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Zusammenfassung

Die vorliegende Doktorarbeit behandelt zwei Hauptthemen. Das erste Thema stellt
eine Evaluierung der Leistung mehrerer Messmethoden zur indirekten Bestimmung
des Blattflächenindex L (Einseitige Blattfläche [m2] pro Einheitsbodenfläche [m2])
und der gap probability Pgap (Wahrscheinlichkeit für die ungestörte Passage eines
direkten Lichtstrahls durch den Kronenraum [-]) dar. Der Fokus richtet sich hierbei
auf die besonderen Probleme bei der Anwendung dieser Messmethoden in offenen,
savannenartigen Kronendächern. Die erhaltenen Ergebnisse für L und Pgap sind
im Zuge der Abhandlung des zweiten Hauptthemas notwendig. Hierbei werden der
Einfluss von Dürren auf Wasser und Kohlenstoffflüsse als auch auf die Blattphysiologie
eines typischen, mediterranen montado Ökosystems untersucht werden, welches von
Quercus suber L. Bäumen dominiert wird.
Zwei der wichtigsten Parameter, welche die Struktur eines Kronendaches beschreiben
sind Blattflächenindex L und gap probability Pgap. Sie sind unabdingbar um gemessene
Massen- oder Energieflüsse von der Blattebene auf die Ökosystemebene zu skalieren
und essenzielle Parameter von mathematischen Ökosystemmodellen. Trotz allem
bleibt die indirekte Bestimmung dieser Parameter besonders in offenen, savannenar-
tigen Ökosystemen eine große Herausforderung. Hier haben hohe Lichtintensitäten,
heterogene räumliche Verteilung von Blättern und große Anteile von verholzten
Pflanzenteilen im Sensorfeld Einfluss auf das Ergebnis. Des Weiteren ist ein größer
werdender Bedarf von vertikal aufgelösten L und Pgap Messungen zu verzeichnen, da
die Anzahl von elaborierten, vertikal aufgelösten Kronenmodellen ständig wächst.
Diese Tatsache macht die Notwendigkeit einer schnellen und verlässlichen Mess-
methode für L und Pgap deutlich. Im Zuge dieser Doktorarbeit wird der etablierte,
kommerziell vertriebene LAI-2000 Plant Canopy Analyzer mit der neueren und
schnelleren Methode der Bedeckungsfotografie (DCP) im Hinblick auf die vorgenan-
nten Probleme und Eigenschaften verglichen. Als Referenz werden Ergebnisse der
direkten L Bestimmung aus Blattfallen verwendet. Während der Feldarbeiten zu
dieser Doktorarbeit konnte die DCP Methode zum ersten Mal erfolgreich höhen- und
winkelabhängig zum Einsatz gebracht werden. Die Ergebnisse der DCP Messung
und der etablierten LAI-2000 Messung lieferten übereinstimmende Werte für gap
probability Pgap und effektiven Blattflächenindex Le. Um aus den winkelabhängigen
Messungen der gap probability Pgap den tatsächlichen Blattflächenindex L zu berech-
nen ist Kenntnis des clumping index Ω notwendig, welcher das Maß der räumlichen
Heterogenität des Blätterdaches darstellt. Der Erfolg dieser Doktorarbeit in der erst-
maligen, winkelabhängigen Bestimmung von Ω mittels DCP war dafür entscheidend.
Hierdurch konnte die Auswirkung der Heterogenität des Q. suber Blätterdaches bei
der L Bestimmung berücksichtigt werden und führte so zu einem 30% höheren L
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Zusammenfassung

als bei der Messung durch den LAI-2000. Des Weiteren wurde zum ersten Mal die
direkte Eliminierung des verholzten Pflanzenanteils aus den DCP Fotografien mittels
objekt-orientierter Bildanalyse erreicht. Nach erfolgreicher Eliminierung verringerte
sich der Blattflächenindex L im Mittel um 6.9% im Vergleich zur unkorrigierten
Messung. Der objekt-orientierte Erkennungsalgorithmus wurde so gestaltet, das der
Einfluss des verholzten Pflanzenanteils im Sensorfeld bei der Messung nicht über-
schätzt wird. Folglich kann die hier präsentierte Abschätzung des inhärenten Fehlers
bei Messungen ohne Eliminierung des verholzten Pflanzenanteils als ’best-case’ Ab-
schätzung verstanden werden. Als Folge der Einbindung des clumping index und
der Eliminierung des verholzten Anteils bei der DCP Methode konnte eine hohe
Präzision bei der Herleitung von L erreicht werden, welches durch den Vergleich
mit direkt gemessenen Werten aus Blattfallen bestätigt wurde und die Präzision
des LAI-2000 bei Weitem übersteigt. Zuletzt wurde eine Messstrategie erfolgreich
getestet, mit der die Herleitung einer höhenabhängigen L Verteilung innerhalb des
Kronendaches ermöglicht wird und die ausschließlich auf boden-basierten Messung
beruht und weder portable Stative noch Messungen im oder über dem Kronendach
benötigt. Sie basiert auf der Messung simpler Kronenparameter und einer einzigen L
Messung des gesamten Kronendaches.
Im ersten Hauptthema dieser Doktorarbeit konnte die herausragende Leistungs-
fähigkeit der DCP Methode im Umgang mit den großen Herausforderungen der
Messung in offenen, heterogenen Kronendächern mit hohem Anteil verholztem
Pflanzenanteil dargestellt werden. Durch den geringen Arbeits- und Zeitaufwand und
die kostengünstige Verwendung von herkömmlichen Digitalkameras stellt DCP eine
sehr effektive Methode dar, deren Verwendung in zukünftigen Forschungsarbeiten
ausdrücklich zu empfehlen ist. Es ist jedoch anzustreben, den hier verwendeten
Bildanalysealgorithmus von der kommerziellen eCognition Plattform auf eine Open
Source Bildanalyse Plattform, wie zum Beispiel ImageJ, zu portieren um eine breite,
Lizenz-unabhängige Nutzung zu ermöglichen.
Die Pfanzenarten des untersuchten montado Ökosystems haben große strukturelle und
funktionelle Anpassungen zur Regulierung von Kohlenstoffbindung und Wasserverlust
durch Transpiration entwickelt. Die hier dominierenden Korkeichen (Q. suber) be-
sitzen tief dringende Wurzeln um das Grundwasser als permanenten Wasservorrat zu
nutzen. Der Wasserverlust durch Transpiration wird unter Dürrebedingungen stark
reduziert um einer kritischen Dehydrierung zu entgehen. Im zweiten Hauptthema
der vorliegenden Doktorarbeit wird über den Einfluss der Dürre im sehr trocke-
nen Jahr 2012 auf die Funktionen des Gesamtökosystems berichtet. Hierzu wurden
mehrjährige Messungen des vorherrschenden Lokalklimas, der Bodeneigenschaften
und der Massen- und Energieflüsse des Ökosystems durchgeführt, unter anderem
mittels zwei Eddy Kovarianz Türmen.
Die Kombination von stomatärer Leitfähigkeits- und Photosynthese-Modellierung
kann im Zuge der Messdatenanalyse verwendet werden, um Regulationsprozesse in-
nerhalb des Blattes von Veränderungen im Lokal- oder Mikroklima zu trennen. In der
Literatur finden sich dazu jedoch verschiedenste mathematische Beschreibungen der
zugrunde liegenden Prozesse. Jüngste Studien zeigen das die Änderung lediglich eines
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einzigen Modellparameters, zum Beispiel nur maximale Carboxylierungsrate oder nur
die Sensitivität der stomatären Leitfähigkeit, nicht in der Lage ist beobachtete, simul-
tane, dürre-bedingte Änderungen in Bruttoprimärproduktion und Transpiration zu
erklären. Des Weiteren sind mehrere Beschreibungen für die Temperaturabhängigkeit
der blattinternen Enzymprozesse in der Literatur vorhanden. Daraufhin wurde im
Zuge der vorliegenden Arbeit ein stomatäre Leitfähigkeit-Photosynthese Modell an-
hand von Messdaten parametrisiert um blattinterne Reaktionen der vorherrschenden
Q. suber Bäume auf eintretende Trockenheit abzubilden. Dabei wurden verschieden-
ste Prozessbeschreibungen getestet und die Modellleistung bei der Abbildung des
beobachteten Verhaltens evaluiert. Die Ergebnisse zeigen im Trockenjahr 2012 einen
stark erhöhten Effektivniederschlag ET/P von bis zu 122%, ermöglicht durch den
Grundwasserzugang der Q. suber Bäume. Hierdurch konnte in diesem Jahr kein
Wasser zur Grundwasserneubildung und Abflussbildung beitragen. Verringerte Brut-
toprimärproduktion des Unterwuchses um 53% und der Q. suber Bäume um 28%
waren die Folge des verzögerten Beginns der Herbstniederschläge und der schweren,
zusätzlichen Winterdürre im Vergleich zum Vorjahr 2011. Bei der Anwendung des
stomatäre Leitfähigkeit-Photosynthese Modells zur Beschreibung der Reaktion der
Q. suber Bäume auf Trockenheit konnte die beste Modellleistung erreicht werden,
wenn die Bäume in der Lage waren die maximale Carboxylierungsrate und die Sen-
sitivität der stomatären Leitfähigkeit simultan den Bedingungen anzupassen. Die
Steigung des stomären Leitfähigkeitsbeschreibung musste erhöht werden um die
starke Abnahme der maximalen Carboxylierungsrate anteilig zu kompensieren. Des
Weiteren wurde die Sensitivität der Stomata gegenüber dem Wasserdampfdefizit
der blattnahen Atmosphäre verändert, da die vorgenannte Steigung des Modells
hiermit stark korreliert ist. Die Modellleistung dieses Ansatzes (Leuning-Modell) war
vergleichbar mit dem ebenfalls getesteten, einfacheren Ball-Berry-Modell. Zusätzlich
zur gesunkenen maximalen Carboxylierungsrate wurde die Kohlenstoff-Assimilation
durch eine verringerte Optimaltemperatur des Elektronentransportes im Photosyn-
theseapparat geschwächt. Dieser Effekt macht die Photosyntheserate der Blätter
vermehrt anfällig gegenüber hohen Temperaturen während einer Dürre. Trotz allem
war das Ökosystem in beiden Jahren (2011 und 2012) eine Kohlenstoff-Senke mit
einer um 38% verminderten Senkenstärke in 2012. Folglich hatte die Bruttoprimär-
produktion einen wesentlich stärkeren Einfluss auf die jährlichen Schwankungen in
der Senkenstärke als die Ökosystemrespiration.
Im Zuge des Klimawandels sind verringerte jährliche Niederschläge und Veränderun-
gen der saisonalen Niederschlagsverteilung auf der Iberischen Halbinsel in noch
stärkerem Maße zu erwarten als bereits heute verzeichnet wird. Wenn Phasen der
Dürre wie im Jahre 2012 vermehrt auftreten ist eine nachhaltige Verringerung der
lokalen Grundwasservorräte und Staubecken zu erwarten. Dies würde großen Einfluss
auf die örtliche Land- und Forstwirtschaft haben, da die Korkeichen den Grund-
wasserzugang nutzen und Bewässerungslandwirtschaft weit verbreitet ist. Langfristige
Effekte auf den Pflanzenbestand, wie erhöhte Baumsterblichkeit oder eine Ver-
schiebung in der Artenzusammensetzung der Unterwuchses werden vielleicht erst
nach mehreren Dürrejahren wie 2012 sichtbar. Die gute Modellleistung des stomatäre

7



Zusammenfassung

Leitfähigkeit-Photosynthese Modells unter simultanen Anpassung von maximaler
Carboxylierungsrate und Sensitivität der stomatären Leitfähigkeit in diesem Ökosys-
tem muss in anderen Ökosystemtypen noch bestätigt werden. Jedoch wird in jedem
Fall eine erneute Evaluierung der Prozessbeschreibungen in weit verbreiteten globalen
Klima- oder Landoberflächenmodellen empfohlen.
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Abstract

This thesis covers two major topics. The first is a performance evaluation of indirect
leaf area index L and gap probability Pgap observation techniques with special focus
on the application in sparse, savannah-type canopies. L and Pgap estimates of the
first part are used in the second part for the analysis of drought effects on water
and carbon fluxes as well as on leaf physiology in a typical Mediterranean montado
ecosystem dominated by Quercus suber L. trees.
Two of the most important parameters describing the structure of ecosystem canopies
are leaf area index L and gap probability Pgap. They are mandatory for scaling of
measured fluxes from leaf to canopy scale and are essential parameters for ecosystem
models. However, their indirect measurement remains a challenging task, especially
in open, savannah-type ecosystems where high light intensities, heterogeneous distri-
bution of leaves and large amount of woody tissue in the sensor view field bias the
observations. Further, a vertically resolved estimation of L and Pgap is needed for
the growing community of vertically distributed models, increasing the demand for
a fast and reliable estimation method. In the course of this thesis, the established
commercial LAI-2000 device is compared to the rather new, fast digital cover pho-
tography (DCP) method with respect to the issues mentioned and to the precision
of the results compared to a direct L determination. Firstly, DCP was successfully
applied here for the first time height and angular dependent. Results show that gap
probability Pgap and effective leaf area index Le delivered by DCP were very similar
to the established LAI-2000. Clumping index Ω is mandatory for deriving a correct
leaf area index L from gap probability Pgap estimates at any view zenith angle θ
accounting for the heterogeneity of natural canopies. Height and angular dependent
Ω was successfully determined with DCP for the first time. Thus, the effect of leaf
clumping on the total leaf area index L of the Q. suber canopy yielded a 30% higher
leaf area index L compared to L approximated from LAI-2000. Further, the exclusion
of woody tissue from DCP images was successfully conducted here for the first time.
Using object-based image analysis, the exclusion yielded on average a 6.9% lower
leaf area index L and improved the indirect estimation approach. This was a ’best
case’ approximation of the error introduced by woody tissue, because the algorithm
was designed to not overestimate the effect. Consequently, when leaf clumping was
included and woody tissue was excluded from DCP, L matched precisely with direct L
determination using litter traps, exceeding the precision of the established LAI-2000
by far. Finally, when height dependent observations are not feasible, an observation
strategy could been tested successfully using only ground-based observations of crown
parameters to derive reasonable leaf area index L height distributions from a single,
ground-based L observation.
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Abstract

