (2005).
Calibrated on beech specific vulnerability curves (Kocher et al., 2009), the relative reduction

/s of the potential leaf transpiration due to stomatal closure is described as follows,

f, = max [0.1, exp < (%)S%)] (4-3)

where St, (mm) and St. (-) are curve-fitting parameters and y (mm) is the leaf water potential.

In the hydrodynamic model, each outer branch of the canopy represents the hydraulic state of
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the connected leaves (Hentschel et al. 2013) and determines the leaf physiological control of

water loss.

4.3.5 Photosynthesis

The XWF simulation of the actual assimilation rate at the leaf level 4 followed conceptually
the modeling of £ in a way that the potential CO, influx of each leaf segment is limited by g;.
This assumption was made in order to account for the diffusional restriction of carbon uptake
in addition to the biochemical limitation by species-specific maximal rates of carboxylation

and electron transport (e.g. Wullschleger 1993).

In a first step, photosynthesis was calculated according to the widely applied photosynthesis
model by Farquhar et al. (1980). Here, the CO, assimilation rate Ar. is given by the gross
rates of photosynthesis determined by the Ribulose Bisphosphate Carboxylase-Oxygenase
(Rubisco) activity 4., the rate of Ribulose Biphosphate (RuP,) regeneration 4; and the rate of

CO; evolution from processes other than photorespiration Rd:
Aparq = min{A.|A;} — Rd (4-4)

A summary of how the assimilation rate is modeled can be found in Leuning (1995) while the
determination of Rd is described in Falge et al. (1996). Ar,, 1s calculated as a function of air
temperature (K), atmospheric CO, concentration (mol mol™) and the intercepted
photosynthetic active radiation PAR (mol m?s™). The parameter values applied are provided
in (Table 4-3). In a second step, 4., was corrected by multiplication with f; (Eq. 4-3)

representing the reduced gas-exchange at leaf level due to stomatal closure (4xyr pmol m™? s

.

4.3.6 Intrinsic water use efficiency

IWUExwr (umol mol™) was determined by the ratio of the simulated Ayyr and g;. The
seasonal average of IWUExwr was weighted by the daily assimilation rate to estimate the
amount of carbon incorporated into the tree ring archive during the growing season from May
to September (IWUE,,). According to dendrometer measurements by Offermann et al. (2011),
however, the period from the 31* May to 10™ August (day of the year (DOY) 151 to 222) has
been shown most important for of beech growth. Hence, we additionally calculated IWUE,,

for this period IWUE,).
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4.3.7 Tree ring stable isotopes

The carbon and oxygen tree ring isotopic composition (8"°C, 8'*0) of nine beech trees at both
NE and SW exposed study sites have been measured for the observation period from 2002 to
2007 (Table 4-2). The tree cores analysed were taken from the downhill facing side of the
trunk at breast height by using an increment borer (Haglofs, Sweden, 5.2 mm core diameter,
300 mm core depth). The sample cores have been stored in straw pipes and softly placed for
transport. The cores were not sanded in order to avoid isotopic cross-contamination over year
rings, carefully dated and separated into different years under a high resolution (0.7 - 7.0)
microscope (SZH 10, Olympus, Germany) by using a sharp razor blade. The samples were
milled (ZM1000, Retsch, Germany) and cellulose was extracted according to Boettger et al.
(2007).

The determination of 3'°0 in cellulose was performed by high temperature pyrolysis in a
Flash HT elemental analyzer (ThermoFisher, Bremen, Germany) coupled to a Delta V
advantage isotope ratio mass spectrometer (ThermoFisher, Bremen, Germany). The precision
was < 0.2 %o. For 8°C measurements the samples were combusted in the elemental analyzer
and the produced CO, was transferred to the isotope ratio mass spectrometer. The precision
was < 0.1 %o0. The oxygen and carbon stable isotope composition was expressed using the
small delta notation in permill, relative to the international Vienna Standard Mean Ocean

Water (VSMOW) and the Vienna Pee Dee Belemnite (VPDB) standards, respectively.
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Table 4-2: Carbon and oxygen isotopic composition (8"°C, 8'*0) of tree ring
cellulose (n=9) and oxygen isotopic composition of the altitude corrected
precipitation (5'*Op) of the NE exposed study site in 2002 to 2007.

Year 81C [%o] 880 [%o] 8"80p [%o]
2002 -26.82+0.93 28.09+0.65 -8.89+2.57
2003 -26.01+0.91 28.71+0.76 -6.77+2.68
2004 -25.97+1.18 29.19+0.69 -7.03£2.59
2005 -25.90+1.07 28.98+0.65 -7.92+2.01
2006 -26.38+1.32 28.2340.85 -8.06+3.51
2007 -26.88+1.49 28.03+0.74 -8.15+1.89

The depletion of the tree ring cellulose in °C in comparison with the CO, in the air (A"°C)

was calculated according to Farquhar et al. (1989),

A13C — 813Catmo_813ccell (4_5)

where 613Catmo represents the ratio of BC to '2C in the atmosphere (-8 %o) and 813Cceu is the

carbon isotopic composition of the extracted cellulose.

In order to correct the oxygen isotope signature for the impact of changing oxygen isotope
signatures of the source water we calculated the evaporative enrichment of cellulose A'*O

according to Barnard et al. (2007),

A180 — 8180ce11_518050urce (4-6)
1+51SOce11

where 8'%0, is the oxygen isotopic composition of the tree ring cellulose and &'*Oggurce is the

1sotopic composition of average growing seasonal precipitation.

The precipitation 8'°Op data was obtained from Global Networks of Isotopes in precipitation

(GNIP) of the International Atomic Energy Agency (IAEA, http://www-naweb.iaea.org) from

a GNIP station (Buchs AG, Switzerland, 380 m a.s.l.) in approx. 100 km distance. Saurer et
al. (2012) showed that oxygen isotope signatures in precipitation only negligibly varied
within this distance range. However, in order to determine a reliable estimate of the source

water signal, we have conducted an additional altitudinal correction of the 8180})
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(http://wateriso.utah.edu/waterisotopes/pages/data_access/oipc.html). The monthly mean
values of the corrected 8'®0p have been aggregated to the growing season average of the

particular years (Table 4-2).

We are aware of the fact that the isotopic composition of precipitation is only an
approximation for plant source water. Holst et al. (2010), however, showed that trees at our
site take up water mainly from 10-15 c¢cm soil depth and thus ground or aquifer water with a
potentially different isotopic signature should not strongly affect the isotopic composition of
the tree source water. Moreover, soil water from 10-15 cm depths is normally strongly related
to the isotopic composition of precipitation water (e.g. Brandes et al., 2007). Differences
between years might however, occur, especially when water from initial rainfall events after
dry summers is locked tightly into small pores with low matric potential (Brooks and Mitchell
2011). Depending on the water availability in the next summer, transpiration might empty

these pores more or less intensively.

The rates of carbon fixation and stomatal conductance are the primary factors determining
carbon isotopic discrimination and thus the intrinsic water use efficiency (IWUE;,s,) can be

derived from A"’C according to Farquhar et al. (1982) and Seibt et al. (2008),

ca [p—A13C
IWUE;, = -2 [—] 4.7
iso 16| b-a ( )
where a (4.4 %o) is the carbon isotope fractionation during diffusion through the stomata, b
(27 %o) is the discrimination during carboxylation of Rubisco and c, is the ambient CO;

concentration.

Because the SW exposed study stand is more prone to drought (section 4.3.1), the trees of this
site were assumed to carry a stronger climate signal in the tree ring stable isotope archive.
Therefore, we have included the A*C-derived INUE (Farquhar et al. 1982; Seibt et al. 2008)
of the SW exposed beech stand in our study (IWUE;s, ne and IWUE;g, sw; raw data of BC and
80 are shown for the NE slope only).
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4.3.8 Statistical analyses

Statistical analyses were carried out using R (R Development Core Team, 2014). The stand
variables assessed were expressed as the arithmetic mean and standard deviation of the single
tree values determined by the XWF modeling and stable isotope approach. We used the non-
parametric Wilcoxon rank-sum test to assess significance in differences of the tree population
in varying years and in comparison between the NE and SW exposed study stands. For the
B3¢ and "0 isotope values we have used a paired r-test to compare the year 2003 with the
other years. For a comparison of the individual years at both study sites we used an unpaired

t-test.
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4.4 Results

In the following, we present seasonal (2002-2007) and intra-seasonal (daily) variations of leaf
stomatal conductance (g, mol m? s') and CO, assimilation rates (Aypr, pmol m? s™) as
estimated with the XWF model (section 4.3.3). As an integrated record of Axyr and g5, IWUE
has been derived from the XWF simulations IWUExwr, IWUE,, and IWUE,; section 4.3.6)
and from the tree ring cellulose 8"°C signature results (IWUE;s,; section 4.3.7). Furthermore,
tree ring cellulose A'®O analyses were used to determine the stomatal sensitivity towards
changing evaporative conditions. Tree growth (DBH;) has been derived from the tree ring
width of the study trees and is, furthermore, substantiated by a long-term chronology
conducted by Poschenrieder et al. (2013). All tree data have been aggregated to the stand
average based on the nine mature beech trees at each site (section, 4.3.1). The occurrence of
drought stress is expressed as the ratio between soil water availability and evaporative

demand (REW and Wd; section 4.3.2).
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4.4.1 Drought stress

The calculated drought indices REW and Wd indicate severe drought conditions in 2003.
After the 20" of July 2003, REW dropped below 0.4 (DOY 201; Figure 4-2), the threshold
indicating drought stress for European forest trees as suggested by Granier et al. (2007). Wd
then continuously declined to negative values down to -300 mm, indicating an increasing
water deficit towards the end of the growing season. A comparable, though less intensive
decline in Wd was calculated for 2006, with lowest values close to -200 mm at DOY 205 and
the highest number of days with negative Wd of all examined years. In the other years
examined, Wd was around zero and did not fall below -100 mm. Severe drought, as defined
by REW below 0.4, has been observed only in 2003 on more than 50 days. In June, the period
most important period for beech seasonal radial growth (Lebourgeois et al. 2005), Wd did not
fall below zero in the years 2002 and 2007.
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Figure 4-2: Relative extractable soil water (REW) in the upper soil layers (0-30 cm) and the
actual soil water deficit (Wd; mm) calculated as the cumulative difference of daily
precipitation and potential evapotranspiration for the growing season (May to September) of
the years 2002 to 2007. Nrgw<o.4 and Nwqg<o 0 indicate the number of days below the respective
threshold of water stress.
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4.4.2 Tree growth

The mean radial growth is shown in Figure 4-3. No significant differences were apparent
neither between years nor sites. At both sites, a decreasing growth trend could be observed
approximately until 2005. However, while DBH; remained relatively constant at the NE site
in 2006 and 2007, the DBH; increases again at the SW site. The largest difference in DBH;
between both sites (1.1 cm) was thus be observed for the year 2007.
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Figure 4-3: Mean annual radial growth (DBH;; cm year') of nine beech trees
at the NE (black) and the SW (grey) exposed study site. Dots are measured
mean values and error bars denote the standard deviations (n =9).
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4.4.3 Tree ring stable isotopes

Figure 4-4 shows the time series of A"°C and A'™O in tree ring cellulose of the NE exposed
site (2002 to 2007). A'™O has been corrected for the inter-annual variation of §'*0 in source
water given by the seasonal average of &'°0p (see appendix Table 4-3). The altitude
correction between Buchs AG, Switzerland (380 m a.s.l.) and the present study site (790 m
a.s.l.) resulted in a -0.6 %o difference. The tree ring A'®O signature in 2003 was significantly
lower compared to the other years of the time series (Figure 4-4). No significant differences

between the years have been observed in the tree ring A'*C signature.