It was shown in this thesis that DCP performed excellent handling the major
challenges of open canopies, heterogeneous distribution of leaves and woody tissue
influence. This encourages to use DCP in other ecosystems with different canopy
structure in future research to benefit from the labor-effective application and low
cost of off-the-shelf digital cameras. However, the developed algorithm for image
separation of this thesis is based on the commercial eCognition image analysis
platform. A desirable step for further development would be to port the algorithm
to an open source image analysis platform like ImageJ to foster broader usability.
The plant species in the examined montado ecosystem have developed vast structural
and functional adaptations to regulate carbon assimilation and respiratory water
loss. The dominant Cork oak trees grow deep roots to tap the groundwater for a
permanent water supply. They strongly reduce transpirational water loss by stomatal
closure in response to drought to avoid a critical level of dehydration and hydraulic
failure. In the context of the extreme drought year 2012, drought effects on the entire
ecosystem functioning at the site in Portugal are reported in the second part of the
thesis. Therefore, multi-year observations of climate forcing, soil properties as well
as ecosystem flux observations with two Eddy Covariance towers were conducted.
Combined stomatal conductance-photosynthesis models can be used in order to
disentangle regulatory processes in the leaves from effects of micro-climatic variations.
However, different descriptions of the underlying processes exist in the literature.
Recent studies could demonstrate that changes of one single parameter, e.g. only
maximum carboxylation rate or only stomatal conductance sensitivity, do not explain
drought-induced reductions in both, gross primary productivity and transpiration,
simultaneously. Further, different temperature dependencies of leaf internal enzyme
processes have been proposed in the literature. Here, a photosynthesis-stomatal
conductance model was parametrized to match the observations in order to infer
leaf physiological responses of the Q. suber trees in response to drought. Different
model process descriptions have been tested with respect to model performance. The
results show that precipitation effectiveness ET/P increased up to 122% in the dry
year 2012, possible due to the ground water access of Q. suber trees leaving no water
for groundwater replenishing and runoff generation. As a consequence, understorey
gross primary productivity GPPu and the overstorey gross primary productivity
GPPo were reduced by 53% and 28%, respectively, in 2012 compared to 2011 due to
a late onset of 2011 autumn rains and an additional severe winter/spring drought.
When the combined photosynthesis and stomatal conductance model was used to
describe the responses of Q. suber trees to drought, the best model-data fit could
be achieved if the trees were allowed to adapt apparent maximum carboxylation
rate Vc,max and stomatal conductance parameters simultaneously. The slope m of the
stomatal conductance model had to be increased to compensate partly for the strong
decrease in carboxylation rate. The model adjusted also the sensitivity of the stomata
D0 to vapour pressure deficit V PD in the Leuning model because both stomatal
parameters, m and D0 are strongly correlated. The model performance was similar
to the Ball-Berry approach. Further, the optimum temperature of electron transport
Topt was adjusted to lower values. This decreased carbon sequestration under higher
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temperatures in addition to the direct drought effect but makes the photosynthetic
apparatus also more vulnerable to heat stress in dry years. However, the ecosystem
was a carbon sink in both years with a 38% reduced sink strength in the dry year 2012
compared to 2011. Gross primary productivity GPP was thereby a much stronger
driver of inter-annual variations of carbon sink strength than ecosystem respiration
Reco.
It is expected that the trend of decreasing total annual precipitation and alteration of
precipitation patterns on the Iberian Peninsula will continue with proceeding climate
change. If drought patterns similar to 2012 will occur more often, a sustainable
depletion of local ground water reservoirs as well as water storage basins might be
expected. This will affect strongly local agriculture that relies on ground water for the
deep-rooted cork-oak trees and otherwise uses irrigation water from storage basins.
Effects on plants such as tree mortality or a shift of understory species composition
may only be evident in the long term after multiple, consecutive drought years. The
performance of the photosynthesis-stomatal conductance model under simultaneous
adaption of maximum carboxylation rate and stomatal conductivity clearly point to
the necessity of similar investigations in other ecosystem types and the reevaluation
of descriptions used in global climate or land surface models.
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1 Introduction

1.1 Relevance of the project

Savannah-type ecosystems account for 26–30% of global gross primary productivity
with water being one of the major driving factors. In the Mediterranean region
of Europe, savannah-type woodlands cover an area of about 1.5 million ha. These
woodlands are commonly two or three layered systems with a sparse overstorey layer
of, e.g. Quercus suber L. (cork oak) or Quercus ilex L. (holm oak), a more or less
distinct shrub layer of evergreen shrubs like species of the genus Ulex (gorse) or
Cistus (rockrose) and a herbaceous understorey layer consisting of annual herbs and
grasses like Trifolium species (clover), Tuberaria guttata L. (spotted rockrose), Tolpis
barbata L. (european umbrella milkwort) or Vulpia species.
The Mediterranean climate is characterized by a moist and mild winter and a dry
and hot summer. It shows an annual pattern of high winter precipitation and summer
drought. The relevance of the winter precipitation to the hydrological cycle, biological
productivity and survival is immense, since water availability is the limiting factor
during large parts of the year. In particular on the Iberian Peninsula, the recent
past has shown a significant decrease of precipitation in winter and spring as well
as decrease of total annual precipitation. Strong effects on local water balance and
carbon sink strength of ecosystems have thus been reported. These changes in
precipitation regime are expected to increase with proceeding climate change.
The analysis of ecosystem behavior under changing conditions requires the measure-
ment of ecosystem parameters and energy and mass fluxes. Two of the key structural
ecosystem parameters are leaf area index (L) and canopy gap probability (Pgap),
strongly influencing amounts of carbon uptake by photosynthesis and water loss by
transpiration as well as energy distribution between plants and soil and ecosystem
albedo. The precise estimation of L and Pgap remains a challenging task, especially in
sparse, open canopies of Savannah-type woodlands. Multiple methods are still under
development. Further, the precise determination of evaporation and transpiration is
an important task in water-limited ecosystems since evapotranspiration is the largest
water efflux. Disentangling both signals from a measured water flux is possible using
stable δ18O isotopes as tracer. For this purpose, the Craig & Gordon equation is
commonly used (Craig and Gordon, 1965). However, general assumptions made in
order to apply the equation to real observations and the sensitivity with respect to
input measurements are objects of ongoing research.
In the course of the WATERFLUX project, a study site was established in a typical
montado ecosystem dominated by Quercus suber trees and herbaceous understorey
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vegetation in central Portugal to assess the canopy structure, understorey dynamics,
evaporative water loss, important processes and water and carbon balances of a
typical Mediterranean savannah-type woodland under regular and under drought
conditions. A variety of observations and modeling have been conducted for about 3
years from 2010 to 2013, including the extreme dry year 2012 with a severe winter
drought. In order to assess the Q. suber canopy structure and its properties for
radiative transfer necessary for modelling and analysis purposes, the new digital
cover photography method (DCP) was used. The DCP method was compared with
other established indirect and direct methods to develop a labour efficient and precise
observation strategy (Chap. 2, Piayda et al. (2015)). Further, the canopy cover data
was used for the analysis of annual understorey development and community structure
with respect to the spatial distribution of tree crown cover (App. ??, Dubbert et al.
(2014b)). The competition for water between over- and understorey and the altered
microclimatic conditions are suspected to influence understorey species composition
and thus, carbon sink strength.
The understorey and soil carbon and water fluxes were assessed with a sub-canopy
Eddy Covariance tower for the entire period from 2010 to 2013 (Chap. 3, Piayda
et al. (2014)) in order to characterise the annual pattern of carbon uptake and
evapotranspiration and to quantify the impact of drought. The sub-canopy Eddy
Covariance observations were complemented with open chamber measurements on
trenching plots connected to an on-site cavity ring-down spectrometer. Obtained
stable water isotope concentrations were used to separate water fluxes in evaporation
and transpiration. On-site measured values were used to evaluate the performance of
the frequently used Craig and Gordon model (App. ??, Dubbert et al. (2013)). Further,
the steady-state assumption of transpiration on the separation of evapotranspiration
in its components (App. ??, Dubbert et al. (2014a)) was tested and the impact of
understorey evapotranspiration to ecosystem water fluxes (App. ??, Dubbert et al.
(2014c)) analysed using the stable water isotope approach.
The necessary water and carbon fluxes as well as climate forcing of the entire
ecosystem were measured with an Eddy Covariance tower above the canopy top.
These pure mass balance observations were extended by phenology measurements of
tree growth and leaf and fruit setting (App. ??, e Silva et al. (2015)) to characterize
the impact of drought on the Q. suber trees during the extreme dry year 2012. Further,
the drought impact on tree leaf physiology was modeled with a coupled photosynthesis-
stomatal conductance model in a sunlit/shaded model scheme (Chap. 3, Piayda
et al. (2014)). Changes in carboxylation efficiency and stomatal conductance during
summer are evaluated as well as model performance with respect to a variety of
different process descriptions.

1.2 Objective of the thesis

The thesis contains two major parts. The first part is a methodological treatment
of indirect estimation of leaf area index and gap probability, with focus on the

18



1.2 Objective of the thesis

application in open savannah-type ecosystems. The second part is an analysis of
drought impact on ecosystem functioning and water and carbon balances. Even
though the topics are very different, the results of the first part are mandatory to
conduct the analysis of the second part.

Leaf area index L is an important structural parameter of plants, canopies and
ecosystems and strongly influences amounts of carbon uptake by photosynthesis
(e.g. Bunce, 1989) and transpiration (e.g. Monteith, 1965). The structural parameter
quantifying the amount of light passing through the canopy is the gap probability
Pgap, which depends on L, tree density and other stand attributes. It controls the
energy distribution between plant surfaces and the soil surface as well as within the
plant (Chen and Black, 1992; Nilson, 1971). Pgap and L are needed in soil-vegetation-
atmosphere transfer modeling (De Pury and Farquhar, 1997; Sellers and Dorman,
1987; Sinclair et al., 1976). Because recent model development aims for high-resolution
multi-layer models (Baldocchi, 1997), the demand for vertically resolved plant or
ecosystem parameters is increasing.
Multiple techniques exist to measure leaf area index L and gap probability Pgap.
Indirect techniques are based on the observation of Pgap and use the gap probability
theory by Nilson (1971) to infer L. They include the commercially available LAI-
2000 plant canopy analyzer (LI-COR, 1992; Cutini et al., 1998) and digital cover
photography (DCP) (Ryu et al., 2010b; Macfarlane et al., 2007b). DCP offers
the advantage of using off-the-shelf digital cameras and common image analysis
software. Using methods based on Pgap, the influence of the spatially non-homogeneous
distribution of leaves on Pgap, expressed as clumping index Ω, needs to be considered,
especially in open canopies like savannahs, because the gap probability theory
assumes randomly distributed light intercepting elements (Fassnacht et al., 1994;
Nilson, 1971). The contribution of woody tissue (e.g., stems, branches, twigs) to
observed gap probability Pgap, and thus inferred leaf area index L, is still an unsolved
problem for indirect measurements. It is assumed to introduce substantial biases
depending on the ecosystem type (Chen et al., 1997a,b; Deblonde et al., 1994; LI-COR,
1992).
In the face of the issues described above, the established LAI-2000 is compared
against the DCP method with respect to leaf clumping effects, methodological biases
and the influence of woody tissue. Height and angular dependent gap probability
Pgap and height dependent leaf area index L are derived on the site in Portugal.
Additionally, a ground-based approach to estimate height dependent L is tested when
height distributed measurements are not feasible. The following research questions
are addressed:

• How do gap probability Pgap, leaf area index L and clumping index Ω change
with height and view zenith angle?

• How strong is the influence of non-homogeneous distributed leaves on both
methods?
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• How does the image size of DCP influence the accuracy of gap probability Pgap

and leaf area index L observations?

• How strong is the influence of woody tissue on gap probability Pgap and leaf
area index L estimates?

• How well can we derive height distributed leaf area index L with only ground-
based observations?

Answering these questions will significantly contribute to the precision and feasibility
of indirect canopy structure observations, in particular in sparse canopies, and will
foster the use of the new low cost and efficient DCP method in future research.

Species in semi-arid environments have developed vast structural and functional
adaptations to regulate carbon assimilation and respiratory water loss (e.g. Tenhunen
et al., 1987; Werner et al., 1999). Cork oaks strongly reduce transpirational water
loss by stomatal closure in response to drought to avoid a critical level of dehydration
and hydraulic failure (Oliveira et al., 1992; Tenhunen et al., 1984, 1987; Werner and
Correia, 1996; Kurz-Besson et al., 2006).
Common tools to disentangle biochemical processes in plant leaves from micro-climatic
variations are combined stomatal conductance-photosynthesis models. However,
a variety of process descriptions exist in the literature, e.g. for the temperature
dependency of leaf internal enzyme processes (Medlyn et al., 2002; von Caemmerer,
2000; June et al., 2004). Further, a simultaneous change in both gross primary
productivity and transpiration as response to drought could only be explained by a
simultaneous change of multiple model parameters, e.g. maximum carboxylation rate
and stomatal conductance sensitivity in recent studies (Egea et al., 2011; Reichstein
et al., 2003; Zhou et al., 2013).
In view of context of the extreme drought year 2012, drought effects on the entire
ecosystem functioning at the site in Portugal are reported in comparison with the
rather wet year 2011 showing a regular drought pattern. Particularly, 2012 showed
a severe additional winter/spring drought, characteristic for precipitation pattern
changes in recent past on the Iberian Peninsula (2nd driest year since 1950, Costa
et al., 2012; Santos et al., 2013; Trigo et al., 2013). The following research objectives
are investigated:

• Quantifying the effects of drought on the local ecosystem water balance, over-
storey and understorey gross primary productivity, as well as differences in net
ecosystem carbon exchange between both years.