The mean tree ring isotope values of the nine examined beech trees varied from 18.4 (in
2005) to 19.4 %o (in 2007) for A"*C and from 35.7 (in 2003) to 37.3 %o (in 2002) for A'*O.
The mean standard deviation for the whole time series was 1.18 %o for A"*C and 0.73 %o for
A"™O. The lowest '*O enrichment in tree ring cellulose has been observed in 2003, when the
source water oxygen isotopic signature (8'°Op) was lowest (-6.77 + 2.68 %o; Table 4-2).
Highest values in tree ring A'®O occured in 2002 and 2005. The A"’C isotopic signature in
tree ring cellulose was highest in 2002 and 2007 and stayed approximately constant from

2003 to 2005 at a slightly lower level.
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Figure 4-4: Carbon isotopic discrimination and oxygen isotopic enrichment of
tree ring cellulose at the NE site in 2002 to 2007. The tree ring isotopic
discrimination of carbon (A"’C) is indicated by the black line and A0 is
depicted by a grey line. Dots are mean values and error bars denote the
standard deviations (n = 9). The grey stars denote significant differences
(p<0.05) between A'*O in 2003 compared to the other years.
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4.4.4 XWF modeling

The intra-seasonal H,O and CO, exchange in the examined beech forest (NE site) for the
growing season (May to September) of the years 2002 to 2007 are shown in (Figure 4-5). The
results are illustrated as average daily values derived from hourly XWF simulation results of

nine study trees.

The panels on the left hand site show the average of the daily sum of the potential and actual
stand transpiration respectively (ST, and STa) and the average of the daily mean of the
stomatal conductance (gs). STy in 2003 was about 16 to 25% higher compared to the other
years. The seasonal average of gs in 2003 was about 27 to 44% lower compared to the other
years. The XWF model performed a general reduction of ST, so that ST, was ranging in the
seasonal sum to between 47% and 63% of ST, The highest reduction of ST, and the lowest
seasonal g has been observed in 2003. The longest period of the daily average of g5 close to

zero appeared between DOY 214 and DOY 224 of this year.

The panels on the right hand site show the mean CO; assimilation rate of the beech trees,
derived by the bio-chemical photosynthesis model (4r.,) and additionally corrected for
diffusional limitation (Axpr). The seasonal mean of Axyr ranged between 69 and 85% of the
respective seasonal mean of 4r,,. The intrinsic water use efficiency IWUExwr) shown at the
bottom of the panels is given as ratio of Ayyr and g;. A decrease in gz was mirrored by an
increase of IWUExwr. The highest seasonal average of IWUExwr occured in 2003 (144 umol
mol™) and the lowest in 2007 (78 pumol mol™).
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Figure 4-5: Seasonal courses of environmental conditions and XWF simulations for the years
2002 to 2007 as indicated at the left hand side of the figure. The panels on the left hand side
show the potential and actual transpiration at stand level (STp and ST,) and stand average
of the stomatal conductance at leaf level illustrated at the bottom of the panels (gs). The panels
on the right hand side show CO; assimilation rate derived by the Farquhar model (Araq) and
Ararq under consideration of the restriction of CO, diffusion by stomatal conductance derived
by the XWF model (Axwr). The intrinsic water use efficiency (IWUExwr) was calculated as
the ratio of Axwr and g and is illustrated at the bottom of the panels (IWUE). The legend of
the panels show the arithmetic means (x) and sums () of growing season values of the
examined beech trees (n=9).
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4.4.5 IWUE changes

IWUE derived from the tree ring cellulose carbon isotope composition (IWUE;j, sw and
IWUE;, ne) showed no significant differences between single years (2002 to 2007). At the
SW site, characterized by a generally warmer climate and lower volumetric soil water
contents between 2002 and 2007 (Holst et al. 2004b, 2010), IWUE;, was slightly higher than
at the NE site (Figure 4-6): IWUE;, nE ranges between 92 umol mol™ in the year 2003 and 81
umol mol™ in the year 2007 and WUE;s, sw ranged between 106 umol mol™ in the year 2003
and 92 pmol mol” in the year 2007. The unpaired r-test revealed a significant difference
between WUEjs, sw and WUE;s, ng in 2003. The XWF simulations of IWUE (only done for
the NE slope) generally resulted in higher values compared to IWUE;, (Figure 4-6). Both
aggregates of IWUExwr, weighted by the assimilation rate of the whole growing season
(IWUE,, 1% May to 30"™ September) and weighted by the assimilation rate of the stem
growing season of European beech (IWUE, , 31 May to 10™ August), showed distinctly
lower values compared to IWUExwg. All estimates derived by the XWF model (IWUExwr,
IWUE,, IWUE,) indicate a significant increase in the drought year 2003. IWUExwr
decreased continuously until 2007 whereas IWUE,, and IWUE, increase again in the
relatively dry year 2006 (indicated by negative Wd throughout the whole growing season;
Figure 4-2) followed by a sharp decline in 2007. The highest agreement between the XWF
simulation and the tree ring stable isotope approach was found for INUE,, with no significant

differences to IWUE;, nE 1n the years 2002, 2004, 2005 and 2007.

89



Stomatal conductance and intrinsic water use efficiency in the drought year 2003: a case study of European beech

34
N —  IWUExwr
IWUE,
—3g| IWUE,,
o N E— IWUEiso_SW
g IWUEo_ne
€ 3 - T
= \
5
s S
o »
LO 1 I 1 1 I 1
N4 P J P & S
A S ST S S

Figure 4-6: The intrinsic water use efficiency in pmol mol™ derived from
XWEF simulation (IWUExwr, grey line), weighted by the seasonal assimilation
rate (IWUE,, light grey line) and calculated for the expected growing season
of beech trees from DOY 151-122 (IWUE,, medium grey line). IWUE;s, was
derived from the tree ring carbon isotopic composition of the SW exposed
(IWUEjs, sw, dark grey line) and the NE exposed study stand (IWUEjs, Nk,
black line). Note that XWF simulations correspond to IWUE;s, ng. Dots are
measured mean values and error bars denote the standard deviations (n = 9).
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4.5 Discussion

4.5.1 Growth response

The year 2003 has been pointed out as an extraordinary dry year associated with reduction in
gross primary productivity in several forest types in large parts of Europe, including European
beech ecosystems (Ciais et al. 2005). Despite the generally documented growth decline of
forest trees in the year 2003 (Ciais et al. 2005) and the particular sensitivity of European
beech (Granier et al. 2007), the decline in diameter growth has not been homogenous
throughout Europe. For example, no decline was observed in Northern Greece (Nahm et al.
2006; Fotelli et al. 2009) and in the Catalonian mountains (Jump et al. 2006). In fact, the most
severe and long-lasting declines have been observed at sites, already at the edge of the species
natural distribution (Jump et al. 2006; Charru et al. 2010; Maxime and Hendrik 2011), while
the decreases in other regions seem to be relatively small and short lived (Low et al. 2006;
van der Werf et al. 2007). In other cases, only dominant trees had been considered (Weemstra
et al. 2013), which are known to be more susceptible to drought than understory trees

(Pretzsch and Dieler 2011).

In this study, however, beech trees of different DBH classes and from two study sites of
different soil water holding capacity did not show a significant growth response in 2003. This
1s against our expectations since the occurrence of drought stress has been indicated by two
drought indices (Figure 4-2). Furthermore, the SW exposed study site has been suggested to
be generally prone to drought (Holst et al. 2010)

Since growth decline is directly related to stress intensity (Granier et al. 2007), the most likely
explanation for the relatively small difference to other years at our site in Tuttlingen is a
moderate stress occurrence in 2003. Indeed, less water depletion than in Central Germany or
Eastern France beech stands has been documented at this site (Nahm et al. 2007). The
moderate stress originates from relatively high precipitation at Tuttlingen in May as well as in
July (Nahm et al. 2007). Although surprising, this weather pattern is not unrealistic given that
the anomalously high temperatures and low precipitation were by no means equally

distributed across Central Europe (Fink et al. 2004; Rebetez et al. 2006).

In fact, a severe drought as indicated by REW below 0.4 is only observed in late summer
2003 starting at the 20" of July (DOY 201; Figure 4-2). Assuming that most of the growth has

already occurred before this period (e.g. Lebourgeois et al., 2005) radial increment might not
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have been affected by reduced carbon assimilation due to limited soil water supply. It should
also be noted that relatively warm spring temperatures result in early leaf flushing and longer
overall growth periods (Capdevielle-Vargas et al. 2015). Such an effect has been shown for
2003 at sites in Switzerland (Leuzinger et al. 2005) and may also apply for Tuttlingen.
Finally, the high minimum temperatures in August and September as documented for
Southern Europe up to Southwest Germany (Rebetez et al. 2006) might have provoked wide
latewood tree rings as has been found at beech sites in Belgium (Lebourgeois et al. 2005),

masking actual biomass growth declines.

From a more general point of view, other potentially mitigating effects might also be
considered. For example, Tuttlingen is exposed to relatively high ozone concentrations (Fiala
et al. 2003; Solberg et al. 2008) that might lead to a continuously decreased growth level
(Griinhage et al. 2012; Subramanian et al. 2015). The uptake of ozone is decreased by closed
stomata at low water supply which reduces growth losses by ozone and partly compensates
for drought stress losses (Matyssek et al. 2006). Similarly, a fraction of the drought stress
impact is related to a decreased nitrogen uptake (Grassi and Magnani 2005; Kreuzwieser and
Gessler 2010). Therefore, sites with good nitrogen supply that enable a sufficient uptake are
also less prone to drought stress effects. Indeed, the nitrogen supply at Tuttlingen was

relatively good in 2003 (Nahm et al. 2007).