• Identifying physiological responses in the drought year 2012 of the Q. suber
trees using a combined photosynthesis-stomatal conductance model.

• Testing the model performance with different process descriptions.
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Investigating the objectives will assess the response of a typical Mediterranean
ecosystem on possible climate change impacts. Additionally, the performance testing
will improve model descriptions used in future climate impact research.

1.3 Outline

The thesis consist of five main chapters. The current chapter, Chap. 1, gives a general
overview of the topic, how the WATERFLUX project is structured and which parts
of the project are treated in this thesis. Chap. 2 compares three non-destructive leaf
area index measurement techniques at the study site in central Portugal in order
to derive vertically resolved L as well as vertically and angularly resolved Pgap. The
established LAI-2000 device is compared with fast digital cover photography (DCP)
and a purely ground-based approach. The influence of woody plant components is
quantified and three different crown models are applied to describe the cumulative L
distribution. The estimated L and angularly resolved Pgap are used in Chap. 3, where
the impact of the extreme drought event on the Iberian Peninsula in 2012 on the
water balance, gross primary productivity and carbon sink strength of the cork-oak
ecosystem are quantified. Physiological responses of the Quercus suber (L.) trees
are disentangled, employing combined photosynthesis and stomatal conductance
modeling. Chap. 4 summarizes the results of the thesis and provides an overwiew
on the results of the entire project. Chap. 5 gives an outlook on possible further
development of the methods used and on long term development of the ecosystem.
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2 Influence of woody tissue and
leaf clumping on vertically
resolved leaf area index and
angular gap probability
estimates

2.1 Introduction

Leaf area index L is defined as the one-sided leaf area per unit of ground area (Watson,
1947). It is an important structural parameter of plants, canopies and ecosystems
and strongly influences amounts of carbon uptake by photosynthesis (e.g. Bunce,
1989) and transpiration (e.g. Monteith, 1965). It determines the radiative energy
absorbed and reflected by the canopy (Monteith, 1959) as well as the maximum
capacity of rainfall interception, and thus canopy evaporation (Rutter et al., 1971).
The structural parameter quantifying the amount of light passing through the canopy
is the gap probability Pgap, which depends on L, tree density and other stand
attributes. It is the probability of a direct beam of radiation passing through the
canopy without being intercepted by the foliage (Monsi and Saeki, 1953, 2005). It
controls the energy distribution between plant surfaces and the soil surface as well
as within the plant (Chen and Black, 1992; Nilson, 1971) and, thus, the ecosystem
albedo.
Pgap and L are important ecosystem parameters that are needed in soil-vegetation-
atmosphere transfer modeling (De Pury and Farquhar, 1997; Sellers and Dorman,
1987; Sinclair et al., 1976) or radiative transfer schemes (Jacquemoud et al., 2000;
Haverd et al., 2012). Because recent model development aims for high-resolution
multi-layer models (Baldocchi, 1997), the demand for vertically resolved plant or
ecosystem parameters such as Pgap and L is increasing. Although vertically distributed
observations in tree canopies are challenging (Meir et al., 2000), expensive and often
not feasible, several observation approaches have been applied (Beadle et al., 1982;
Hutchison et al., 1986; Parker et al., 1989; Strachan and McCaughey, 1996; Wang
et al., 1992). Such approaches either required labor-intensive destructive sampling,
heavy equipment, and ’above canopy readings’ with a tower, or did not take into
consideration important factors such as the leaf clumping index Ω.
Multiple techniques exist and have been widely used to measure leaf area index L
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and gap probability Pgap. They can be classified into direct and indirect methods.
Direct techniques include destructive sampling or litter traps (Jonckheere et al., 2004)
and are not suitable for measuring Pgap. In general, they deliver the most precise
results but are very labor intensive, and multiple observations during the year are
often not feasible. Indirect techniques include the inclined point quadrat method
(Warren Wilson, 1960, 1965), the commercially available LAI-2000 plant canopy
analyzer (LI-COR, 1992; Cutini et al., 1998) or digital hemispherical (DHP) and
digital cover photography (DCP) (Ryu et al., 2010b; Macfarlane et al., 2007b). DCP
offers the advantage of using off-the-shelf digital cameras and providing a minimum
of image distortion. Thus, common image analysis software can be used. Indirect
techniques deliver Pgap, L and other structural parameters of the canopy, such as
crown cover and porosity (Macfarlane et al., 2007c). They are less labor intensive
than direct methods and allow repeat observations throughout the year (Ryu et al.,
2012), but they are inferior in accuracy.
Most indirect techniques are based on the observation of Pgap and use the gap
probability theory by Nilson (1971) to infer L. Some techniques need additional
information about leaf inclination angles α to convert the projected leaf area observed
by the sensors into actual leaf surface (Warren Wilson, 1960). Techniques such as
the LAI-2000 instrument (LI-COR, 1992; Miller, 1967) or DCP applied at ≈ 57.3◦

(Macfarlane et al., 2007c; Pisek et al., 2011; Wit, 1965) circumvent this need. However,
DCP applied at angles 0 < θ < 90 comes with a biased mean Pgap compared to DHP
because a rectangular area is averaged but not a spherical sector. Still, when images
represent only a small horizontal view span compared to 360◦, the bias on mean Pgap

is small.
Using methods based on Pgap, the influence of the spatially non-homogeneous dis-
tribution of leaves on Pgap, expressed as clumping index Ω, needs to be considered
because the gap probability theory assumes random distributed light intercepting
elements (Fassnacht et al., 1994; Nilson, 1971). This greatly influences L derivation in
open, heterogeneous stands such as savannah-type ecosystems. However, estimating
the spatial and angular distribution of Ω within a plant stand remains challenging
(Leblanc et al., 2005; Ryu et al., 2010b).
The contribution of woody tissue (e.g., stems, branches, twigs) to observed gap
probability Pgap, and thus inferred leaf area index L, is still an unsolved problem for
indirect measurements. It is assumed to introduce substantial biases depending on
the ecosystem type L (Chen et al., 1997a,b; Deblonde et al., 1994; LI-COR, 1992).
Commonly, observations during leafless periods are used to estimate wood area index
W and subtract it from L, which is only feasible in deciduous forests (Deblonde et al.,
1994; Ryu et al., 2012) and assumes a random distribution of woody tissue with
respect to the position of the leaves. Only a few approaches attempt to quantify this
influence (Kucharik et al., 1998) and to our knowledge, it has not yet been included
directly in computations.
The aim of the present study is to compare the performance of the established LAI-
2000 against the DCP method with respect to leaf clumping effects, methodological
biases and the influence of woody tissue. We derive height and angularly dependent
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gap probability Pgap and height dependent leaf area index L in an open savannah-
type woodland. Additionally, we test a ground-based approach to estimate height
dependent L when height distributed measurements are not feasible. We address the
following research questions: (1) How do gap probability Pgap, leaf area index L and
clumping index Ω change with height and view zenith angle? (2) How strong is the
influence of non-homogeneity on both methods? (3) How does the image size of DCP
influence the accuracy of gap probability Pgap and leaf area index L observations?
(4) How strong is the influence of woody tissue on gap probability Pgap and leaf area
index L? (5) How well can we derive height distributed leaf area index L with only
ground-based observations?

2.2 Material and methods

2.2.1 Theory

Gap probability theory

Beer’s law for the absorption of light by particles (Bouguer, 1729; Beer, 1852) is used
to relate leaf area index L to the gap probability Pgap of the canopy (Nilson, 1971):

Pgap(θ) = exp


−G(θ)LΩ(θ)

cos(θ)


(2.1)

where Pgap(θ) is the gap probability of the canopy, G(θ) is the leaf projection function,
L [m2

leaf/m
2
ground] is the leaf area index (sometimes referred to as Lt), Ω(θ) is the

clumping index, and θ [◦] is the view zenith angle. In fact, L refers to a foliage area
index if it has not been corrected for the influence of woody tissue on Pgap(θ). By
dividing by cos(θ), the leaf area index is normalized to unity path length independent
of the incidence angle. G(θ) was introduced in Eq. (2.1) by Monsi and Saeki (1953)
to transform the projection of leaf area perpendicular to the view direction into
actual leaf area index. The shape of G(θ) is dependent on the distribution of leaf
angles f(α). Warren Wilson (1960, 1967) gave the solution as:

G(θ) =

 π
2

0

ϕ(θ, α)f(α) dα (2.2)

with

ϕ(θ, α) =


cos(θ) cos(α) for α ≤ θ

cos(θ) cos(α)

1 +


2
π


(tan(ϑ)− ϑ)


otherwise

(2.3)

where ϑ = cos−1(cos(θ) cos(α)). α [◦] is the angle of the leaf’s normal to the zenith.
ϕ(θ, α) results from the scalar product of both the directional vector of the view
direction and the directional vector of the leaf’s normal. It is integrated over the
azimuth angle assuming the same distribution of leaf inclination over the entire
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azimuthal range. While Warren Wilson (1967) assumes a uniform distribution of
leaf angles f(α), Goel and Strebel (1984) proposed a Beta-distribution with two
parameters to represent the leaf inclinations of real plants.
The original formulation of Beer’s law assumes the random distribution of light
intercepting elements in the pathway of penetrating beams. Because leaf elements in
natural canopies are seldom randomly distributed but instead clumped into crowns,
Nilson (1971) introduced the clumping index Ω(θ) in Eq. (2.1). It distributes the leaf
area index from within the crowns to the entire canopy or region of measurement. It
is one for randomly distributed leaf elements and decreases with increasing clumping.

LAI-2000

The internal software of the LAI-2000, as well as the FV2200 windows-software
(LI-COR Biosciences, Inc., 2010) for post processing, calculates the gap probability
Pgap(θ) for each reading from the ratio of above-canopy light intensity A and below-
canopy light intensity B. This is used to calculate the contact frequency K(θ) for
each view zenith angle θ of the instrument following Miller (1967, 1986):

K(θ) = − ln(Pgap(θ)) cos(θ) = G(θ)Le (2.4)

K(θ) arises from the inclined point quadrat method (Warren Wilson, 1959, 1960)
and is averaged over all readings for each angle to K(θ) within each measurement.
Because the clumping index Ω(θ) is unknown here, only the effective leaf area index
Le can be described by Eq. (2.4) underestimating actual leaf area index L. Using the
instrument software, the average gap probability Pgap(θ) is reversely calculated via:

Pgap(θ) = exp


−K(θ)

cos(θ)


(2.5)

according to Eq. (2.4). Miller (1967) derived a solution to determine Le directly from
K(θ) without knowledge of G(θ) under the condition that measurements of K(θ)
exist for different angles θ as:

Le

 π
2

0

G(θ) sin(θ) dθ =

 π
2

0

K(θ) sin(θ) dθ (2.6)

and because
 π

2

0
G(θ) sin(θ) dθ = 0.5 ∀ µ,ν ∈ ℜ+\{0} of the leaf angle distribution

function f(α), Eq. (2.6) reduces to:

Le = 2

 π
2

0

K(θ) sin(θ) dθ (2.7)

Recently, Ryu et al. (2010a) reported on the effects of averaging K(θ) instead of
Pgap(θ) in Eq. (2.4) on the estimation of Le by the LAI-2000 instrument software,
which introduces an apparent clumping effect, partially compensating for the unknown
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clumping index Ω(θ) of Eq. (2.4). Therefore, the correct averaging method (averaging
Pgap instead of K(θ)), as well as the standard instrument software averaging, is
applied throughout this work to compare the influence of apparent clumping of
leaves on leaf area index estimation. With the correct averaging method, Pgap(θ) is
calculated directly from readings and Eq. (2.7) leads to the effective leaf area index
Le, assuming randomly distributed leaf elements making Eq. (2.5) obsolete.

Digital cover photography

The whole image must be separated into areas of gaps and plant tissue by some
algorithm. If only the total number of pixels within gaps is known, the assumption
must be made to face randomly distributed leaf elements resulting in effective leaf
area index Le (Leblanc, 2002, Eq. 7):

Le =
− ln


Pgap(θ)


cos(θ)

G(θ)
(2.8)

with mean gap probability Pgap(θ) = gt/A where gt [pxl] is the number of pixels in
all gaps averaged over all images and A [pxl] is the total number of pixels in each
image file, equal to Eq. 4 in Macfarlane et al. (2007a):

Le =
− ln


gt
A


cos(θ)

G(θ)
(2.9)

DCP offers the advantage of determining different gaps in the canopy separately, i.e.,
between crowns as well as within crowns. Therefore, the clumping of leaf elements into
crowns can be considered explicitly when calculating leaf area index L (Macfarlane
et al., 2007a, Eq. 3):

L = −fc
ln

1− ff

fc


cos(θ)

G(θ)
(2.10)

where crown cover fc = 1 − gl/A and foliage cover ff = 1 − gt/A with gl [pxl] is
the average number of pixels in the largest gap of the image which is normally, but
not always, the gap between adjacent crowns. This leads to:

L =
−

1− gl

A


ln


gt−gl

A−gl


cos(θ)

G(θ)
(2.11)

where the expression (gt − gl)/(A − gl) calculates the gap probability within the
crown envelopes. Because this gap probability is only valid within crowns, it needs
to be scaled to the total canopy according to the ratio of the crown envelopes to the
whole image area by 1− gl/A following Macfarlane et al. (2007c) and Leblanc (2002).
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gl, gt and A should further be understood as angularly dependent in this work,
because the DCP method is applied for different angles. Hence, leaf area index L
and effective leaf area index Le can be calculated from observations at any θ because
G(θ) is known.
The clumping index Ω(θ) = Le/L mentioned in section 2.2.1 can be calculated
directly by dividing Eq. (2.9) by Eq. (2.11) (cf. Macfarlane et al., 2007c, Eq. 5):

Ω(θ) =
ln


gt
A


ln


gt−gl

A−gl

  1

1− gl
A


(2.12)

Additionally, the prior averaging of gap fractions avoids undefined leaf area index L
and clumping index Ω(θ) from images showing solely sky and prevents data loss.