In principle it might also be assumed that trees growing on weathered limestone might have
access to deeper water from karst caves as shown for example by Jackson et al. (1999) and
thus could sustain growth even when the availability of water in shallower soil layers
decreases. Previous research at the same site gave, however, good indication that the trees did
not have access to such deep water sources. Holst et al. (2010) compared the oxygen isotope
composition of soil and xylem water at the study site and concluded that the beech trees took
up water mainly from the upper 10-15 cm of the soil layer. In agreement with this finding,
Gessler et al. (2001) observed that 8"°C in the phloem organic matter (which immediately
responds to changing environmental conditions), sap flow densities and twig water potential
directly responded to changes in soil water potential in the upper 60 cm of the soil profile.
Thus, the measured and simulated soil water contents at our study site are suggested to
represent the actual water availability and, in turn, to be a reliable indicator for the occurrence

of drought stress.

In fact, drought effects on radial growth might last for several years depending on the timing

of drought periods during the growing season (Eilmann and Rigling 2012). Several

92



Stomatal conductance and intrinsic water use efficiency in the drought year 2003: a case study of European beech

investigations have addressed the impact of the drought in 2003 on beech and observed a
delayed and dampened radial growth reduction (Breda et al. 2006; Skomarkova et al. 2006;
Granier et al. 2007). These authors suggested that the usage of stored carbohydrates might
have played a significant role for trees to cope with drought and to maintain growth which

might be applied to our study.

In fact, we observed no water limiting conditions in 2002 (Figure 4-2 and Table 4-1, see also
Holst et al. 2010) and may assume well stocked carbon storage pools of the beech trees in
2003. Furthermore, Poschenrieder et al. (2013) showed a relatively high DBH; at both study
sites in 2001 and 2002. Due to the greater sink priority of carbon storage compared to growth
(Wiley and Helliker 2012) this may also indicate a well stocked carbon storage. Since the tree
ring chronology shows a thinning induced growth peaks in 1997 and a continuous decrease in
DBH; until the year 2000 (Fig. 6 in Poschenrieder et al., 2013), the increase of DBH; in the

following years strongly endorses this assumption.

If we further on assume the usage of stored carbohydrates in the year 2003, the refilling of
carbon storage pools used in 2003 might have diminished the radial growth in the following
years. In fact, at the SW site, the lowest annual DBH; was observed one year after the drought
(2004), which is in agreement with findings by Granier et al. (2007). However, given that the
drought stress at the investigation site was less intense than at other Central European regions,
it is unlikely that the lacking recovery is due to a particularly severe impact. This is
underlined by the fact that beeches at other sites have performed a fast recovery in the
following year (van der Werf et al. 2007). In correspondence, we observe a continuous

increase in DBH; at the SW exposed study site from the years 2005 to 2007.

Form the growth assessment only, the lack of a significant growth response in 2003, which
has been also shown by Poschenrieder et al. (2013) with a larger samples size, might be
explained by three arguments: First, the beech trees in Tuttlingen experienced rather moderate
drought stress, in particular due to the seasonal timing of the drought events at the end of the
growing season. Second, the use of storage reserves during periods of limited carbon uptake
supported the maintenance of growth. Third, the refilling of the carbon storage pools (at least)

in 2004 may have masked a distinct growth response.
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4.5.2 Tree ring stable isotopes

In agreement with a study of Saurer et al. (1997), we observe a significant decrease in A'®0 in
2003 (Figure 4-4). However, when looking at 'O of tree ring cellulose, no clear difference
appeared among years (Table 4-2). The reduction of the '®O enrichment in tree ring cellulose
might be explained by the Péclet effect, which causes a reduction of lamina leaf water '*O
enrichment and thus A'®O of new assimilates with increasing transpiration (Farquhar and
Lloyd 1993). Thus, the oxygen isotope results indicate increased transpiration rates in 2003.
They might have overcompensated the effect of increased VPD, which would have led to
higher leaf water evaporative enrichment. In fact, the highest ST, and with exception of

2006 the highest St,; has been observed in this particular year (Figure 4-5).

From carbon stable isotope analysis (8'°C) at the NE exposed site, no significant drought
response between the year 2003 and the following years could be identified (Table 4-2).
Various authors show clear responses towards changing environmental conditions (Libby et
al. 1976; Francey and Farquhar 1982), which has not been observed in our study. However,
the lack of a tree ring isotope signal to drought is not uncommon in literature (e.g. Galle et al.

2010; Michelot et al. 2011; Penuelas et al. 2008) and might have various reasons.

As mentioned already in section 4.5.1, the seasonal timing of drought events has a great
influence on the tree growth pattern and, in turn, on the stable isotope composition
incorporated in the tree ring archive. In agreement with findings of Helle and Schleser (2004),
we suggest that the early growing season, which was not that much prone to drought stress
compared to the late summer of 2003 (Figure 4-2), significantly influenced both DBH; and the
tree ring stable isotope composition. Thus, the overall seasonal climate signal might not be

mirrored by the whole tree ring assessment.

Furthermore, Skomarkova et al. (2006) derived from a stable isotope approach that about 10—
20 % of a tree-ring of European beech in spring is built from remobilized storage compounds
while additional 10-20 % of the tree-ring is affected by storage processes in autumn. In fact,
from a multi-scale (leaf, phloem, xylem) stable isotope approach conducted at the NE study
site, Offermann et al. (2011) postulated that the deposition of carbon derived from starch
(relatively enriched in "°C) in spring and the gradually increasing incorporation of newly
assimilated C (relatively depleted in ">C) in the tree ring during the rest of the growing
season, most likely prevented tree ring 8'°C signatures from being closely related to intra-

annual variations in environmental drivers. Taking into account an early growth onset in 2003
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followed by a late onset in 2004 at our study site as found by van der Maaten et al. (2013), the
usage of storage products for tree ring formation has probably been higher in 2003 than in
2002 or 2004. Thus the isotopic results of 2003 are partly reflecting the conditions of 2002
while those of 2004 are including the drought responses from 2003 (Figure 4-2). Indeed,
several authors suggest the separation of tree rings for isotope analysis into early- and
latewood (Helle and Schleser 2004, Barnard et al. 2012; Battipaglia et al. 2014; Voltas et al.
2013) or high-resolution isotope measurements (Michelot et al. 2011; Schulze et al. 2004;
Skomarkova et al. 2006) in order to detect a stronger relationship between the environmental

drivers and the physiological responses imprinted in the tree ring archive.

We suggest that the use of storage reserves and the late onset of the severe drought period
have impacted the whole tree ring isotopic signature in our study diminishing the drought
response. In agreement with the lack of a radial growth response towards the drought in 2003
(section 4.5.1) the isotope signatures in the tree ring archive indicate that the growth
conditions might not have been that much influenced by limited soil water supply as

expected.

4.5.3 XWF modeling

The XWF simulation results, in particular the simulated stomatal closure, show a significant
physiological response of individual trees towards the drought events in 2003 (Figure 4-5).
The most distinct drought response occurred for a 14 day period (DOY 212-225) when g;
dropped close to zero (Figure 4-5a). During this period, a high evaporative demand (STpo > 3
mm day') coinciding with a low soil water availability (REW < 0.4) resulted in the
simulation of very low leaf water potentials down to -2.7 MPa as obtained by the hydraulic
maps of the individual trees (data not shown). The latter is in agreement with lowest leaf
water potentials measured in sun-crown leaves of mature beech trees by Aranda et al. (2000)

and Kocher et al. (2009).

The low values of the leaf water potential obtained in 2003 suggest that beech trees already
operated near the point of catastrophic xylem dysfunction. For example Hacke and Sauter
(1995) showed that about 50% of the vessels of European beech branches experienced
embolism at a water potential of -2.9 MPa. In fact, the critical hydraulic threshold of
European beech as measured by pressure applications causing a loss of 50% of hydraulic

conductivity of the xylem may range between -2.5 MPa for shade-grown branches and -3.15
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MPa for sun-exposed branches respectively (Cochard et al. 2005; Lemoine et al. 2002). Thus,
the simulated stomatal regulation can be seen as a plausible reaction to water loss in order to

avoid hydraulic failure.

However, the XWF simulations showed a distinct reduction of the potential transpiration due
to stomatal closure during the whole growing season and all years examined (Figure 4-5). In
fact, the stomatal response in absence of a strong soil drought (REW > 0.4) is supposed to be
a necessary leaf physiological response to avoid xylem dysfunction under the high
evaporative demand and with regard to the maximal hydraulic conductance of the individual
trees. In fact, Cruiziat et al. (2002) showed a 90% stomata closure in European beech at a
xylem water potential of -2.0 MPa. Thus, we assume that stomatal conductance is minimal
prior to reaching the specific hydraulic threshold and the occurrence of embolism. Indeed,
Lemoine et al. (2002) observed an early and sufficiently fast stomatal response of European
beech to water stress protecting the xylem from dysfunction. In the XWF model, however, g
is controlled by the water potential gradient within the tree and, thus, depends on both the
environmental conditions and the hydraulic properties of the tree. Hence, the parameterization
of the hydraulic architecture of the trees, for example the porosity of the xylem tissue,
influences the occurrence of critical water deficits within the whole-tree water relations and in

turn the response of g;.

Several mechanisms control gs (see for review Damour et al. 2010) and complex feedback
loops with environmental drivers and tree specific properties are involved (McDowell et al.
2008, 2011). Furthermore, metabolic regulation of stomatal aperture is difficult to estimate
(e.g. Buckley et al. 2003; Buckley and Mott 2013) but certainly plays a role in order to
optimize plant gas exchange, i.e. the loss of water to gain carbon (Chaves et al. 2003). Hence,
the mechanistic determination of the variability in water and carbon balances and underlying
processes is complex, and thus is because we summarize the main uncertainties and

assumptions of the applied XWF model in the following two paragraphs.

Evidence of the mechanistic linkage between stomatal conductance and the leaf water
potential was obtained by hydrodynamic modeling as shown e.g. by Bittner et al. (2012a),
Bohrer et al. (2005) and Sperry et al. (2002). Therefore, the XWF model follows a hydraulic
approach determining the leaf water status in dependence of the evaporative demand of the
atmosphere, the soil water availability and of the hydraulic properties of the individual tree.
This approach benefits from the simulation of the stomatal response towards drought under

consideration of the whole-tree hydraulic conductance and a species-specific hydraulic
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threshold of the water conducting (xylem-) tissue (e.g. Johnson et al. 2011). Due to the
complexity of the tree architecture (see for review Cruiziat et al. 2002), however, the
structural and morphological features determined by TLS, root distribution modeling and
beech specific parameterization of the wood properties (section 4.3.3), cannot account for the
full heterogeneity of the hydraulic architecture. For example xylem characteristics are
assumed to be homogeneous within aboveground and belowground parts of the tree, which is
not exactly the case (Friih and Kurth 1999). Other uncertainties concerning the fully
representation of the hydraulic framework within the Soil-Plant-Atmosphere continuum might
be added. In particular, the soil-root interface, representing the main hydraulic resistance
within the hydraulic pathway of trees (Bréda et al. 1995b; Kolb and Sperry 1999), is subject
to typical uncertainties inherent in the representation of the rooting system and the soil water
balance. For example, the soil water availability at our study site is prone to high vertical and

horizontal variability (Holst et al. 2010).

The evaluation of the XWF model for 12 trees conducted at the same study site for the year
2007 (Hentschel et al. 2013), however, showed good agreement with sap flow density
measurements. In average, the authors obtained a normalized root mean square error of 15%.
The parameterization of the XWF model for beech trees was obtained from literature sources
(see also Table 4-3 in the appendix) and TLS imaging (Figure 4-1) and has been applied
without any fitting procedures. Hence, we suggest a reliable representation of the stomatal
control by f; (Eq. 4-3) also for other years. The stomatal conductance has been derived from
simulated transpiration of the individual trees and VPD (section 4.3.4) and might be biased
when VPD was below 0.6 kPa (Ewers and Oren 2000). In order to obtain an adequate
temporal resolution of g;, however, a VPD down to 0.1 kPa has been considered for g
calculations as suggested by Phillips and Oren (1998). Furthermore, we assumed a
homogenous distribution of the climatic driving forces within the crown space and have not
accounted for vertical pattern of VPD within the canopy (e.g. Schéfer et al. 2000). In addition,
the vertical variations in leaf structural, chemical and photosynthetic characteristics associated
with vertical variation in light availability (e.g. Ellsworth and Reich 1993) could not be
considered in the simulation of whole-canopy carbon assimilation and stomatal conductance.
The beech specific parameterization of the photosynthesis model (Farquhar et al. 1980)
(section 4.3.5), e.g. the maximum photosynthetic capacity, was kept constant within the beech
stand; however, variability of such parameters between individual beech trees was observed

by others (e.g. Epron et al. 1995; Wullschleger 1993). Furthermore, the differentiation
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between sun- and shade-leaves as suggested by e.g. Thornley (2002) has not been considered

since no information about particular leaf distributions were available.

Despite the many uncertainties of eco-physiological modeling mentioned in the last two
paragraphs, the XWF simulations, however, shows a plausible range of Axyr and g for beech
trees corresponding to other studies at diurnal, daily, or seasonal scales (e.g. Epron et al.
1995; Keel et al. 2006; Keitel et al. 2003; Urban et al. 2014). Furthermore, we observed a
plausible physiological response towards prevailing environmental conditions. In fact, the
XWF simulations revealed a strong coupling of the water relations within the soil-leaf
continuum, most obvious in 2003 when REW dropped below 0.4. Indeed, stomatal aperture is
strongly coupled with soil water availability (Sperry 2000). As a consequence, the model
predicts a reduced CO; assimilation rate with decreasing gs. A corresponding translation into
growth, however, would suggest a distinct decrease of DBH; in 2003, which was not observed

(see also Poschenrieder et al. 2013; van der Maaten et al. 2013).

In contrast, Lebourgeois et al. (2005) found in a dendroclimatological study of 15 European
beech stands across different French bioclimatic regions that soil water deficit at the particular
sites were most predictive for the annual diameter growth and showed agreement with other
investigations of beech forests in Central Europe. While XWF simulations indicated a
distinctly decreased gas exchange at leaf level, the annual diameter growth was not
significantly affected by the drought of 2003, which might be explained by
storage/remobilization processes and the seasonal timing of drought (see section 4.5.1). From
the hydrodynamic modelling results, however, we can accept our second hypothesis of a
distinctly reduced H,O and CO; exchange in 2003 due to an effective stomatal regulation of

beech trees (ii).

4.5.4 Physiological response

In order to characterize the tree physiological response towards drought, we compared the
results of growth assessment, the tree ring isotope analysis and the XWF modeling. As an
integrative record of the carbon-water balance, we focused on the intrinsic water use

efficiency and related our findings to the predicament of the loss of water to gain carbon.

According to the carbon isotope signature, no significant differences in IWUE;s, occurred
between the years (2002 to 2007). However, the mean IWUE;,, of the drier SW slope was
about 14% higher than at the NE slope, thus, confirming a physiological acclimation of the
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beech trees to drier site conditions by increasing IWUE. In fact, various authors observed an
increased IWUE;j, of trees under conditions of high temperature and high water vapor
pressure deficits of the air (Battipaglia et al. 2014; Hardtle et al. 2013; Voltas et al. 2013). The
ability to increase the IWUE is indeed a competitive advantage for plants under water limiting
conditions (Richards et al. 2002). This may match to the earlier increase of DBH; after the
drought at the SW exposed slope compared to the NE exposed slope showing decreased DBH;
until 2007 (Figure 4-3).

However, since water limitation generally evokes a reduction of g leading to lowered leaf
internal CO, concentration and, in turn, increased 8"°C (Farquhar et al. 1989), we expected a
significant increase of IWUE;y, in 2003. That has not been observed neither at the SW nor the
NE exposed study site. As discussed above (section 4.5.1), the seasonal timing of drought and
the incorporation of stored carbohydrates into the tree ring archive might have been masked
the isotopic imprint. Furthermore, Granier et al. (2007) observed a simultaneous decrease in

daily evapotranspiration and gross primary production, indicating rather constant IWUE.

Nevertheless, Damour et al. (2010) stressed that under conditions of drought, a shift in the A-
to-gs ratio 1s most likely to occur. In fact, by expressing g as a function of water relations, the
hydraulic model simulates a shift towards increasing IWUE, and IWUE,, under conditions of
limited water availability (2003 and 2006; Figure 4-6). This is consistent with existing theory
and findings of a meta-analysis of 50 plant species exposed to mild water stress (Manzoni et
al. 2011). We observe a strong coupling of the leaf physiological response (gs and IWUExwr
in Figure 4-5) with the soil water supply at intra-seasonal scale (REW in Figure 4-2). The
increase of the IWUE obtained by XWF modeling and induced by a reduction of g5, however,
is not reflected by IWUE;s,. Since the decrease in g, during drought is suggested to be a
necessary response in order to avoid xylem dysfunctioning (section 4.5.3) the increase in
IWUE may be added to the explanation of the maintenance of growth in 2003 as discussed in
section 4.1. In fact, the mean Ayr in 2003 is still higher compared to the years 2002, 2004
and 2005.

On the other hand, Grassi and Magnani (2005) showed that with increasing drought
intensities, the contribution of non-stomatal limitation on light-saturated net photosynthesis
increased and nearly equaled stomatal limitation. In agreement to these results, Epron et al.
(1995) showed that a CO; internal resistances in beech can limit 4 by approx. 30 % — the
same order of magnitude as stomata resistance. Indeed, evidence was found that the

mesophyll conductance represents the main component of non-stomatal limitation of A4
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(Grassi and Magnani 2005) and that the balance between mesophyll and stomatal conductance
is reflected in changes in leaf-level intrinsic water-use efficiency (Flexas et al. 2013).
Furthermore, the mesophyll conductance is highly variable within the species (e.g. height,
age) in response to environmental conditions and changes and even faster than stomatal
conductance (Flexas et al. 2008; Han 2011; Douthe et al. 2012; Hommel et al. 2014). Indeed,
Aranda et al. (2012) observed a decrease in both, stomatal and mesophyll conductance of
beech seedlings faced to mild drought stress. Hence, we cannot exclude an overestimation of
Axwr In our study because non-stomatal limitations have been neglected and, in turn,

IWUExwr has been overestimated.

However, in particular in the mid- and late-season of 2003, we observed very dry
environmental conditions and the simulated decrease in g5 can be seen as most likely (section
4.5.3). Thus, a physiological acclimation towards the observed drought conditions by an
increased IWUE is suggested as most plausible. Furthermore, we suggest that the seasonal
timing of the drought events and the usage of storage compounds have diminished both, the
growth response (DBH;, section 4.5.1) and the isotopic signal in the tree ring archive (8'°C,
section 4.5.2). Therefore, we might accept our third hypothesis of increasing IWUE under
drought (iii) even so the tree ring isotope proxies did not record such a physiological response

towards the drought of 2003.
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4.6 Conclusion

Although European beech can be seen as a highly drought sensitive tree species (Gessler et al.
2004), the leaf physiological control and changes in root water uptake during water loss needs
to be taken into consideration and might display an adaptive strength towards drier future
climates. We demonstrate that the beech trees in Tuttlingen maintained growth in 2003 which
can be partly explained by the occurrence of rather moderate drought stress at the study site
(section 4.5.1). However, the hydrodynamic modeling approach also suggests an adjustment
of the intrinsic water use efficiency during the drought events, thus, improving the ratio of

carbon gain towards water loss (section 4.5.3).

Stomatal regulation together with adjustment of internal conductance is able to avoid harmful
water tension within the xylem. However, a reduced gas exchange was neither reflected by a
significant reduction in DBH; (Figure 4-3) nor by a significant increase in IWUE;, (Figure
4-6). In fact, despite a significant decrease in g5 in 2003, the mean seasonal Ay was higher
compared to the previous and the following year (Figure 4-5). Thus, we suggest that the
seasonal timing of the drought in 2003, the leaf physiological adjustment and, furthermore,
the usage of storage carbohydrates mitigated the growth response of the beech trees
examined. The seasonal timing of the drought and the remobilization processes, in particular,
may furthermore explain the lack of an imprint of the physiological response into the isotopic
tree ring archive (section 4.5.2). Nevertheless, it is likely that the beech trees have operated at
the hydraulic limits of the water conducting xylem tissue and that the impacts of a prolonged

drought in subsequent years would have affected the growth considerably.

The study highlights the importance of acclimation to drought stress in beech trees and points
out several uncertainties of its determination. To better identify the respective processes, a
combination of ecological and physiological approaches including continuous tree growth
assessments, gas exchange, and isotopic measurements in several parts of the plant are
required. Due to the rapid reaction of stomatal and non-stomatal limitation of gas exchange
(Flexas et al., 2008), measurements in high temporal resolution would be desirable.
Furthermore, mechanistic modeling and estimation of beech vulnerability to drought would
benefit from a tighter coupling between biochemical and hydraulic approaches as well as a
better resolution of physiological and anatomical crown properties. For representing growth
response, we particularly emphasize the consideration of dynamic carbon storages in the plant

allocation scheme.
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4.8 Appendix

Table 4-3: Summary of parameters applied in the hydrodynamic XWF simulation of carbon
gain and water loss of individual beech trees. The table is organized in parameter sets for
hydrodynamic modeling, photosynthesis modeling and soil water balance modeling. The
asterisks at the right border of the table indicate beech specific parameters, whereas double
asterisk indicate site specific parameters.