2.2.2 Site description

The study was conducted in a Portuguese savannah-type cork oak forest located ca.
100 km north-east of Lisbon (39◦ 8′ 20.7′′ N, 8◦ 20′ 3.0′′ W, 162 m above mean sea
level) which is part of the European integrated carbon observation system ICOS.
The only tree species on the site is the evergreen Quercus suber (L.) with a tree
density of 209 ha−1. The understory vegetation consists of annual grasses and herbs
that undergo annual die back at the onset of the summer drought (Dubbert et al.,
unpubl.). The site is managed by local farmers for the purpose of cork and cattle
production.

2.2.3 Sampling design and measurements

In August 2011, a 100 m × 100 m regular transect grid close to the Eddy Covariance
flux tower was established based on a semivariogram analysis of previous, ground-
based leaf area index measurements with DCP (Fig. 2.1). On each point of the grid, a
large but lightweight tripod of 8.5 m maximum height was set up and equipped with
a LAI-2000 plant canopy analyzer sensor head (LI-COR Biosciences Inc., Lincoln, NE,
USA) operated in remote below mode connected to the control unit on the ground.
At heights of 3, 4, 5, 6, 7, 8, and 8.5 m, a sequence of 5 replicates was measured,
taking into account all 5 rings of the sensor head (view zenith angle θ = 7◦, 23◦,
38◦, 53◦, and 68◦ respectively), each enclosing a view angle span θv of 10◦ to 13◦.
Simultaneously, on the nearby Eddy Covariance flux tower, a second plant canopy
analyzer was operated in remote above mode with an automatic logging interval
of 15 s. Both sensor heads were equipped with 180◦ view caps, calibrated against
each other and aligned in the same azimuthal direction. All LAI-2000 measurements
were conducted during dusk and dawn to avoid direct sunlight conditions. After the
measurements, both control units were connected for data exchange.
During daylight conditions, the tripod was equipped with a Canon PowerShot D10
digital camera (Canon Inc., Tokyo, Japan) mounted on a tiltable rack that can be

28



2.2 Material and methods

inclined, pointing with the image center to zenith view angles θ of 0◦, 10◦, 23◦, 38◦,
53◦, 68◦, 71◦, and 90◦ by a bowden cable and triggered by a custom built remote
control. Images facing 0◦ North were taken at each height mentioned before avoiding
back light conditions and assuring optimal image quality. The camera has a 1/2.3
inch (ca. 6.16 × 4.62 mm) CCD sensor and a focal length of 6.2 mm enclosing a
horizontal and vertical view angle span θv of 53◦ and 41◦, respectively. It was set
to the maximum resolution of 4000 × 3000 pixel, fine compression ratio, automatic
exposure and no zoom.
On 105 trees, the height of the crown top ht and crown bottom hb were determined
from the ground using a digital hypsometer (Forestor Vertex, Haglöf Sweden). The
crown radius rc was measured with a measuring tape in 0◦, 90◦, 180◦ and 270◦
azimuthal directions and averaged for each tree.

Figure 2.1: Rectangular transect grid (white squares) with 100 observation points of
100× 100 m extend. Background: aerial photograph of the study site in
central Portugal with Q. suber trees (Google, 2013).

2.2.4 Data processing and analysis

LAI-2000 and DCP

The readings of the LAI-2000 device were treated with the original and the correct
averaging methods according to Section 2.2.1 for each height. Errors were estimated
with bootstrapping (Efron and Tibshirani, 1993). Readings were thus randomly
re-sampled (n = 10 000) with replacement and averages and standard errors were
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estimated from the bootstrap distribution of the mean. The digital cover images were
analyzed separately in their original size representing a vertical view angle span θv
of 41◦ and cropped rectangularly to 50%, 25%, and 12.5% of the original size around
the image center representing θv spans of 20.5◦, 10.25◦ and 5.625◦, respectively.
The separation in gap, leaf and trunk area in the image was performed by object-
based image analysis using the eCognition software (Trimble Germany GmbH). The
images were segmented using multi-resolution segmentation with step-wise increased
object sizes (Trimble, 2012). Gaps were classified by thresholds by an object’s average
brightness bri, blue difference bd and blue ratio br (defined in Appendix A.2). The
differences between neighboring objects were used to strengthen the discriminatory
power on the edges of gap areas (Appendix A.2). Image objects were classified as
woody tissue by thresholds based on shape features as well as rgb sums


RGB

and green ratios gr (Appendix A.2). Objects are only classified as woody tissue
when they did not obscure - or were not obscured by - leaves (Kucharik et al., 1998).
If a woody tissue object obscures leaves behind itself, that cannot be determined
directly from the image. However, if the relative number of sky objects in the direct
surroundings of the woody object is dominant and above a certain threshold, the
occurrence of leaves behind the object is considered to be unlikely.
The number of pixels in gaps between crowns gl and the number of pixels in all gaps
gt were averaged, and standard errors were estimated using bootstrap (see above)
and used according to Section 2.2.1 for each height. The 90◦ view zenith angle images
were used to determine leaf angle distribution f(α) and leaf projection functions
G(θ) utilizing the open source image processing package Fiji (Schindelin et al., 2012)
measuring the angles of leaves whose lamina is aligned perpendicularly to the view
direction (Ryu et al., 2010b). Measurements contained 281, 196, 234, 197, 147, 307,
and 199 leaves at a height of 3, 4, 5, 6, 7, 8, and 8.5 m, respectively.

Auxiliary data

To infer the height distribution of the leaf area index L from purely ground-based
observations, each set of crown top height ht, crown bottom height hb and crown
radius rc observations were used to determine a crown shape model representation.
All representations of a specific crown shape model were averaged using bootstrap,
normalized to unity and multiplied by the leaf area index L at a height of 3 m. This
was performed for a symmetric ellipsoid crown shape model Se(h), an asymmetric
ellipsoid crown shape model Se 9/10(h) and a triangular crown shape model St(h),
as illustrated in Fig. 2.2. h [m] is the height above ground, rc [m] is the horizontal
semiaxis and (ht − hb)/2 [m] is the vertical semiaxis of the crown. The asymmetric
crown shape model Se 9/10(h) (with an ellipse center at 9/10th of the ellipse height)
is estimated at the site to be the most representative crown shape. Additionally, the
ellipsoidal Se(h) and triangular St(h) crown shape models were used to estimate
the influence of the model shape on L height distribution. For each model, the leaf
density is assumed to be uniform over the entire height range.
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Figure 2.2: Sketches of crown models: ellipsoidal Se(h), asymmetric ellipsoidal
Se 9/10(h) and triangular model St(h). ht = crown top height, hb =
crown bottom height, rc = crown radius.

2.3 Results and Discussion

In this section, an improvement of the LAI-2000 readings treatment is proposed
and observed gap fraction distributions Pgap(θ) of LAI-2000 and DCP are compared.
Accordingly, the leaf projection function G(θ) as well as the angular leaf clumping
dependency Ω(θ) are discussed with regard to leaf area index calculations. Then, the
observed effective leaf area index Le and the leaf area index L are compared for both
methods. The influence of view the angle span on DCP uncertainty is shown and
the bias on L due to the influence of woody foliage is quantified. Finally, a purely
ground-based approach for estimating L height distribution is proposed.

2.3.1 LAI-2000 bad readings handling

The LAI-2000 device measures light intensity above and below the canopy to infer
gap probability Pgap(θ). By default, the instrument software ignores transmittance
readings, where at least one of the rings of the below canopy light intensity readings
B returns a higher value than the respective above canopy light intensity reading
A resulting in Pgap(θ) values > 1. It is assumed that these values are caused by
operational errors, which is reasonable in canopies with higher leaf area index L
(LI-COR, 1992). However, this introduces a large negative bias when used in open
canopies; because light attenuation is generally small, A and B reading differences
are small and normal measurement variations can lead to Pgap(θ) > 1. This appears
in approximately 50% of observations made for this work.
Inspecting the distribution of angularly averaged Pgap(θ) > 1, the majority does
not exceed 10% deviation (Fig. 2.3). Only few, distinct values apart from the
main distribution exceed 10% deviation, indicating multiple Pgap(θ) values larger
than unity due to operational errors. This can only be observed when plotting
the angularly averaged Pgap instead of gap fractions from all rings individually,
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because the magnitude of deviation depends on the view angle and multiple deviation
distributions superpose each other making an error detection impossible. Pgap(θ)
values larger than 10% deviation were excluded from further calculations employing
a median absolute difference filter (MAD) based on 2.5 standard deviations. The
retained Pgap(θ) values were set to unity. The amount of bad readings could thus be
reduced from 50% to 3% and by setting Pgap(θ) with deviations below 10% to unity
instead of excluding them from calculation, resulting L is reduced by 26% at 3 m
height and to 63% at 8.5 m height, respectively. Pgap(θ) and effective leaf area index
Le are then very comparable to DCP (Fig. 2.4, 2.7a), which is not subject to this
source of error. Hence, this bad readings handling is considered to be appropriate to
address the occurrence of large gaps in the canopy and is used in the further analysis.
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Figure 2.3: Histogram of angularly averaged transmittance deviations from unity
Pgap − 1. Light grey: values set to 1 and kept for further analysis. Black:
considered operational errors and excluded from further analysis with
MAD filter based on 2.5 standard deviations.

2.3.2 Gap probability distribution

The height and angularly dependent gap probability Pgap(θ) was measured with the
LAI-2000 and DCP, which is further used to calculate leaf area index L. At a height
of 3 m, Pgap(θ) is nearly identical at all observed angles θ using both methods (Fig.
2.4), with a maximum difference of 6.5%. For all other heights, the differences do
not exceed 10.6% (data not shown for the sake of clarity). In general, differences
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may be caused by occasionally falling below the minimum distance from the sensors
to the leaves, as defined in Lang (1986); LI-COR (1992, App. F). This is much
more likely while measuring within tree crowns than below the canopy. However,
both methods follow the same pattern of increasing Pgap(θ) with increasing height
above the ground h and decreasing Pgap(θ) with increasing view zenith angle θ. DCP
shows a more consistent picture of the height and angular dependence. The standard
error of LAI-2000 is smaller than that of DCP because each LAI-2000 measurement
integrates over a larger azimuthal angle range (see section 2.3.6). The close agreement
of both methods substantiates the handling of bad readings as described in section
2.3.1. LAI-2000 Pgap(θ) calculated with the standard software, excluding all readings
with Pgap(θ) > 1, leads to up to 29.2% lower gap probabilities and never reaches
values larger than 0.72, even at the highest height. The outer rings of the LAI-2000
sensor head are reported to be significant sources of error due to contamination by
scattered light (Kobayashi et al., 2013; Comeau et al., 2006; Stenberg et al., 1994;
Comeau et al., 1998; LI-COR, 1992) leading to an artificially higher Pgap. Compared
with DCP, which is not subject to contamination, this effect was not observed in this
study. In fact, LAI-2000 Pgap(θ) is rather lower than DCP Pgap(θ). Hence, to infer
an effective leaf area index Le and leaf area index L using the LAI-2000 method, all
rings are considered in this work.
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Figure 2.4: Dependency of gap probability Pgap on zenith view angle θ. Black symbols:
DCP method at a height of 3, 6 and 8 m. Grey symbols: LAI-2000 method
at a height of 3 m (6 and 8 m heights not shown). Solid lines: Beer’s law
with effective leaf area index Le. Dashed lines: Beer’s law with angular
dependent leaf clumping Ω(θ) of Fig. 2.6

Beer’s law calculates effective leaf area index Le and leaf area index L from Pgap(θ)
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observations (Eq. (2.1)). When the clumping index Ω(θ) is incorporated in the
calculation, the influence of non-homogeneous leaf distributions can be considered
(Nilson, 1971) in DCP. Beer’s law is plotted in Fig. 2.4, with the effective leaf
area index Le omitting the non-homogeneous leaf distribution and with a fit to
the angular dependent clumping index Ω(θ) in Fig. 2.6 (see section 2.3.4). When
angularly dependent leaf clumping is taken into consideration, the angular dependence
of Beer’s law is improved, as it closely follows the measured angularly dependent
gap probability Pgap(θ). Hence, the derivation of L from Pgap(θ) is improved, in
particular for higher view zenith angles θ. This is of great importance for DCP when
observations of leaf angle α are missing and L is derived from Pgap(θ = 57.3◦) (see
section 2.3.3). Clumping is taken into consideration in the calculation of L from
Pgap(θ) in the further analysis shown in section 2.3.4.

2.3.3 Leaf projection function

The calculation of leaf area index L from gap probability Pgap(θ) requires informa-
tion on the leaf projection function G(θ) and, therefore, on leaf inclination angle
distribution f(α) (Eq. 2.1 and 2.2). To incorporate the empirical distribution of leaf
angles into G(θ) calculations, a non-parametric kernel smooth (Härdle and Müller,
1997), considered to be the best approximation of the empirical distribution, and
the two-parameter Beta-distribution of section 2.2.1 are used. The distributions are
normalized to unity and plotted over α/90◦ in Fig. 2.5a. Both distributions lead to
similar leaf projection functions G(θ) with comparable, narrow uncertainty bands
(Fig. 2.5b). Hence, the beta distribution is considered appropriate for the Q. suber
stand, concurring with results from Wang et al. (2007), and is used for the entire
treatment due to lower computational expenses.

The majority of the leaves of the Q. suber trees are tilted at angles between 30◦ and
75◦ (Fig. 2.5a). Only a small amount of leaves is horizontally aligned, which is typical
for trees adapted to high incoming radiation. Hence, the derived leaf projection
function G(θ) shows very little change with view zenith angle and is 0.5 at 57.3◦ (Fig.
2.5b), according to theory (Pisek et al., 2011; Wit, 1965). Therefore, the influence
on the transformation from gap probability Pgap(θ) to leaf area index L is nearly
equal for all view zenith angles θ analyzed in this study. Additionally, G(θ) varies
only slightly (0.05 on average for all angles) among the observation heights. This
may be different in dense canopies, where a strong decrease in light intensity occurs,
which would make height-dependent leaf angle distribution measurements essential
to correctly estimate L. However, the need for leaf inclination angle information can
generally be avoided for a single L estimation by choosing θ = 57.3◦ for observations
of Pgap so that G(θ) = 0.5 and is independent of f(α) (Macfarlane et al., 2007c).
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Figure 2.5: a) Empirical leaf inclination angle α distribution (bars, n= 281), non-
parametric kernel smooth distribution function (dashed line), two-
parameter Beta-distribution (solid line) at a height of 3 m. The ab-
scissa displays angle of the leaf normal to zenith: 0 = horizontal aligned
leaves, 1 = vertical aligned leaves. b) Leaf projection function G(θ)
over view zenith angle θ derived from kernel smooth (dashed line) and
Beta-distribution (solid line). Uncertainty bands present standard error.

2.3.4 Clumping index

The angular dependency of leaf clumping index Ω(θ) is usually determined with
the TRAC instrument based on gap size distribution, from digital hemispherical
photographs (DHP) or inversely modeled from independent estimates of leaf area
index L and effective leaf area index Le (Ryu et al., 2010b; Leblanc et al., 2005;
Leblanc, 2002; Kucharik et al., 1997; Chen and Cihlar, 1995; Chen and Black, 1992).
Here, DCP is used to derive height and angularly distributed Ω(θ) for the first time
(Fig. 2.6).
Ω(θ) decreases with increasing height above ground, theoretically, because the gaps
within crowns gt−gl observed by the sensor decrease and the gaps between crowns gl

35



2 Influence of woody tissue and leaf clumping on vertically resolved leaf area index
and angular gap probability estimates

increase. Theoretically, Ω(θ) increases monotonically with increasing θ and approaches
1 at 90◦ because the camera’s sensing pathway through the canopy approaches an
infinite length and large gaps are successively decomposed into smaller ones (Haverd
et al., 2012; Ryu et al., 2010b; Norman and Welles, 1983). This is only true for lower
heights where the edges of the camera view angle span θv do not exceed the top
canopy height. At upper heights, a certain amount of clear sky over the canopy top
is always visible, even at low angles. Therefore, Ω(θ) = 1 is never reached.
However, observed Ω(θ) shows a sigmoid behavior for all heights here with a decline
at the mid view zenith angles at approximately 40◦. This behavior, contrary to
theory and model results, was observed in different studies with either TRAC or
DHP methods. Leblanc et al. (2005) shows this behavior in a black spruce stand
with DHP over a wide range of zenith view angles θ. Kucharik et al. (1997) observed
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Figure 2.6: Change of clumping index Ω with zenith view angle θ at a height of 3, 6
and 8 m. Solid lines: fitted third degree polynomials.

it in an old aspen stand, and the mid view zenith decline could also be observed in a
study by Ryu et al. (2010b); both studies used a TRAC system. In contrast, a study
in which the angular behavior corresponds to theory is Macfarlane et al. (2007a),
conducted with DHP in a eucalyptus stand. However, the monotonical increase of
Ω(θ) with θ seems to disappear with decreasing canopy density. The reasons for the
sigmoid behavior are still unclear. Ryu et al. (2010b) proposed that heterogeneous
ecosystem-scale tree distribution patterns cause different tree clustering at different
zenith view angles θ. This could be a possible explanation here, because the western
part of the experimental site is planted more densely than the eastern part (Fig. 2.1)
and the Q. suber trees are planted in sparse tree rows along the contour lines of the
sites, causing a stand-scale clumping effect.
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Another possible cause for decreasing Ω(θ) at mid view zenith angles could be the
observation points that are located directly below or within a tree crown. Observations
at the very center of the crown are impossible, because the trunk occupies that
location. Hence, observations always take place at a certain distance to the horizontal
crown center. When the instrument is tilted and faces towards the crown center,
the path length through the crown increases with increasing θ, and thus leads to
monotonically increasing Ω(θ). If the instrument is tilted and faces away from the
crown center, path length within the crown decreases with θ and leads to decreasing
Ω(θ) until the next adjacent tree crown interferes with the sensor’s pathway. Even
when the observation points are numerous, 50% of all observations below or within
crowns are affected by decreasing path lengths with increasing θ, as is the canopy
average. This effect should only occur when tree density is low and adjacent trees
are interfering with the sensing pathway only at very high θ, such as in savannah-
type ecosystems, and is also dependent on the crown shape. However, this effect
should diminish with increasing height above ground, which cannot be observed here.
Additionally, the clumping of leaves to shoots within crowns is not considered in
DCP thus far. It may change with view zenith angle due to changing shoot angles
projected to the view zenith angle, which results in different gap size distributions.
This may counteract the mid view angle decline of Ω(θ).
The influence on resulting leaf area index L remains unclear. The decreased Ω(θ)
may lead to an artificial overestimation of L or account for the shortened pathway at
these particular observation positions leading to the correct L. This is of particular
importance when L is inferred from Pgap(θ = 57.3◦) because this effect occurs in the
mid zenith view angles and therefore requires further study, e.g., with a radiative
transfer model or investigations on the within crown gap size distribution. However,
to represent the angular dependency of Ω(θ) in Eq. (2.1) for further computations in
section 2.3.2, a third degree polynomial fit is used.

2.3.5 Cumulative leaf area index height distribution

The effective leaf area index


Le is calculated from Pgap (with non-homogeneous leaf
distribution omitted) for both methods and from θ = 53◦, taking into consideration
the leaf projection function G(θ) = 0.5 for DCP. The cumulative leaf area index


L

distribution (Fig. 2.7b) of LAI-2000 is calculated by ln(Pgap)-averaging of the standard
software introducing an apparent leaf clumping index (see section 2.2.1), whereas
the cumulative DCP


L distribution is calculated under explicit consideration of

leaf clumping (Eq. (2.11) and section 2.3.4).
Both methods show very similar cumulative


Le height distributions and comparable

uncertainties (Fig. 2.7a) as a result of well matching Pgap observations (Fig. 2.4).
However, the distribution of total canopy leaf area index


L shows considerable

differences among both methods. Only the estimate by DCP (Fig. 2.7b) matches very
well with direct litter trap based measurements of the same period with


L of 1.15

to 1.05 m2
leaf/m

2
ground (e Silva et al., 2015), and it is comparable to other savannah-type

ecosystems (Ryu et al., 2010b; Pereira et al., 2007; Kim et al., 2006). At a height
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of 3 meters, LAI-2000 L is 32% lower than DCP and underestimates


L strongly
compared to the litter trap measurements. This difference decreases with increasing
height above the ground. Ryu et al. (2010a) showed that the apparent clumping of
LAI-2000 overestimates Ω(θ), leading to lower L, which can be confirmed in this
study. Thus, with an independent estimation of clumping, LAI-2000 cannot be used
to estimate L in this open canopy. Additionally, the decreasing difference between
LAI-2000 and DCP with height above ground indicates a decrease in apparent
clumping of LAI-2000 with decreasing canopy cover, proving the model results from
Ryu et al. (2010a). This trend changes according to the order of canopy cover, and
cannot be correlated to actual clumping.
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Figure 2.7: a) height distribution of cumulative effective leaf area index


Le for
LAI-2000 and DCP derived from Pgap(53
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2.3.6 Influence of the view angle span on DCP results

The view angle span θv of the camera determines the amount of angular integration
present in each image. Hence, the larger the θv, the smaller the standard error of
the mean gap probability σPgap

and leaf area index σL, as shown in Fig. 2.8b,d. The
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standard error for the LAI-2000 device is generally smaller than for DCP, because
each LAI-2000 measurement integrates over a 180◦ azimuth angle compared to a 53◦

to 6.625◦ angle (maximum sensor width to smallest image crop) in DCP.
However, the mean gap probability Pgap itself shows no change according to view
angle span θv (Fig. 2.8a), illustrating the robustness of DCP to different image sizes.
Nevertheless, the larger the θv, the larger the bias due to taking one leaf projection
function G(θ) and cos(θ) value for the whole image, leading to differences in the
resulting mean leaf area index L (Fig. 2.8c), according to θv. Here, this bias is
comparably small because G(θ) is rather flat (see Fig. 2.5). When G(θ) is strongly
bent, e.g., with planophile leaves, the bias will be larger. Hence, the image needs
to be cropped to an optimal size, minimizing the higher bias encountered with
large image sizes and the higher uncertainty encountered with smaller image sizes.
Throughout the rest of this study, Pgap and L values with θv = 10.25◦ are used to
make comparisons with the LAI-2000 ring span.
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Figure 2.8: a, b) change of mean gap probability Pgap and standard error σPgap
with

view angle span θv. c, d) change of mean leaf area index L and standard
error σL with view angle span θv. All plots display observations at zenith
view angles of 0◦, 53◦, 68◦ and at 3 m height above the ground for
LAI-2000 and DCP.

Theoretically, observations of DCP gap probability Pgap(θ) at a certain height should
lead to the same leaf area index L, independent from the chosen view zenith angle
θ. However, average differences of 10.5% occurred with varying θ (Fig. 2.8c), most
likely due to an insufficient estimation of the angular dependency of clumping index
Ω(θ) mentioned in section 2.3.4. According to Eq. 2.11, errors in Ω(θ) or in the leaf
projection function G(θ) linearly propagate to L. However, uncertainties associated
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with G(θ) are comparably small (Fig. 2.5) with respect to uncertainties in Ω(θ).

2.3.7 Exclusion of woody tissue

By excluding woody tissue, such as trunk and branch area in each image (see Sec.
2.2.4), the influence on gap probability Pgap and leaf area index L is quantified. The
relative bias of not excluding the trunks and branches on gap probability εPgap(θ) is
rather small and ranges up to -2.2%. The relative bias on the leaf area index εL is
stronger, ranging from 3.1% to 20.9%. However, for angles and heights used here,
the relative bias is on average 6.9%. An overview of the relative bias depending on
view zenith angle is listed in Tab. 2.1. εPgap(θ) decreases with decreasing zenith view
angle θ and with increasing height above the ground h because the amount of trunk
area in the sensor view field is decreasing. In contrast, no height dependent behavior
is evident for εL because woody tissue either occluded gaps between crowns or within
crowns. Hence, the exclusion of woody tissue raises or diminishes the clumping index
Ω(θ) with no clear height dependency and superposes the influence of εPgap(θ) on εL.
Throughout the entire treatment, Pgap(θ) and L values corrected for the influence of
woody tissue are used. The woody tissue bias presented here can be understood as a

Table 2.1: Relative bias of gap probability Pgap and leaf area index L when woody
tissue is not excluded. h = height above ground, εPgap(θ) = relative bias
of gap probability at 0◦, 53◦ and 71◦ view zenith angle, εL = relative bias
of leaf area index L derived from Pgap(53

◦).
h εPgap(0

◦) εPgap(53
◦) εPgap(71

◦) εL
[m] [%] [%] [%] [%]
8.5 0 −0.3 −0.4 8.5

8 −0.1 −0.4 −0.7 7.2
7 −0.4 −0.6 −0.8 7.6
6 −0.5 −0.6 −0.8 4.7
5 −0.5 −1.2 −1.2 8.0
4 −0.9 −1.0 −2.2 6.2
3 −0.6 −1.1 −2.2 5.8

"best-case" estimation because the classification algorithm is designed to rather fail
at the detection of woody tissue than wrongly classifying leaves as woody tissue, to
avoid an overestimation of the bias.
The whole image analysis process is fully automated by using object-based image
analysis software to detect the number of pixels in all gaps gl automatically by object
attributes. This avoids time consuming manual treatments, as required in previous
studies (e.g. Ryu et al., 2010b; Macfarlane et al., 2007c,b) and contributes to a more
standardized and less labor intensive processing of DCP images suitable for long term
observations. Additionally, detection based on objects is less sensitive to thresholds
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because the mean of the pixels contained in an object is used for classification, rather
than using each pixel value separately. Furthermore, detection based on objects offers
many more factors, such as geometry and neighborhood, to classify images than just
pixel based approaches. Finally, the influence of woody tissue on gap probability
Pgap(θ) and leaf area index L can be quantified even in evergreen canopies where
no leafless period occurs, thus overcoming one of the disadvantages of indirect L
estimation methods (e.g. Macfarlane et al., 2007c; Coops et al., 2004; Kucharik et al.,
1998; Whitford et al., 1995).
However, the set-up of the algorithm and the adjustment of the thresholds, especially
for the detection of woody tissue (see sec. 2.2.4), are site-specific and challenging.
They require expert knowledge in object-based image analysis and to our knowledge,
currently no open-source software is available for this purpose. Additionally, the
presented algorithm is computationally expensive when compared to common image
processing software. Furthermore, it would be desirable to improve the algorithm with
more transferable thresholds, allowing for a fast application in different ecosystems.