Parameters of the hydrodynamic model Unit Value Source
CPA; crown overlapping (%) 32 Hentschel et al. (2013) ok
Kinax.root max. root hydraulic conductivity (mm s'l) 0.13 Bittner et al. (2012) *
Kimaxprancn ~ max. branch hydraulic conductivity (mm s'l) 0.017 Bittner et al. (2012) *
Kis soil/root hydraulic conductivity (mMPa's!)y  4.70E-08  Korn (2004) *
E specific elastic modulus (mm) 3.50E+06  Oertli (1993) *
LAI leaf area index (m* m?) 5.12 Gessler et al. (2004) ok
RAI root area index (m* m?) 11 Leuschner et al. (2004) *
Parameters of the stomata model Unit Value Source
Sty parameter of stomatal response (mm) 2.29E+05  Kocher et al. (2009) *
St. parameter of stomatal response -) 3.5 Kocher et al. (2009) *
Parameters of xylem water retention curve  Unit Value Source
a xylem air entry value (mm) -3.16E+05  Oertli (1993) *
€ xylem porosity (mm® mm) 0.52 Gebauer et al. (2008) *
A Borrks and Corey parameter -) 0.86 Oertli (1993) *
Parameters of the vertical root distribution Unit Value Source
B Gale & Grigal parameter ) 0.94 Gale & Grigal (1987) *
Parameters of the photosynthesis model Unit Value Source
Ea, activation energy for J .« [T mol ™ 65300 Dreyer et al. (2001) *
Ea, activation energy for K [T mol ™ 59430 Tuzet et al. (2003)
Ea, activation energy for K, [T mol ™ 36000 Tuzet et al. (2003)
Eagg activation energy for Rd [J mol™"] 62500 Falge et al. (1996)
Eay activation energy for V ., [J mol™"] 75400 Dreyer et al. (2001) *
Ed; deactivation energy for J ., [J mol™"] 129000 Dreyer et al. (2001) *
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Edy deactivation energy for V., [J mol™"] 175000 Dreyer et al. (2001) *
fra scaling constant of Rd [-] 25 Falge et al. (1996)

Jinax pot. rate of whole-chain electron at T,.¢ [umol m?s!] 46 Epron et al. (1995) *
K. Michaelis coefficient for CO, [mol mol™] 460 Farquhar et al. (1980)

Ko Michaelis coefficient for O, [mol mol™] 330 Farquhar et al. (1980)

0; intercellular oxygen concentration [mol mol™] 210 Tuzet et al. (2003)

Sy entropy term for J ., [T mol' K] 420 Dreyer et al. (2001) *
Sy entropy term for V., [J mol K] 559 Dreyer et al. (2001) *
Trer reference temperature [K] 298.2 Epron et al. (1995) *
V inax max photosynthetic capacity at T,.¢ [umol m?s™'] 109 Epron et al. (1995) *
o quantum yield of electron transport [-] 0.2 Tuzet et al. (2003)

Yo parameter CO, compensation point [mol mol™'] 2.80E-07 Tuzet et al. (2003)

Y1 parameter CO, compensation point [-] 5.09E-02 Tuzet et al. (2003)

Y2 parameter CO, compensation point [-] 1.00E-03 Tuzet et al. (2003)

0, parameter of electron transport function [-] 0.9 Tuzet et al. (2003)

Parameters of the soil water retention curve Unit Value Source

Kg saturated soil hydraulic conductivity (mm day™) 148 Hentschel et al. (2013) *ox
o van Genuchten parameter (em™) 0.02 Hentschel et al. (2013) *ox
n van Genuchten parameter -) 2.5 Hentschel et al. (2013) *x
0, residual soil water content (%) 11 Hentschel et al. (2013) *K
0 saturated soil water content (%) 61 Hentschel et al. (2013) ok
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5 Discussion

5.1 “European beech (Fagus sylvatica L.) — a forest tree
without future in the south of Central Europe?”

The question whether European beech has a future in Central Europe was previously raised
and already answered in parts by Rennenberg et al. (2004). In fact, Fagus sylvatica was
characterized as a tree species with high sensitivity towards drought (Gessler et al. 2004) and,
therefore, may lose its competitiveness at particular sites, also in the center of the current area
of distribution of beech (Gessler et al. 2007a). At a study site representative for future climate
scenarios, characterized by a high evaporative demand of the atmosphere at synchronically
restricted soil water availability, Hacke and Sauter (1995) showed that beech trees were
subjected to high xylem water tension exceeding the theoretical threshold of the xylem water
potential of -1.8 MPa. The authors postulated that beech trees are prone to xylem dysfunction
due to embolisms associated with growth reductions at sites exposed to future drought events.
However, the mechanisms of tree mortality are not well understood and we cannot make
reliable predictions of future trajectories (Sevanto et al. 2014). Indeed, the two most
prominent mechanisms causing drought-induced tree mortality, described by the hydraulic
failure and carbon starvation hypotheses, may act strongly interdependent (McDowell et al.,
2008) and interconnected mechanisms and systems with feedbacks may not be captured by

these two hypotheses (Anderegg et al. 2012).

Using a hydrodynamic modeling approach (section 2, 4), I could demonstrate that individual
beech trees were able to prevent harmful xylem water tension leading to hydraulic failure by
stomatal control of water loss due to transpiration. These findings were in agreement with
Lemoine et al. (2002), who induced an increased resistance to water transfer on a mature
beech tree and showed an early and sufficiently fast stomatal response to protect xylem from
dysfunction at water scarcity. The application of the XWF model includes a detailed
representation of the hydraulic architecture within the root-leaf continuum (see for review
Cruiziat et al., 2002) and, therefore, provides a mechanistic linkage of the stomatal response
with whole-tree water relations (e.g. Bohrer et al., 2005). Furthermore, whole-tree hydraulic
conductance and individual conductance components have been linked with transpiration,
carbon gain and growth (Hacke 2014). The hydraulic architecture certainly determines the

length of the hydraulic pathway from the soil to the transpiring leaf resulting in respective

104



Discussion

water tensions of the individual pathway components and, in turn, their vulnerability to
cavitation (e.g. Cochard et al., 2005, 1999; Lemoine et al., 2002). Species-specific wood
anatomical traits, further on, predetermine the hydraulic resistance and storage capacity of
trees (Steppe and Lemeur, 2007). Indeed, I observed a higher susceptibility towards drought
of individual Norway spruce trees due to a lower wood density of the xylem tissue and, in
turn, a higher vulnerability towards cavitation (section 3.5.1). However, under prolonged
drought conditions, a acclimation of the xylem vulnerability to changing water loss intensity
of trees can be expected (Cochard et al. 1999). Therefore, the vulnerability of beech trees to
drought strongly depends on the individual tree architecture and on the anatomical properties
of the single tree components at present and its inherent adaptive/acclimative capacity (e.g.

Lindner et al., 2010).

Despite the complexity of the hydraulic framework within the SPAC (Friih and Kurth 1999),
the XWF model showed good agreement with sap flow measurements of individual trees
(Figure 2-5), hence, validating a reliable hydraulic parameterization and representation of
whole-tree water relations. The XWF simulation resulted in a distinct reduction in both
transpiration and assimilation rates in response to the drought of 2003 (Figure 4-5), thus,
suggesting a lowered risk against Aydraulic vulnerability but a higher susceptibility towards
carbon starvation. In fact, carbon starvation is hypothesized to result from the avoidance of
hydraulic failure through stomatal closure, causing a sustained negative carbon balance
(Sevanto et al. 2014). However, the radial growth of the beech trees examined was kept
relatively constant (Figure 4-3) suggesting a reallocation of stored carbon during the drought
induced limitation in carbon uptake (section 4.5.1). Indeed, using a stable isotope approach,
Skomarkova et al. (2006) concluded that about 10-20% of a tree-ring of Fagus sylvatica is
build by remobilization products incorporated in spring. Furthermore, Bréda et al. (2006)
showed that starch contents in stem tissue of drought-defoliated beech trees at the end of the
growing season 2003 were significantly depleted compared to adjacent leafed beech trees. At
the moderate moist study site in Southern Germany examined in the present thesis, however,
neither defoliation symptoms nor long-lasting growth decline of individual beech trees were
detected and I postulate that beech trees have successfully coped with the extreme drought in
2003 (section 4.6). In contrast to various European sites which were repeatedly faced to
drought episodes in 2004 and 2005 (Breda et al. 2006), the moderate conditions at our study
site in these years (Figure 4-2) following the extreme year 2003 might have favored the

survival and recovery of the examined beech trees.
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At the southern range edge, however, the occurrence of prolonged drought caused a reduction
in productivity of beech forests (Jump et al. 2006). Moreover, Lebourgeois et al. (2005)
showed in a dendroclimatological study of 15 European beech stands across different French
bioclimatic regions that soil water deficit was most predictive for the annual diameter growth.
While European beech stands in lower altitudes in Central Europe showed increased growth
trends since 1950, a decreased growth was detected at higher altitudes within the last decades
(Dittmar et al. 2003). However, we would expect drought to be more intense in lower
altitudes and Jansen et al. (2013) suggested that drought and water limitation were the
limiting factors for radial growth in the dry and hot summer 2003 especially at low altitude. In
contrast, a progressive natural replacement of European beech by a more drought tolerant tree
species (Quercus ilex L.) was reported for higher elevations of the Pyrenees (Pefiuelas and
Boada 2003). The latter was, however, attributed to a reduced recruitment and increasing
defoliation of beech. The occurrence of drought can, further on, be associated with secondary
biotic attacks, e.g. Phytophthora epidemic, which might impact the future performance of
beech at particular sites (Jung 2009). Hence, the future of European beech might strongly

depend on the spatial and temporal distribution of drought events.