2.3.8 Auxiliary data derived height distributions

Estimating vertical leaf area index L distributions in tall canopies is challenging
because observations at different heights throughout the entire canopy are often
not feasible. Therefore, an approach demanding only ground-based observations is
tested here. In Fig. 2.9a, the height distribution of leaf area index L derived from the
observed crown top height ht, crown bottom height hb, crown radius rc, and bottom
leaf area index L at a height of 3 m is shown for each crown model (see Section 2.2.4).
The shape as well as the height of maximum L varies according to the model chosen.
The higher the center of gravity of the crown model, the higher is the maximum L
location in the crown. The integrated, cumulative


L distributions are plotted in

Fig. 2.9b together with the measured cumulative


L height distribution of DCP.
The ground-based crown model estimates fit very well with the distributions observed
(R2

e = 0.96, R2
e 9/10 = 0.95, R2

t = 0.91), even when each crown model assumes a
uniform leaf density distribution with height, which is rather unlikely at the site in
Portugal. The ellipsoidal and triangular crown model Se(h) and St(h) are considered
as to be the most extreme assumptions on the natural crown shape. However, they
do not significantly exceed the observation’s uncertainties. The relative error of
the model-based distribution to the observed distribution is 3% for the ellipsoidal
and asymmetric ellipsoidal crown model and 16% for the triangular crown model.
Hence, if an appropriate crown model is chosen, it has a minor influence on the
resulting distribution compared to other sources of error, such as the influence of
woody tissue or neglecting leaf clumping. The assessment of L height distributions
via ground-based observations of crown parameters and a single, ground-based L
observation is feasible and a great opportunity for application in tall canopies where
height-dependent gap probability Pgap observations are challenging.
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Figure 2.9: a) height distribution of leaf area index L estimated with the ellipsoidal
(Se, solid line), asymmetric ellipsoidal (Se 9/10, dashed line) and triangular
(St, dotted-dashed line) crown model from crown parameters and leaf
area index L derived from Pgap(53

◦) at 3 m height. b) height distribution
of cumulative leaf area index


L. Dots: measured cumulative height

distribution with DCP. Lines: estimated cumulative height distribution
by integration of Se, Se 9/10 and St from a).

2.4 Conclusion

In this study, we employed vertically and angularly distributed gap probability Pgap

observations and derived vertical leaf area index L and effective leaf area index
Le distributions for LAI-2000 and digital cover photography DCP in an open Q.
suber forest. Additionally, we estimated vertical L distributions with ground-based
observations of crown parameters and a single ground-based L observation.
We observed the following results: (1) Height and angularly dependent digital cover
photography (DCP) was successfully applied here for the first time. It delivers
gap probability Pgap(θ) and effective leaf area index Le that is very similar to the
established LAI-2000. (2) Height and angularly dependent leaf clumping index Ω
was successfully determined with DCP and is mandatory for deriving a correct
leaf area index L from gap probability Pgap(θ) at any view zenith angle θ. (3) The
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effect of leaf clumping index Ω on the total leaf area index L yields a 30% higher L
compared to L approximated from LAI-2000 observations. This difference decreases
with increasing height above the ground. (4) The exclusion of woody tissue from
DCP by object-based image analysis yielded on average a 6.9% lower leaf area index
L values. This is a ’best case’ approximation because the algorithm is designed to
not overestimate the effect. (5) When clumping index Ω is included and woody tissue
is excluded from DCP, L of DCP matched precisely with direct measurements using
litter traps. (6) When LAI-2000 is used in open canopies, we recommend a treatment
of the bad readings to avoid strong biases on gap probability Pgap, effective leaf area
index Le and leaf area index L due to small variations in light intensities. (7) When
height dependent observations are not feasible, ground-based observations of crown
parameters can be used to derive reasonable leaf area index L height distributions
from a single, ground-based L observation.
For an efficient estimation of leaf area index height profiles of a forest canopy we
recommend the following steps:

• Use below canopy digital cover photography DCP at a view zenith angle
θ = 57.3◦ because no information on leaf projection function G(θ) is needed.

• Exclude woody tissue from the images with object-based image analysis.

• Infer total leaf area index L of the canopy explicitly, including leaf clumping
Ω(θ).

• Use a digital hypsometer to measure crown top height ht, crown bottom height
hb, and crown radius rc from the ground.

• Use the crown parameters and a suitable crown model to extrapolate total leaf
area index L along heights above the ground.
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2 Influence of woody tissue and leaf clumping on vertically resolved leaf area index
and angular gap probability estimates

44



3 Drought impact on carbon and
water cycling during the
extreme drought event in 2012

3.1 Introduction

One of the typical semi-arid ecosystem in Europe is a savannah-type woodland (mon-
tado), consisting of a sparse overstorey tree layer and a herbaceous understorey layer.
During the biomass peak of the herbaceous plants in spring, the understorey layer
can provide a large contribution to the whole ecosystem water and carbon balance
and thus, can play a significant role in the annual carbon and water budgets (Unger
et al., 2009; Paco et al., 2009; Dubbert et al., 2014c). However, each layer responds
differently to changes in precipitation depending on their life form (chamaephyte or
therophyte) and access to different water reservoirs throughout the year (Paco et al.,
2009) including deep soil or ground water (David et al., 2004).
Montado ecosystems (span.: dehesa) cover an area of about 1.5 million ha in Europe
(Bugalho et al., 2011) and contribute together with savannah-type ecosystems on
other continents about 30% to global gross primary productivity GPP (Beer et al.,
2010; Grace et al., 2006). The major driving factor of GPP in montado ecosystems
is water (Vargas et al., 2013; Pereira et al., 2007; David et al., 2004), since annual
precipitation patterns show periodical summer droughts and evapotranspiration
losses are high (Krishnan et al., 2012; Huxman et al., 2005).
In the recent past, precipitation shows a significant decrease of rain amount in
February and March as well as a decrease of total annual rainfall on the Iberian
Peninsula (Guerreiro et al., 2013; García-Barrón et al., 2013; Mourato et al., 2010;
Paredes et al., 2006). A trend towards extreme events in the form of droughts is
observed due to a more heterogeneous distribution of precipitation throughout the
year (García-Barrón et al., 2013). These type of changes in precipitation regime have
been reported to strongly affect local water balance (Rodrigues et al., 2011; Vaz
et al., 2010; Grant et al., 2010) and carbon sink strength (Pérez-Ramos et al., 2013;
Pereira et al., 2007; Granier et al., 2007; Ciais et al., 2005) of ecosystems in semi-arid
regions and are expected to increase with proceeding climate change (Bussotti et al.,
2013; Guerreiro et al., 2013).
Species in semi-arid environments have developed vast structural and functional
adaptations to regulate carbon assimilation and respiratory water loss (e.g. Tenhunen
et al., 1987; Werner et al., 1999). Considerable knowledge has been acquired on leaf-
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level physiological processes in the last three decades (e.g. Beyschlag et al., 1986; Sala
and Tenhunen, 1996; Tenhunen et al., 1985, 1990; Werner et al., 2001), emphasizing
the role of ecophysiological adaptations to seasonality and summer drought in
Mediterranean climate conditions. In these environments lack of precipitation often
interacts with excessive irradiance and high temperature further constraining leaf
carbon fixation through photoinhibition during drought (Werner et al., 2001, 2002).
Cork oaks strongly reduce transpirational water loss by stomatal closure in response
to drought to avoid a critical level of dehydration and hydraulic failure (Oliveira
et al., 1992; Tenhunen et al., 1984, 1987; Werner and Correia, 1996; Kurz-Besson
et al., 2006).

To investigate the influence of drought on carbon sink strength at the ecosystem
level, combined stomatal conductance-photosynthesis models can be used in order to
disentangle regulatory processes from effects of micro-climatic variations. Different
descriptions of the underlying processes exist in the literature, though. For example,
stomatal conductance can be modelled either reacting to relative humidity (Ball
et al., 1987) or to vapour pressure deficit (Leuning, 1995). Also the determination
of parameters in individual descriptions is different among different authors. The
sensitivity of stomatal conductance to vapor pressure, for example, is often taken as
a fixed value while determining only the other parameters in the coupled stomatal
conductance-photosynthesis model time-variant, although the sensitivities of stomatal
conductance to photosynthesis and to vapour pressure are highly correlated. Recent
studies could consequently demonstrate that changes of one single parameter, e.g.
only maximum carboxylation rate or only stomatal conductance sensitivity, does
not explain drought-induced reductions in both GPP and T simultaneously (Egea
et al., 2011; Reichstein et al., 2003; Zhou et al., 2013). Further, different temperature
dependencies of e.g. maximum carboxylation or electron transport rate have been
proposed (Medlyn et al., 2002; von Caemmerer, 2000; June et al., 2004).

In the present study, we report on drought effects on a Portuguese montado ecosystem
using the unique opportunity of two consecutive years of very contrasting hydrological
conditions. 2011 being a wet year with regular drought pattern occurring in summer,
and 2012 being an extremely dry year with strongly reduced precipitation amount.
Particularly, 2012 showed a severe additional winter/spring drought characteristic
for precipitation pattern changes in recent past on the Iberian Peninsula (2nd driest
year since 1950, Costa et al., 2012; Santos et al., 2013; Trigo et al., 2013). This study
is focussing on: (1) quantifying the effects of drought on the local ecosystem water
balance, overstorey and understorey GPP, as well as differences in net ecosystem
carbon exchange NEE between both years. (2) Identifying physiological responses
in the drought year 2012 of the Q. suber trees using a combined photosynthesis-
stomatal conductance model and testing the model performance with different process
descriptions.
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3.2 Material and methods

3.2 Material and methods

3.2.1 Site description

The study was conducted at the savannah-type flux observation site “PT-Cor”
(Fig. 3.1) of the European Integrated Carbon Observation System (ICOS) ca. 100 [km]
north-east of Lisbon, Portugal (latitude: 39◦8′20.7′′ N, longitude: 8◦20′3.0′′ W, al-
titude: 162 [m a.s.l.]). The site is planted with evergreen Quercus suber (L.) trees
of 209 individuals [ha−1] on a Luvisol soil (Jongen et al., 2011). The tree canopy
has a leaf area index LAI of 1.05 ± 0.07


m2

leaf m
−2
ground


, a midday gap probability

Pgap(0) of 0.76 ± 0.03 and an average tree canopy height of 9.7 [m] (Piayda et al.,
2015). The Q. suber trees likely have deep soil water and ground water access. Native
annual grasses and herbs build the understorey vegetation (Jongen et al., 2013b;
Dubbert et al., 2014b), which emerges after the first rains in autumn, has a peak
stand height in spring (March–April) and becomes senescent at the beginning of
the summer period (late May) with a maximum LAI of 0.70± 0.05


m2

leaf m
−2
ground


.

The understorey vegetation density and LAI are spatially highly variable due to the
heterogeneous topography and hence, differences in soil moisture regime. The whole
region is under forest management.

Figure 3.1: Satellite image of the study site ( c⃝Google Maps, 2013). 1: position of
the overstorey tower. 2: position of the understorey tower.
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3.2.2 Climate conditions

The site is characterised by a Mediterranean climate with moist and mild winters
and dry and hot summers. The long term mean annual temperature is about 15.9 ◦C
and the annual sum of precipitation is about 680 [mm] (Jongen et al., 2013b), with
a characteristic annual pattern of high winter precipitation (November to January)
and summer drought during June to September (Paredes et al., 2006). The relevance of
the winter precipitation for the Portuguese hydrological cycle can be easily explained
by the prevailing Mediterranean-type climate that concentrates most of precipitation
during the winter half of the year, with little to no precipitation in summer. Hence,
the following data treatment is based on the hydrological year beginning with first
autumn precipitation (October to September).

Overstorey eddy covariance measurements

The overstorey tower (Fig. 3.1, point 1) is set up with a Gill R3A-50 ultrasonic
anemometer (Gill Instruments Ltd., Lymington, UK) in combination with a LI-7000
closed path CO2/H2O analyzer (LI-COR, Lincoln, USA). The inlet tube has a length
of 8.5 [m], is attached to one of the anemometer arms and operated with an average
flow rate of ca. 8 [Lmin−1]. The reference cell is flushed with N2. The measurement
height is about 23.5 [m] above ground. Data is continuously acquired and processed
live on a field laptop with the eddy covariance data acquisition and processing
software package EddyMeas (meteotools, Jena, Germany; Kolle and Rebmann, 2007).
At a height of 20 [m] above ground, two up- and downward facing LI-190 Quan-
tum sensors (LI-COR, Lincoln, USA) and a NR-LITE net radiometer (Kipp and
Zonen, Delft, the Netherlands) are attached. A radiation shielded HMP 155 probe
measures air temperature Ta and relative humidity rH (Vaisala, Helsinki, Finland).
Precipitation P is measured with an ARG100 aerodynamic rain gauge (Environmen-
tal Measurements Ltd., North Shields, UK) at the tower top. The meteorological
parameters are logged on a CR10X datalogger (Campbell Scientific, Logan, USA).

Understorey eddy covariance measurements

The understorey tower was located about 286 [m] north-west of the overstorey tower
(Fig. 3.1, point 2). It was equipped with a Gill R3-50 ultrasonic anemometer (Gill
Instruments Ltd., Lymington, UK) in combination with a LI-7500A open path
CO2/H2O analyzer (LI-COR, Lincoln, USA). The gas analyzer was tilted 45◦ from
the vertical and the sensor separation was about 30 [cm]. The measurement height of
both sensors was 3.15 [m] above ground. EddyMeas was used for data acquisition
here as well.
At 2 [m] height above ground, two PAR LITE quantum sensors facing up- and
downward were attached to a CNR1 net radiometer (Kipp and Zonen, Delft, the
Netherlands). Air temperature Ta and relative humidity rH were measured with
a HMP 155 probe covered by a radiation shield and atmospheric pressure p was
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measured with a PTB 110 barometer at 1.5 [m] above ground (Vaisala, Helsinki, Fin-
land). The meteorological parameters were logged on a CR1000 datalogger (Campbell
Scientific, Logan, USA).
A third eddy covariance system consisting of an Gill R3-50 ultrasonic anemometer
in combination with a LI-7500A open path CO2/H2O analyzer was used to test
comparability of over- and understorey tower systems. For a period of one week
each it was mounted on the overstorey and the understorey tower and measured in
parallel. Both systems showed high Bravais–Pearson correlation coefficients of 0.78
to 0.91 as well as small normalized root mean squared errors of 0.01 to 0.06 for water
and carbon fluxes in comparison with the portable eddy system.