There is general agreement that the competitiveness of Fagus sylvatica will decrease if the
length and frequency of dry periods increases (e.g. Gértner et al., 2008; Gessler et al., 2007;
Leuschner et al., 2001). However, due to the heterogeneity in geomorphology, micro-climate
and soil formation, the climate change sensitivities of forest stands strongly vary at local and
regional scales (Lindner et al. 2010). Ammer et al. (2005) cautioned against transferring
results of short-term case studies to the landscape level and suggested that beech is assigned
to sites with sufficient water supply and will grow there satisfactorily also under the expected
conditions of climate change. On the other hand, Stojanovi¢ et al. (2013) suggested that up to
90% of the present-day beech forests in Serbia will be located beyond the ideal bioclimatic
niche at the end of this century. Predictions, however, are compromised by our currently
lacking ability to model mortality and dieback of tree species and forest types based on
specific combinations of climatic events and their interactions with biotic stressors and site-
specific site conditions (Allen et al. 2010). Therefore, Anderegg et al. (2014) emphasized the

importance of a whole-tree perspective in assessing physiological pathways to tree mortality.

In fact, the increasing number of studies of gas exchange (e.g. Aranda et al., 2000; Gessler et
al., 2009b; Heath et al., 1997) and sap flow measurements (e.g. Dalsgaard, 2008; Holst et al.,
2010; Liittschwager and Remus, 2007) of beech trees will further support the evaluation of
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carbon-water balance at single tree and stand level. Hence, we might deepen our
understanding of the functional link between the tree physiological response and the
vulnerability towards drought. Due to the complexity of underlying mechanisms and
structural factors triggering water transport (e.g. Meinzer et al., 2001) and carbon gain (e.g.
Aranda et al., 2012), however, more research is needed in order to determine the
physiological thresholds when particular functions and or/the whole-tree functioning will be
affected. Furthermore, several authors reinforced the importance of local adaptation of beech
trees to water deficiency in the context of climate change (e.g. Eilmann et al., 2014; Peuke et
al., 2006; Sanchez-Gomez et al., 2013). Hence, we do lack in reliable predictions of the
competitiveness of Fagus sylvatica at the regional scale, in particular, at present of prolonged

drought periods.
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5.2 Forest water balance prediction — a paradigm of
generalization of complex forest ecosystem properties
and processes?

In forest management as well as in climate impact assessment, hydraulic models provide
fundamental information about the forest water balance with respect to certain environmental
conditions. The boundary conditions of the hydraulic system are commonly determined by
estimations of the potential evapotranspiration and the forest soil water capacity (e.g. Frith
and Kurth, 1999). In order to predict the water balance within the SPAC, however, a wide
range of input data requirement and output quality is provided depending on the model

approach applied (Fontes et al. 2010).

The XWF model, applied for 96 mature beech trees stocking on 0.21 ha forest floor (section
2), represents one of the most sophisticated process-based single-tree model approaches
available at present. However, the high complexity in structural heterogeneity at process level
requires a high data input and system knowledge. Due to the only recent availability of 7LS
(e.g. Kaartinen et al., 2012), we are now able to consider the explicit above-ground hydraulic
tree architecture and to calculate the water fluxes within particular trees on a solid physical
basis (see for review Steudle, 2001). Thus, whole-tree water relations can be modeled and
linked to leaf physiological mechanisms controlling water loss, e.g. stomatal aperture, due to
transpiration (Sperry et al., 2002). This 1s of great importance since the quantitative
understanding of the physiological mechanisms governing drought stress first allows to
predict the forest response towards warming climate (Choat et al. 2012). Furthermore, the
forest water use certainly feedbacks with soil moisture-climate interactions, challenging the
forecast of the forest water balances at particular sites (Seneviratne et al., 2010). The process-
based modeling of stomatal conductance as feedback function of water relations within the
soil-leaf continuum, certainly, represents a major component in hydraulic models due to its
major role in the physiological control of water loss and carbon gain (see for review Damour

et al., 2010).

By applying the functional-structural single-tree XWF model for a mature Fagus sylvatica
stand (section 2, 4), I found that: (i) the modeled individual tree water relations matched the
sap flow density measurements (Figure 2-5), hence supporting a reliable implementation of a
mechanistic linkage between tree water relations and physiological response, (ii) within the

even-aged beech monoculture a high variability in individual tree transpiration and stomatal
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response towards the environmental conditions can be obtained (section 2.5.2), (iii)
considering the hydraulic architecture associated with the pressure gradient and the stomatal
control towards water loss of single-trees resulted in distinctly lower stand transpiration rates
compared to predictions of a rather simple stand model approach (Figure 2-7) and (iv) all
examined beech trees were able to cope with the observed drought conditions of the last
decade as indicated by a sufficiently early and fast stomatal closure and synchronically usage

of stored carbohydrates in periods of limited gas exchange at leaf level (section 4.6).

It was shown that the structural heterogeneity of a forest can be taken into account by
hydraulic modeling with great relevance in the quantified physiological response to the
environmental conditions and resulting water relations. Furthermore, the stand transpiration
rate derived by scaled sapflow measurements matched the sum of the simulated transpiration
rates of individual trees, hence, allowing a reliable estimation of the forest water balance
(Figure 2-7). The scaled sapflow measurements have the great advantage of relating the
measured water flux densities with tree and canopy structure excluding other evaporating
components (Kostner 2001), thus, addressing the stand structure and physiological response
of the canopy (Wilson et al. 2001). It was shown that scaled sapflow measurements plus other
evaporating components such as soil evaporation and understory transpiration, corresponded
with water vapor fluxes above the forest canopy measured by eddy-correlation techniques
(Kostner 2001). Thus, sapflow measurement techniques can be seen as an adequate measure
of single-tree and of stand water relations and provided evidence of a reliable hydraulic
modeling conducted in this thesis. The XWF simulation of the stand transpiration in the years
2002 to 2007 ranged between 177 and 244 mm yr' (section 4), which represents the lower
range of beech forest stand transpiration obtained by others, most dominantly ranging

between 250 and 350 mm yr™' (see Table 5-12 in Schipka, 2002).

However, a high variability in transpiration of beech stands was observed and daily maximum
values might range between 3 to 8 mm as determined by scaled sapflow measurements (e.g.
Dalsgaard, 2008; Granier et al., 2000; Holst et al., 2010). This might be explained by a high
variability of the water use associated with different site conditions and stand properties but,
furthermore, by different measuring approaches and applied extrapolation methods from the
tree to the stand level (see for review Wilson et al., 2001 and Wullschleger et al., 1998).
Unfortunately, no cross-validation of different methods exploring individual tree water
relations could be conducted, however, the thermal techniques, as applied in the present thesis

(section 2.3.3), have gained wide-spread acceptance (Wullschleger et al. 1998). Therefore, the
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following paragraph addresses major uncertainties and difficulties of thermal sap flow
measurement techniques which need to be kept in mind when used for the extrapolation of

single-tree water relations to stand level.

Within the last 40 years, an array of thermal techniques and instrumentation has been
developed to measure stand transpiration (see for review Cermak et al. (2004) and Steppe et
al. (2010)). The heat dissipation method introduced by Granier (1985) and applied in section
2, provides a simple installation, high accuracy and reliability, at relatively low costs (Lu et
al. 2004). However, some technical issues such as external heat perturbations, thermal
gradients within the trunk or wounding effects can bias the measurements (Lu et al., 2004).
Besides these technical issues, all heat balance/heat dissipation methods are faced to the
scaling issues extrapolating from point measurements to the whole tree (see for review
Waullschleger et al., 1998). Therefore, multi thermocouples sensors are recommended in order
to determine the spatial variation in sap flux density within the sapwood. To date, an
increasing number of new instruments are available and combinations of different methods
are recommended in order to improve the accuracy of sapflow measurements (Pearsall et al.,
2014). However, there is obviously a trade-off between the costs and accuracy of the
measurements. Measurements with relatively cheap single sensor devices, as applied in
section 2, need to be integrated over the water conducting area of a trunk, which is commonly
performed by the assumption of species specific radial sapflow profiles with the depth of the
trunk. This radial profile might show variations between individual trees, however, evidence
for a general pattern in beech trees was obtained (e.g. Gebauer et al., 2008; Gessler et al.,
2005; Liittschwager and Remus, 2007). Another crucial source of error is introduced by the
required estimate of the water conducting area (sapwood) determining the radial sapflow
gradient and whole-tree water use. Commonly used methods to determine the sapwood area
are presented by Lu et al. (2004) and used for establishing e.g. beech specific relationships
with DBH (Gessler et al. 2005b). Furthermore, the radial sapflow profile with sapwood depth
might vary with its alignment at the trunk emphasizing the importance of the location of
sensors (Cermak et al., 2004). Hence, multi position and multi sensor measurements are
recommended for precise sapflow determinations. After the extrapolation of the point sapflow
measurements to tree water use, the extrapolation to stand level usually introduces a
generalization of the single-tree water use. The determined sapflow rates are usually averaged
over particular tree groups, e.g. DBH classes (Granier et al. 1996a), hence, neglecting the
actual variability of single-tree water use within the forest stand (e.g. Cermak et al., 2004).

For example, in homogenous forest stands with small variability in single-tree sapflow
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(coefficient of variation < 15%), a rather small number of sample trees (ca. 10 trees) might be
sufficient for a reliable scaling to stand level (Kostner et al. 1996) while sample size increases

with stand heterogeneity (Kostner et al. 1998).

Due to the heterogeneity of forest stands, it is a crucial issue to scale from single-tree to stand
level, in particular, when different species and age-classes need to be considered. It was
demonstrated that even in a mature beech monoculture, we can obtain a high variation of the
water use in individual trees (Table 2-2). Both, sapflow measurements and XWF simulations
showed a relatively high variation expressed by a coefficient of variation of 38% and 36%,
respectively (section 2.5.2). Thus, it can be questioned whether the number of 12 sample trees
was sufficient to mirror the heterogeneity within the stand and to derive an accurate
estimation of the stand transpiration. However, the reliability of the determination of the
forest water balance in this investigation was supported by the agreement of XWF simulations
with sapflow measurements in magnitude and variation at single-tree level (Figure 2-5), as
well as by the agreement with previous studies conducted in the presented study stand
addressing stand transpiration (Keitel et al. 2003; Holst et al. 2010) and canopy conductance
(Keitel et al. 2003; Offermann et al. 2011). It can be concluded, in agreement with Kostner
(2001), that daily maximum rates of forest canopy transpiration strongly depends on the forest
structure. Furthermore, the consideration of the heterogeneity within the stand expressed by
individual tree properties and physiological response, e.g. stomatal conductance, resulted in a
distinctly lower water exchange rate at stand level compared to a rather simple stand model
approach (35% in the year 2007). In fact, the applied stand model approach lacked in single-
tree representation and water exchange was restricted by a beech specific threshold value of
low soil water availability only (Bittner et al., 2010). Hence, I suggest that the prediction of
the forest water balance might be strongly biased when individual tree information are

neglected.