Soil temperature and moisture

Soil temperature Ts and soil moisture θ were measured at open and tree-shaded
locations between the two towers. Ts was measured with PT100 PRT temperature
probes (Campbell Scientific, Logan, USA) in 2, 4, 8, 16, 30, and 60 [cm] depth, with
two replicates at the open and two replicates at the shaded location. θ was measured
with 10hs sensors (Decagon Devices, Inc., Washington, USA) at 5, 15, 30 and 60 [cm]
depth, with four replicates at the open and four replicates at the shaded location. The
meteorological parameters were logged on CR1000 dataloggers (Campbell Scientific,
Logan, USA).

Data treatment

Eddy flux data were post-processed using EddySoft and Python 2.7. Half-hourly
means were calculated by block-averaging the 20 [Hz] data, time lags between
CO2/H2O signals and vertical wind velocity were determined via cross correla-
tion analysis following Aubinet et al. (1999). Whenever the cross correlation failed
for the closed path analyzer signals of the overstorey tower, the dependency on rH
was used to determine the lag for the H2O signal according to Ibrom et al. (2007).
High frequency losses were compensated with the use of inductances derived from
co-spectral analysis (Eugster and Senn, 1995). The sectorial planar fit method was
used for the coordinate rotation of wind vectors (Rebmann et al., 2012; Wilczak
et al., 2001). For both towers, the moisture and cross wind correction according
to Schotanus et al. (1983) was applied and the WPL correction for flux density
fluctuations was used for the CO2/H2O signals of the open path understorey sensor
only (Leuning, 2007; Webb et al., 1980). The storage term of CO2 was calculated
after Hollinger et al. (1994) and added to the turbulent CO2 flux.
For the purpose of quality control, flags were determined for every half-hourly flux
value including the following tests: the 20 [Hz] data were scanned for exceeded phys-
ical limits, change rates and variances. The stationary test of Foken and Wichura
(1996) was applied to the high frequency data based upon a 50 % deviation criterion.
On a half-hourly basis, the integral turbulence characteristics (ITC) were calculated
following Thomas and Foken (2002) with a 30% deviation criterion. For the un-
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derstorey tower, the parametrisation of the ITC was recalculated according to the
observations. A spike detection routine was used on the half-hourly data based on
the absolute median deviation (Papale et al., 2006). All quality control tests were
summed up in a simplified flag system referring to Mauder and Foken (2011).
The partitioning of the net CO2 fluxes NEE into gross primary productivity GPP and
ecosystem respiration Reco followed Lasslop et al. (2010) and the flux gap-filling was
made according to Reichstein et al. (2005). Gaps were only filled up to a maximum
gap length of 6 days.
The measured wind speed was used to calculate aerodynamic conductance ga = u2

∗/u
with the measured friction velocity u2

∗ and horizontal wind speed u. Leaf temperature
is estimated using measured air temperature Ta and measured sensible heat flux H
via Tl = Ta +H/(gaρacp) with ρa being the density and cp the heat capacity of the
air.
Ts and θ were integrated over the respective depths and the replicates of each site
(open and shaded) are averaged. To calculate ecosystem representative Ts and θ, the
open and the shaded site were weighted using time-dependent Pgap, modelled from
the daily course of sun inclination angle and the view zenith angle distribution of
Pgap (Piayda et al., 2015).
The soil heat flux G was calculated from the averaged Ts profiles. To estimate the
energy balance closure of the towers, the storage terms due to changes in Ta and
rH were added to the energy balance equation and plotted against the turbulent
energy fluxes for daytime values with global radiation Rg > 20 [Wm−2] (Mauder
et al., 2013; Foken, 2008; Twine et al., 2000). The ratio was used to correct sensible
heat H, latent heat λE and evapotranspiration ET flux with the bowen ratio being
preserved.

Photosynthesis and stomatal conductance modelling

The Farquhar model for photosynthesis (Farquhar et al., 1980) combined with the
Leuning model for stomatal conductance (Leuning, 1995) was used in a two-leaf
scheme to model gross primary productivity and evapotranspiration GPPo and ETo

measured at the overstorey tower for the summer months May to September of
2011 and 2012. The separation into sunlit and shaded leaves follows De Pury and
Farquhar (1997) and could directly derived by measured leaf projection function
and LAI from (Piayda et al., 2015). For model comparison, stomatal conductance
was modelled as well with the approach of Ball et al. (1987). The model was fitted
to a 31 day long moving window of GPPo and ETo to gain stable median daily
cycles. These were cropped to the time from sunrise to 15:00. Model fitting was
done using a Nelder–Mead simplex algorithm (Nelder and Mead, 1965) with a higher
order multi objective cost function for GPPo and ETo according to Duckstein (1981)
under varying apparent maximum carboxylation rate Vc,max (no separate modelling of
mesophyll conductance), assimilation sensitivity m, vapour pressure deficit sensitivity
D0 of stomatal conductance gs and optimum temperature Topt of maximum electron
transport rate Jmax. Three different Topt descriptions were used for model comparison.
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The uncertainty of inferred parameters was estimated using bootstrap. See Appendix
B.2 for detailed model equations.

3.3 Results and discussion

Ecosystem fluxes for the hydrological years 2011 and 2012 (October 2010 to Septem-
ber 2012) are discussed in the following. Flux time series are only compared when
data availability is given for both hydrological years, but not on an annual sum basis.
The dominant wind direction changes during the season. Absolute values of flux
measurements of the overstorey tower are thus not directly comparable to the absolute
values of the understorey tower due to changing footprint area and the heterogeneity
of the ecosystem. However, comparisons of the intra-annual pattern of ecosystem
fluxes between both towers and inter-annual changes between both years 2011 and
2012 are possible and conducted in the following.

3.3.1 Meteorological and environmental conditions

Water scarcity is the most important factor for ecosystem productivity in savannah-
type ecosystems (Pereira et al., 2007). Drought severity and impact on vegetation
depends on timing and amount of precipitation P (Peñuelas et al., 2004). The
hydrological years 2011 and 2012 mark, therefore, exceptional years on the Iberian
Peninsula. Precipitation P was 34 % higher in 2011 and 39 % lower in 2012 compared
to the long term average precipitation of about 680 [mm] (Jongen et al., 2013a)
(Fig. 3.2a and b). In particular, the winter 2011/2012 was very dry over Soutwestern
Iberia, with only about 20% of the long term precipitation (Santos et al., 2013;
Trigo et al., 2013). 2012 was the second driest year since 1950. The last negative P
anomaly of comparable severity occurred in the drought year 2004/2005 (Paredes
et al., 2006; Santos et al., 2007).
The intra-annual pattern of precipitation has especially changed in 2012. Total
annual reduction to the previous year 2011 was 495 [mm] of which 68% occurred
during a long drought event in winter and early spring (December–March). The
beginning of autumn precipitation was also delayed by almost a month in 2012.
Winter precipitation is the most important for replenishing the soil and ground
water reservoirs after the summer drought. But the winter precipitation period was
shortened and interrupted for about four months in the hydrological year 2012. These
phenomena, i.e. reduced annual P , additional winter/spring drought, and prolonged
summer drought, are characteristic for observed P extremes in the last decades (e.g.
Guerreiro et al., 2013; Paredes et al., 2006).
We address first the question of changes in environmental and climatic components
between both years, which may have caused significant changes in ecosystem func-
tioning. The distributions of most relevant climatic and environmental variables for
plant functioning are therefore analysed in quantile-quantile (Q-Q) plots in Fig. 3.3.
Air temperature Ta (Fig. 3.3a) and incoming photosynthetically active radiation
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PAR (data not shown) showed only minor changes between the two years so that
plant available energy in both years was comparably high. In contrast, moisture
related variables showed large deviations from the on-to-one line in the Q-Q plots
(Fig. 3.3b–d). All precipitation P intensities of 2012 stayed well below the ones
in 2011 (Fig. 3.3b). Air vapour pressure deficit vpd was considerably increased at
high deficits in 2012 compared to 2011 (Fig. 3.3c). This comes from lower absolute
humidity because air temperature Ta did not change substantially. Possible reasons
are either diminished local ecosystem evopotranspiration ET due to diminished soil
moisture (Fig. 3.3d) and plant transpiration or less air moisture input by incoming
air masses from the ocean. Soil moisture was significantly decreased in 2012 com-
pared to 2011 (Fig. 3.3d), which is exhibited especially in the missing medium soil
moisture amounts. The contribution of local ET to the observed reduction in vpd
was estimated by approximating the average contribution of local ET to absolute
humidity of the atmospheric boundary layer. 50 % of absolute humidity reduction in
2012 compared to 2011 could be explained by a reduced contribution of local ET.
This illustrates the strong influence of ET on local hydrological conditions and the
reinforcement of plant drought stress due to increased vpd.
The ecosystem, therefore, faced increased transpirational demand from higher atmo-
spheric vpd combined with strongly decreased soil water availability, which resulted
in high water stress for the trees but also for understorey vegetation in 2012 compared
to 2011. In the following, the effect of decreased water availability on the ecosystem
water budget is discussed.

3.3.2 Drought influence on ecosystem water balance

Evapotranspiration ET is the major component of total water efflux in Mediterranean
ecosystems on annual basis (Huxman et al., 2005). A comparably small amount
of precipitation is left for ground water recharge and runoff. ET usually peaks
in May before the onset of drought in the beginning of June in Mediterranean
ecosystems (Vargas et al., 2013). But ecosystem evapotranspiration measured here at
the overstorey tower ETo (Fig. 3.4b) peaked within the summer drought period in
June to July in 2011. This behaviour is typical for montado ecosystems with ground
water access of the trees (Paco et al., 2009; Pereira et al., 2007; David et al., 2007,
2004). ETo showed a slight peak shift towards spring in 2012 and was diminished
by 26 % compared to 2011. The major decrease occurred in late spring and summer
(March to September) although the major reduction in precipitation P occurred in
winter and early spring (December to March) (Fig. 3.2b). When atmospheric demand
(Fig. 3.4a) and energy input into the system increased in spring 2012, the Q. suber
trees were not able to maintain transpiration T as high as in 2011. This indicates,
that most likely the deep soil and/or ground water reservoirs were not refilled after
summer 2011 due to the dry winter as displayed by soil moisture observations in
60 [cm] depth (Fig. 3.5b). However, the strongly diminished transpiration T led to
a non-significant increase in maximum daily leaf temperature Tl,max of only 1.7 ◦C
during the summer period of 2012. The small influence of the reduced transpirational
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Figure 3.2: a) Daily sum of precipitation P for 2011 (black) and 2012 (grey). b)
Cumulative precipitation P for 2011 (black) and 2012 (grey) based on
half hourly data.

cooling on leaf temperature could be attributed to the high aerodynamic conductance
ga in this open canopy, enabling a comparably high energy transport by sensible
heat.
Evapotranspiration measured at the understorey tower ETu peaked in March to
April 2011 before the beginning of the summer die back of the understorey vegetation,
which is rather typical in savannah-type ecosystems (e.g. Paco et al., 2009). ETo was
reduced, though, by 38% in 2012 compared to 2011. The peak was slightly delayed
under drought conditions in 2012, in contrast to ecosystem ETo. The late onset of
autumn precipitation P in October and additionally the missing recharge of upper
soil moisture in winter (Fig. 3.5a) had an immediate impact on ETu inhibiting plant
growth and herbaceous transpiration (see Sect. 3.3.3). ETo, on the other hand, was
influenced from March onwards only. The precipitation events occurring in April and
March 2012 (Fig. 3.2a) were not able to increase ETu up to the level of 2011 even
though the atmospheric demand was slightly higher in 2012 (Fig. 3.3c). This can be
explained on the one hand by very low soil moistures up to 20 [cm] depth in October
and from March onwards (Fig. 3.5a), which prevented soil evaporation, and on the
other hand, by the strong reduction in plant cover leading to a reduced contribution
of herbaceous plant transpiration to ETu (see Sect. 3.3.3).
Precipitation effectiveness ETo/P indicates the amount of total precipitation P
used for actual ecosystem evapotranspiration ETo. ETo/P = 86% in 2011, which
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Figure 3.3: Quantile-Quantile plot of important climate and environmental param-
eters for the years 2011 and 2012 based on daily averages. Black dots
represent the 0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 0.6, 0.7, 0.8, 0.9, 0.95, and 0.99
quantiles of the respective distribution. Grey dots represent the 0.5 quan-
tile. a) Air temperature Ta, b) precipitation P , and c) vapour pressure
deficit of the air vpd, each measured at 20 [m] height above ground. d) Soil
moisture in the first 20 [cm] θ20 cm (root zone of understorey vegetation).

is high but comparable to other studies (Sala and Tenhunen, 1996; Piñol et al.,
1991). However, the strong reduction of ecosystem evapotranspiration ETo of 26 % in
2012 was vastly exceeded by the reduction in precipitation P of 54 %. This confirms
recent results from Besson et al. (2014) showing a certain resilience of Q. suber
tree transpiration to annual water shortages. This led to ETo/P of 122% in 2012,
which is to our knowledge, the highest value reported for montado ecosystems so far.
Hence more water evaporated from the soil and was transpired by the trees than was
brought into the ecosystem by precipitation. This was possible due to the deep soil
or ground water access of the trees maintaining a relatively high transpiration rate
throughout the summer. But it left also no water for ground water replenishment or
runoff generation (cf. Sala and Tenhunen, 1996).

Ecosytem productivity was markedly changed in 2012 due to the strong alterations
in the water balance, which will be discussed in the following.
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Figure 3.4: a) Maximum daily vapour pressure deficit vpdmax, b) daily sum of ecosys-
tem evapotranspiration ETo and c) daily sum of understorey transpiration
+ soil evaporation ETu for 2011 (black) and 2012 (grey). Lines mark
kernel regressions.