Due to the obtained variability of transpiration rates within the stand and the distinct deviation
from a stand-scale approach, a high degree of information seems to be necessary to predict
stand water budgets. However, such detailed information as archived by 7LS are rarely
available and, furthermore, both modeling and measurements of the forest water balance
generally entail a high degree of simplification. Nevertheless, the detailed stand and single-
tree characteristics archived by 7LS has the potential to improve the representation of the
environmental heterogeneity and to consider structural features in hydraulic modeling

approaches (e.g Bittner et al., 2012; Seidel et al., 2011; Xu et al., 2007). Hence, such
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modeling approaches might bring light into the complexity of the forest water transport and
cycling processes and improve the quantification of water exchange at single-tree and stand

level.

However, the degree of generality and contrary the degree of complexity of forest hydraulic
processes accessed, certainly, derives from the scientific questioning and the availability of
site and tree specific information. On the one hand, there is the need of rather general stand
model approaches providing predictions e.g. of the expected climate feedbacks of regional-
scale mortality events (McDowell et al. 2011), on the other hand, highly detailed
representations of single-tree hydrodynamics are required to encourage our understanding of
physiological thresholds and in turn tree species’ susceptibility towards warming climate
(Anderegg et al. 2012). The latter should support the first and regional-scale hydraulic
modeling can be improved by integration of physiological mechanisms and re-calibration of
the water balance equations at the stand level. In fact, it was shown that beech trees showed
high sensitivity towards the environmental conditions and distinctly reduced their
transpiration in response towards high evaporative demand and synchronically limited water
supply (Figure 4-5a). The well established relation between stomatal conductance and whole-
tree water relations, e.g. Xxylem water potential, can be described as a physiological response
towards water deficits in order to prevent harmful xylem water potential causing xylem
dysfunction (Tyree and Sperry 1989; Hacke and Sauter 1995; Sperry et al. 2002). By XWF
modeling, I have obtained lowest xylem water potentials of the outer branches of the
examined beech trees amounted to -2.7 MPa, which is in agreement with the lowest leaf water
potential measurements in the sun-crown of mature beech trees (Aranda et al., 2000; Kdcher
et al., 2009). This findings suggest a strong stomatal closure during drought since beech trees
operated near the point of catastrophic xylem dysfunction of -2.5 MPa (Cochard et al., 1999;
Gebauer, 2010; Lemoine et al., 2002). Thus, the physiological and anatomical traits of
individual trees have great influence on the forest water balance and a high variability of
stomatal control might be obtained even in monocultures and less structured forest stand such

as the examined beech stand in section 2 and 4.

Further valuable information about the actual forest water balance can be archived by direct
measurements of evapotranspiration (ET) which represents the largest component of the water
balance equation (Wilcox et al. 2003). Important technical progress has been made in
application of the Bowen Ratio/Energy Budget technique and the Eddy Correlation technique
(Shuttleworth 2007). The Eddy Covariance method (e.g. Baldocchi et al., 1988) holds the
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advantage to provide continuous measurements of micro-climate ecosystem exchange rates
(Aubinet et al. 2012). Exchange rates of sensible heat, water vapor and carbon dioxide have
been determined jointly by applying the eddy covariance technique (e.g. Meroni et al., 2002).
However, the partitioning of ET into forest floor evaporation (E) and transpiration (T) is a
challenging but important issue. In particular, the relative importance of E as a part of ET is
expected to be more pronounced when the atmospheric demand and/or the water availability

in the soil is high (Kool et al. 2014).

The increasing network of Eddy flux stations (http://www.fluxnet.ornl.gov), however, will

help to bridge the gap between very complex mechanistic modeling at single tree level and
the large scale land surface models. Multi scale approaches combining multiple measuring
methods may better constrain estimates of ET fluxes (McCabe et al., 2008). Remote sensing
models will, further on, allow to partition on larger scales, providing an integrated assessment
of ET components and will be less limited by heterogeneity that causes errors when trying to
understand a larger system using point measurements (Kool et al. 2014). In order to account
for the effective stomatal resistance in land surface models as recommended by Shuttleworth
(2007), however, more physiological studies are required to predict the impact of changing
climate on particular tree species. As demonstrated in the single-tree assessment by sapflow
measurements and XWF modeling, the actual forest stand transpiration was distinctly reduced
compared to the modeled potential ET (ASCE-EWRI 2005) emphasizing the great impact of
the hydraulic conductance depending on the individual tree properties and regulative
mechanisms at the leaf level (section 2). However, ET certainly scales with T and, hence,
measured ET provide novel insights into stand water dynamics and, in turn, into tree
physiological mechanisms. For example, Granier et al. (2007) observed a reduction in ET at
EUROFLUX sites in the drought year 2003, most likely promoted by stomatal closure.
Therefore, networks of monitoring stations such as EUROFLUX are of great importance in

order to evaluate hydraulic model approaches and to generalize predictors of ET.

In conclusion, the complexity of forest ecosystem properties and processes is challenging the
reliable prediction of the forest water balance. At tree level, however, the increasing
knowledge about hydraulic functioning and the representation of the hydraulic architecture of
individual trees opens the door for advanced functional-structural modeling approaches on an
eco-physiological basis. However, the prediction of soil moisture—climate interactions and, in

turn, tree water use and forest water balance, need to be improved by joint investigation
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carried out by various disciplines and by combinations and comparisons of process-based

modeling and observational datasets of field experiments (Seneviratne et al. 2010).
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5.3 At what range does stomatal control lessen the
vulnerability to drought — how to predict physiological
thresholds?

“Physiological mechanisms provide a foundation to understand, predict, and model threshold
events that may dominate certain ecosystem responses to climate change and allows us to
better project the uncertain future of forest ecosystems in a warming climate” (Anderegg et al.
2012). In consequence, the attention of recent research was drawn on physiological
mechanisms related to the two main hypothesis of climate change induced forest decline, the
carbon starvation hypothesis and the hydraulic failure hypothesis (McDowell et al., 2008). In
fact, drought-related carbon starvation does frequently occur due to stomatal closure, which,
however, limits the water loss due to transpiration and thus the risk of hydraulic failure
(Galiano et al. 2011). While carbon starvation is expected to occur during prolonged drought
periods in relatively isohydric plants closing their stomata at low xylem water tensions,
hydraulic failure is expected to proceed more rapidly especially in relatively anisohydric
plants keeping their stomata open during drought (Sevanto et al. 2014). Thus, the stomatal
control can be seen as one key mechanism of tree survival under drought. However, various
(interdependent) mortality mechanisms might be associated with drought (see Table I in

McDowell et al., 2011).

In a study of forest decline phenomena in mature Norway spruce trees (section 3),
measurements of the tree ring carbon isotope composition indicated a less beneficial ratio
between carbon gain and water loss of spruce trees showing crown dieback symptoms. Due to
the relatively low intrinsic water use efficiency, these trees might have been in particularly
prone to either carbon starvation or hydraulic failure. The application of the conceptual
model applying a combined assessment of the 'O and "*C isotopic signature of plant organic
matter as proposed by Scheidegger et al. (2000), however, indicated a less efficient stomatal
control of these trees and, in turn, a higher vulnerability towards hydraulic failure.
Furthermore, the relatively low wood density of the xylem tissue measured in the trees prone
to dieback could be associated to a higher vulnerability to xylem cavitation (Rosner et al.
2007). In fact, the vulnerability to drought depends on both anatomical traits determining the
physical properties of the hydraulic architecture and physiological mechanisms controlling the

water usage of trees (e.g. Meinzer et al., 2013).
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In fact, evidence for the major regulative role of stomata for the whole-tree water balance and
the associated gradient in xylem water potential within trees was found by various authors
(e.g. Aranda et al., 2005; Sperry et al., 2003; Whitehead, 1998). At the presence of drought,
an early and sufficient fast stomatal closure is required to avoid a harmful decrease of water
potential associated with cavitation and a loss of hydraulic conductivity (Lemoine et al.
2002). In Fagus sylvatica, the hydraulic threshold provoking cavitation may range between -
2.5 and -3.15 MPa as measured by pressure applications on large beech branches (e.g.
Cochard et al., 2005, 1999; Lemoine et al., 2002). By hydrodynamic XWF modeling of
mature beech trees most negative values of xylem water potential of -2.7 MPa during drought
were obtained, hence, indicating that the beech trees were operating at narrow hydraulic
margins (section 4). However, the XWF simulation study proposed an effective stomatal
closure of beech trees during drought causing a restriction of the potential transpiration by up
to 50%. Contrasting two years of varying water availability, the XWF model predicted a
significant decrease of the maximal stomatal conductance below 0.05 mol m™ s™ during the
drought of 2003 compared to highest values of 0.30 mol m-2 s-1 observed in relatively moist
year 2007 (Figure 4-5). In fact, the XWF simulation of the stomatal conductance obtained a
plausible physiological response towards changing environmental conditions in agreement to
previous studies addressing the stomatal control of beech trees at the same study site (Keitel
et al. 2003; Gessler et al. 2004; Offermann et al. 2011). In correspondence, Aranda et al.
(2000) and Keel et al. (2006) recorded highest values of stomatal conductance of about 0.30
mol m? s in mature beech trees by gas exchange measurements. Comparable values were,
furthermore, found in three (Ferrio et al. 2009) and eight year old beech trees (Urban et al.
2014). During water limiting conditions, a decrease of the stomatal conductance of beech
trees below 0.05 mol m™ s has been observed (e.g. Gebauer, 2010; Gessler et al., 2004a;
Urban et al., 2014). Thus, the XWF simulations obtained a reliable range of stomatal aperture
with a distinct response towards the water relations within the soil-leaf continuum. The great
variability of the maximal stomatal conductance in Fagus sylvatica, furthermore, mirrors its

great importance in the context of warming climate and the vulnerability to drought.

Oren et al. (1999) observed in tendency a greater sensitivity of Fagus sylvatica towards
drought as a result of a greater loss of hydraulic conductivity at high vapor pressure deficit
compared to other broad-leaf tree species. Indeed, several drought experiments showed
distinctly lowered maximal stomatal conductance of beech trees faced to water stress (e.g.
Aranda et al., 2012, 2005; Sanchez-Goémez et al., 2013). Furthermore, Lemoine et al. (2002)

observed an early and sufficiently fast reduction of stomatal conductance in beech trees,
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highlighting the importance of stomatal control of beech trees avoiding xylem from
dysfunction. In fact, in mature beech stands, a high variability of the maximal stomatal
conductance between different tree classes was observed. For example, Offermann et al.
(2011) observed highest values of ca. 0.16 mol m™ s™ for a tree of 38.6 m height and maxima
of ca. 0.32 mol m? s for a tree of 15.3 m height. Furthermore, leaf functional traits
significantly influence the stomatal conductance and Gessler et al. (2009b) calculated a higher
stomatal conductance in sun crown leaves compared to values of the shade crown of beech
trees of 0.16 mol m? s and 0.06 mol m? s, respectively. In correspondence, a strong
vertical gradient of stomatal conductance and the leaf water status within crowns of five 30-
year-old beech trees was observed by Lemoine et al. (2002). These findings may highlight the
difficulties in either measuring or modeling stomatal conductance integrated over whole
crown and the appropriate up-scaling process to stand level (section 5.2). On the other hand,
the high variability in stomatal conductance between individual stand members and the fast
response towards changing environmental conditions (section 2, 4) point to the great

influence of stomatal control for both individual tree and whole forest stand water balance.

Due to the strong coupling of stomatal conductance with whole-tree water relations, estimates
or measurements of the leaf water potential represent the best known predictors of the
stomatal response (Oren et al.,, 1999). Thus, hydrodynamic models addressing the water
transport within the soil-leaf continuum in order to determine threshold events exceeding
physiological regulation capabilities have great significance in the climate change impact
assessment. The successful applied functional-structural model (XWF model), demonstrated
the ability for highly detailed representation of the SPAC, explicitly, considering the
hydraulic architecture and specific anatomical traits of beech trees (section 2, 4). In fact, Oren
et al. (1999) found Fagus sylvatica, among mesic species, most sensitive to changes in the
water regime. Granier et al. (2000) detected a positive asymptomatic relation of beech canopy
stomatal conductance (Eddy Covariance method) and the plant extractable soil water, thus,
highlighting the strong coupling of the belowground tree system and leaf physiological
mechanisms. Gebauer (2010), furthermore, obtained a significant linear relationship of the
maximum leaf conductance of individual beech trees (steady state porometer measurement)
and the soil matrix potential (r* = 0.54). Under consideration of the hydraulic architecture of
the tree, the water transport in the soil-leaf continuum can be modeled on a solid physical
basis, e.g. according to the cohesion-tension theory (Tyree and Zimmermann 2002), ensuring
the strong coupling of soil water availability and leaf water balance. Hence, the stomatal

response towards the environmental conditions can be determined as a function of the leaf
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water potential in high temporal and spatial resolutions (section 2.3.4). Indeed, previous
applications of functional-structural models obtained reliable estimations of the whole-tree
water use in agreement with measured sap flow densities (e.g. Bohrer et al., 2005; Chuang et
al., 2006; Tyree, 1988). In particular, the XWF model could be successfully applied for young
European beech trees in a lysimeter experiment (Janott et al. 2010), for mature beech trees in
a mixed forest in Central Germany (Bittner et al., 2012a, b) and for mature beech trees in a

pure beech stand in SW Germany (section 2, 4).

The accuracy of prediction of the stomatal conductance, however, depends on a reliable
simulation of the soil water balance including feedbacks to the whole-tree water relation and a
plausible transformation of hydraulic signaling into the stomatal response. Furthermore, the
short-term responses of stomata probably brought about by hydraulic signals might be
triggered by the release of abscisic acid (ABA) in the leaves (Whitehead 1998). Thus, the
interaction of hydraulic and chemical signals and their relative role under field conditions
represents a critical point in our understanding and modeling of stomatal functioning (Chaves
et al. 2003). Indeed, the stomatal conductance might be influenced by the metabolic
regulation (Buckley et al., 2003). For example, in the well-known biochemical modeling
approach by Ball et al. (1987), stomatal conductance was additionally related to the CO,
assimilation rate following Farquhar et al. (1980). Thus, observational data are of great
importance in order to relate the stomatal conductance to both water and carbon balances of

individual trees and to better understand stomatal functioning.

The frequently applied gas-exchange measurement methods provide valuable insights in the
carbon-water relations at leaf level (e.g. Gessler et al., 2009b; Katul et al., 2009; Pinkard et
al., 2011), however, limited by the temporal and spatial resolutions and measurement costs,
respectively. Therefore, an increasing number of researchers successfully applied the dual
isotope approach (section 3.3.4) obtaining retrospective insights into leaf physiological
processes (e.g. Gessler, 2011; Keitel et al., 2006; Offermann et al., 2011). In fact, the isotope
fractionation processes during carbon assimilation and water exchange are strongly related to
the environmental conditions, however, further altered by leaf physiological processes (see
for review Gessler, 2011; McCarroll and Loader, 2004; Werner et al., 2012). The combined
investigation of hydrodynamic modeling (XWF), tree ring isotopic composition and growth
assessment demonstrated that examined beech trees were able to cope with the experienced
drought events by an early and sufficient stomatal closure (section 4). However, a reduction

of stomatal conductance does not necessarily lessen the vulnerability to drought since the
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carbon-water balance might be impaired due to the synchronic shortage of CO, uptake. The
ability to avoid hydraulic failure by stomatal closure provokes a restricted CO; uptake and, in
turn, an increased risk of carbon starvation (Galiano et al. 2011). However, neither growth
data (Figure 4-3) nor tree ring isotope measurements (Figure 4-4) indicated a significant
drought response of the examined beech trees during the last decade. Thus, the usage of
stored carbon is suggested as most likely to enable the avoidance carbon starvation during
long lasting periods of limited gas exchange (Epron et al., 2012). Indeed, the vulnerability
towards drought depends on both, the capability of stomatal regulation and the seasonal
timing and the length of drought periods. While the intensity of drought events might be
crucial for the appearance of hydraulic failure, long lasting drought events might promote

carbon starvation.

Due to its major influence on the tree carbon-water balance, the stomatal resistance and its
physiological control should to be introduced in land surface models addressing the impact of
warming climate (Shuttleworth 2007). My studies have shown that beech trees in SW
Germany operated at narrow hydraulic margin (section 4) and that the anatomical and
physiological traits of spruce trees in SE Norway predetermined the vulnerability towards
drought (section 3). In fact, the water balance within the SPAC (including root water uptake,
water transport, evaporative demand of the atmosphere and water loss due to transpiration)
plays a fundamental role for our understanding of the interdependency of the carbon-water
relations of individual trees and forest stands and, in turn, for the prediction of the risk of
carbon starvation and hydraulic failure. An improvement of our understanding of the
physiological mechanisms and relevant factors predefining the range of physiological control
can be achieved combining different methods from the wide range of available techniques,
e.g. gas exchange and isotope studies or complex mechanistic model approaches. The
knowledge about the intra- and inter-specific variability in physiology mechanisms and
resource use strategy of trees (section 3.6), might find application in e.g. tree breeding and the
choice of tree species and, thus, might have great significance in the decision process of forest

management within the climate change debate.
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Conclusion

6 Conclusion

This PhD thesis has demonstrated progress in hydrodynamic modeling of Fagus sylvatica.
Due to more exact representation of the above ground tree architecture by terrestrial laser
scanning techniques (see for review Kaartinen et al., 2012), remarkable progresses in the
determination of the hydraulic architecture of trees can be archived (see for review Cruiziat et
al., 2002). However, the rooting systems are derived from theoretical assumptions, e.g. typical
fine root distribution of beech trees with soil depth (Leuschner et al., 2004). Since the soil-
root interface represents a crucial hydraulic resistance for the whole-tree hydrodynamics
(Aranda et al., 2005), more work is needed to identify individual rooting patterns and root
functioning of different tree species under the consideration of the tree ages, different site
conditions and the particular forest structure. Nevertheless, the modeling of water fluxes
along the obtained hydraulic pathway of individual trees showed good agreement with sap
flow density measurements and other studies (section 2, 4) and provided a reliable estimation

of the whole-tree water status.

In fact, the actual transpiration is strongly influenced by the whole-tree water conductance
(Hacke, 2014) and the leaf water potential has been shown to be the best known predictor of
the stomatal response (Oren et al., 1999). The representation of an entire forest stand at the
single tree level (Figure 2-1), thus, allows to predict the variability of stomatal conductance
and actual transpiration rates within the stand. In fact, the single tree approach revealed
distinctly reduced stand transpiration rates compared to the estimation derived by an ordinary
stand model approach (section 2). This study emphasized that the water balance of forest

stands strongly depends on the physiological regulation of the individual trees.

The large number of parameters required for both soil and tree water balance modeling
(Simiinek et al., 2003), however, limits the applicability of such complex eco-physiological
models at larger scale. Nevertheless, process-based models build up the fundament of our
mechanistic understanding concerning forest water dynamics and do emphasize the key
parameters of eco-physiological functioning. In fact, the stand structure and respectively
evaluated intra- and inter-specific functional traits of forest trees determine the potential
acclimation of individual trees to changing climate. While soil water availability certainly
restricts the water exchange processes at the leaf level, the intra-specific variations of
anatomical and physiological responses towards water scarcity do dictate the vulnerability of

forest stands towards drought stress (Sanchez-Gomez et al., 2013). In fact, I have found
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evidence for a predisposition to drought induced forest decline in Norway spruce due to
unfavorable wood anatomy and leaf physiology of individual trees promoting a higher risk for
xylem cavitation (section 3). In particular, the prediction of long- and short-term responses
towards drought will help to assess physiological thresholds of individual trees and entire

forest stands towards future climatic conditions.

For example, the vulnerability to cavitation can be characterized by the ‘hydraulic equipment’
of the tree and the regulation of xylem water potential by stomatal control (Sperry et al.,
2002). While the evolution of anatomical features fall under the category of long-term
responses, short-term responses do mainly occur at the leaf level whereby the stomatal
regulation of water loss can be seen as the most important mechanism in order to prevent
harmful water shortage. In fact, the functional-structural hydrodynamic modeling approach
applied has demonstrated that beech trees have been operating near the hydraulic margin (e.g.
Cochard et al., 1999; Gebauer, 2010; Lemoine et al., 2002). During drought, the simulated
xylem water tensions dropped down to -2.7 MPa leading to stomata closure and a reduction of
the actual transpiration. I can thus postulate that the intense stomata regulation of European
beech has prevented a harmful water shortage of the trees, in particular, during the drought

year of 2003 (section 4).

Because of the interdependency of the carbon-water balance of a tree and its linkage to the
vulnerability of drought (McDowell, 2011), the mechanistic determination of water fluxes
within the SPAC has great importance for the climate change impact assessment.
Furthermore, eco-physiological simulation studies at single tree level might gain important
information for future forest management strategies. In fact, I have observed a distinctly
reduced gas exchange at leaf level during drought and could stress that the impacts of
prolonged drought would have affected tree growth considerably. Thus, the combined
investigation of hydraulic modeling approaches and eco-physiological measurement
campaigns might bridge the gap between the detailed examination of leaf physiological
processes controlling the water use of trees and the reliable prediction of the forest water

balance at the landscape level.
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