3.3.3 Understorey growth inhibition

The local understorey vegetation consists of native annual grasses and herbs (Jongen
et al., 2013b; Dubbert et al., 2014b). The species are adapted to regular summer
droughts by seed formation in spring before the onset of the summer droughts. They
survive the dry periods as seeds and germinate again at the onset of autumn precipi-
tation. Species abundance during spring depends thus on the amount of previous
winter precipitation (Figueroa and Davy, 1991). The timing of the first autumn rains
and rewetting of the soils is thereby of great importance for germination success,
number of individuals and plant productivity (Jongen et al., 2013c; de Dios Miranda
et al., 2009).
The understorey showed a typical annual cycle of gross primary productivity GPPu

in 2011 (Fig. 3.6c) for savannah-type understorey vegetation with the growth onset
at the end of October (Ma et al., 2007). Carbon uptake peaked in February to
March and ended with the complete die back at the end of May. GPPu was strongly
reduced by 53 % in 2012 compared to 2011. A small GPPu peak occurred along with
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precipitation P in April and May (Fig. 3.2). The reduction of GPPu can be explained
by the very low soil moisture θ20 cm during October 2011 (Fig. 3.5a) due to the late
onset of autumn precipitation P inhibiting seed germination. θ20 cm was lower during
the entire year 2012 in comparison to 2011, particularly over the main growth period
of the understorey vegetation from January to April. It was up to 52% lower in
March 2012, inhibiting further growth during winter/spring and probably caused
higher seedling mortality. Dubbert et al. (2014b) reported a maximum understorey
vegetation cover in this ecosystem of about 80 % for 2011 that was reduced to about
25% during the same period in 2012 (data for 2012 not shown). Similar effects on
seedling germination and mortality were shown by others (Peco and Espigares, 1994;
Espigares and Peco, 1995, 1993) under artificial rainfall treatments and could be
shown here under natural conditions.
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Figure 3.5: Box plot of monthly volumetric soil moisture a) down to 20 [cm] depth
θ20 cm (root zone of understorey vegetation) and b) down to 60 [cm] depth
θ60 cm for the years 2011 (black) and 2012 (grey). Central line marks the
median, box marks the 0.25 and 0.75 quantiles. Dashed lines mark the
0.05 and 0.95 quantiles. Data within a two day interval after a rain event
were excluded.

3.3.4 Ecosystem productivity reduction

Most European, Mediterranean savannah-like ecosystems show a severe drop in gross
primary productivity during summer (June to August) framed by a major peak in
early spring (April to May) and a minor peak at the onset of autumn rain (Baldocchi
et al., 2009).
In our ecosystem, gross primary productivity measured at the overstorey tower GPPo

showed an in this respect atypical annual behaviour with a very late peak during
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Figure 3.6: a) Ecosystem net carbon exchange NEEo, b) ecosystem gross primary
productivity GPPo, c) understorey gross primary productivity GPPu for
2011 (black) and 2012 (grey). Dots mark daily sums, lines are kernel
regressions.

June–July (Fig. 3.6b). The amount of carbon gained was also higher compared to
other Mediterranean evergreen woodlands in particular during the drought period
in summer (Baldocchi et al., 2009; Ma et al., 2007). This annual pattern is rather
characteristic for temperate than semi-arid ecosystems. The Q. suber trees must
have deep soil water or ground water access in “regular” hydrological years, as shown
in Sect. 3.3.2. This enabled them to maintain high productivity during the summer
period despite high atmospheric water demand and low topsoil soil moisture.
Gross primary productivity GPPo showed almost the same seasonal timing in 2012
compared to 2011 but was strongly reduced by 28 % (Fig. 3.6b). The major reduction
took place in spring and summer (April to September) together with the reduction
in evapotranspiration ETo (Fig. 3.4b) when atmospheric demand was high and the
emptied deep soil and ground water reservoirs were unable to supply sufficient water
(see Sect. 3.3.2) in 2012 compared to a regular year. This confirms the results of
Pereira et al. (2007) who showed that drought effects on sclerophyllous trees became
apparent only after the depletion of the deep soil and ground water reserves. Despite
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a delayed bud burst in spring, a significant difference in leaf area index LAI could
not be observed during the summer period by long-term leaf area index observations
of e Silva et al. (2015). Reductions in GPPo and ETo can hence be attributed solely
to leaf physiological responses discussed in Sect. 3.3.6.

3.3.5 Net ecosystem carbon exchange reduction

The net ecosystem carbon flux NEEo was strongly reduced by 38% in the drought
year 2012 compared to the wet year 2011 (Fig. 3.6a). The ecosystem was, however,
a carbon sink in both years on annual basis even though reductions in precipitation
P (Fig. 3.2) and gross primary productivity GPPo (Fig. 3.6b) were severe in 2012.
Pereira et al. (2007) found a similar behaviour in another montado ecosystems in
Portugal. It still demonstrates here once more that precipitation is the dominant
environmental variable for inter-annual change of NEE in semi-arid ecosystems even
in ecosystems with ground water access. The reduction in carbon sink strength took
place mainly in summer (May to September) along with the strongest reduction in
gross primary productivity GPPo (Fig. 3.6b) caused by the lack of water availability
for the Q. suber trees (cf. Sect. 3.3.2). GPPo exhibited a reduction of 28% in 2012
compared to 2011 while Reco showed only a reduction of 16 %. Reco is mainly reduced
in summer (July to September, data not shown) where soil moisture in the upper
soil layer θ20 cm is low in both years due to the regular summer drought (Fig. 3.5a)
and inter-annual differences are small. NEEo is therefore much more driven by GPPo

than by Reco in the ecosystem studied here. Reichstein et al. (2002) hypothesized
that gross primary productivity GPPo should be less affected by drought than
ecosystem respiration Reco in ecosystems with large subsoil water reservoirs because
Reco depends on soil moisture and soil temperature. But it is hot and dry almost
every summer in the Mediterranean so that the lack of soil moisture in the upper soil
inhibits soil respiration during summer and reduces largely the contribution of Reco

to inter-annual variations (e.g. Unger et al., 2009). This could also be the reason for
the controversial findings of Valentini et al. (2000) that Reco becomes less important
for variations of NEE with decreasing latitude on the Northern Hemisphere. It is,
however, clear that vastly different GPPo and Reco cannot be sustained over long
time; Reco base rates have to adapt in the long-term.

3.3.6 Drought impact on tree physiology

Multiple physiological mechanisms of plant responses to drought, excessive irradiance
and high temperatures have been recognized on the leaf-level such as reduction
of exposed leaf area or leaf shedding (Beyschlag et al., 1986; Sala and Tenhunen,
1996; Tenhunen et al., 1985, 1990; Werner et al., 2001). To avoid hydraulic failure or
photodamage, carboxylation efficiency Vc,max and/or stomatal conductance gs can be
down-regulated restricting water loss and carbon assimilation and hence increasing
photorespiration as a protective electron sink (Farquhar and Sharkey, 1982; Cowan,
1977; Tenhunen et al., 1987; Matthews and Boyer, 1984; Ehleringer and Cook, 1984).
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The photosynthesis apparatus can further adapt to altered environmental conditions
by changing the rigidity of the membranes altering thus the temperature optimum
of, for example, electron transport rates (Kattge and Knorr, 2007; von Caemmerer,
2000; Berry and Björkman, 1980).
There are different levels of complexity on how to describe photosynthesis in the
literature. We focus here on Farquhar-type models of photosynthesis (Farquhar
et al., 1980). There are three mechanisms that differ strongly between the different
models of vegetation-atmosphere exchange: (1) the reactions to soil water stress,
(2) the formulations used for the description of stomatal conductance and (3) the
reactions to heat stress. How plants react to water stress is probably the least well-
described mechanism in photosynthesis models. The different ecosystem and land
surface models differ strongly on how they react to soil water stress. The widely
used community land model CLM, for example, reduces apparent carboxylation
efficiency Vc,max under drought (Oleson et al., 2010), which then indirectly reduces
stomatal conductance as well, while the land surface scheme ORCHIDEE down-
regulates stomatal conductance directly leaving Vc,max unchanged (Krinner et al.,
2005; Verbeeck et al., 2011).
There is also a great variety of descriptions of stomatal conductance (cf. Damour et al.,
2010). Most large-scale models apply the formulation of Ball et al. (1987) though,
the so called Ball–Berry or sometimes Ball–Woodrow–Berry model (cf. Eq. B.18).
Leuning (1995) argued that stomata under controlled conditions react to vapour
pressure deficit rather then relative humidity and proposed and alternate form of
the Ball–Berry model (cf. Eq. B.17), the so-called Leuning model or sometimes
Ball–Berry–Leuning formulation. But the photosynthesis models also differ in their
reactions to heat stress. It is still discussed in the physiological literature if heat
is only changing thylakoid membrane properties limiting electron transport (von
Caemmerer, 2000; June et al., 2004) or if heat is also inhibiting enzyme activities,
i.e. also carboxylation rates (Medlyn et al., 2002; Kattge and Knorr, 2007).
Gross primary productivity GPPo and evapotranspiration ETo were modelled here
for the period May to September to investigate drought impact on Q. suber tree
physiology on the ecosystem scale and further test different model formulations
described above. Differences between both years were most prominent during May
to September, understorey vegetation had already vanished and soil evaporation was
low compared to tree transpiration (Fig. 3.4c).
The following discussion includes (1) whether a down-regulation of only carboxylation
efficiency Vc,max or only stomatal sensitivity m is sufficient to describe the ecosystem
behaviour in both years. (2) It evaluates the performance of the two prominent
stomatal conductance formulations. (3) It compares different representations of
photosynthetic temperature dependencies. (4) It discusses possible reasons for down-
regulation of stomatal conductance gs and carboxlation Vc,max, (5) disentangling the
causes for down-regulation of stomatal conductance gs. (6) The unexpected change
in optimal temperature Topt between the two years is discussed.
First, GPPo and ETo were modelled with either allowing the model to adapt each day
only Vc,max or only the slope m of the Ball–Berry stomatal conductance formulation
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(Ball et al., 1987) (Eq. B.211). The model was not able to reproduce the observations
with sufficient performance in both cases, especially in 2012. The goodness of fit
to the observed data steadily decreased with ongoing summer drought. GPPo and
ETo could be successfully modelled if both, Vc,max and m were allowed to adapt
daily to changing environmental conditions, leading to constantly high Nash–Sutcliffe
model efficiencies of εGPPo = 0.81 and εETo = 0.89 for 2011 and εGPPo = 0.80 and
εETo = 0.76 for 2012.
Second, the same model calibration experiment was performed with the Leuning
model of stomatal conductance (Leuning, 1995) (Eq. B.17). The Leuning model
has, however, an additional model parameter D0 which describes the sensitivity of
the stomata to changes in vapour pressure deficit vpd. The Leuning model showed
comparable high model performances to the Ball–Berry model in both years. When
the Leuning model was used in earlier studies (e.g. Wang and Leuning, 1998), D0 was
fixed to a constant value. This implies that stomatal conductance sensitivity to vpd
needs to change always similar to the sensitivity to assimilation. Model performance
decreased considerably if D0 was fixed here. This is because m and D0 are highly
correlated in the Leuning model (cf. Fig. 3.7b and d). This strict coupling is likely
incorrect here since daily maximum vpd during the summer drought period was not
significantly different between both years (only 1.3 [hPa] increase on average) but
a strong decrease in Vc,max could be observed (see below). Consequently, a decrease in
model performance occurred, when D0 was set constant. Enabling the Q. suber trees
to regulate stomatal response to vpd and assimilation A separately was necessary to
explain observed GPPo and ETo.
The two first points illustrate that the plants needed to regulate their potency of
possible carbon assimilation but wanted to increase how swift stomata react to
changes. The reduction in maximum carboxylation rate Vc,max, though, was about
43% while the increase in the slope m was about 9% or 29% whether calculation
followed Ball et al. (1987) or Leuning (1995), respectively. The increase in m is
not significant when the bootstrapped uncertainty is considered. Still, a significant,
overall decrease in stomatal conductance gs of about 37% was observed.
Third, the temperature dependency of photosynthetic activity has generally been
attributed to two different processes in previous publications. Medlyn et al. (2002) and
Kattge and Knorr (2007) described the temperature dependency of both, maximum
carboxylation rate Vc,max of the Rubisco enzyme and maximum electron transport
rate Jmax by a peaked function, according to Johnson et al. (1942) (Eq. B.13). An
increase in enzyme activity with temperature is followed by a decrease above an
optimum temperature Topt due to enzyme deactivation (Case 1). Von Caemmerer
(2000), among others, attributed possible decrease of activity of the photosynthetic
apparatus at high temperatures rather to thylakoid membrane properties only,
limiting electron transport, thus changing with leaf temperature. So only Jmax is
down-regulated above an optimum temperature Topt (Eq. B.13), but Vc,max increases
monotonically with a typical Arrhenius-type function (Eq. B.12, Case 2). This was
simplified by June et al. (2004) using a gaussian temperature dependency instead
of the original formulation (Eq. B.15, Case 3). Here all cases showed comparable
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model performances and no apparent differences in GPPo and ETo could be noticed.
Thus, neither Case 1 nor Case 2 could be falsified here. Case 1 to case 3, however,
show a decreasing demand for parametrization (Case 1: 6, Case 2: 4, and Case
3: 3 parameters). Despite the entropy factors of carboxylation ∆SV and electron
transport ∆SJ (Case 1 and Case 2) and optimum temperature Topt (Case 3), all
parameters were fixed to literature values (Table B.1). Case 3, although containing
only one parameter for optimization like Case 2, showed a more robust computational
performance with fastest optimization by the Nelder–Mead algorithm (Nelder and
Mead, 1965) among all cases.
Fourth, multiple reasons for down-regulation of photosynthesis under drought con-
ditions are known, ranging from damage of involved enzymes due to high leaf
temperatures, inhibition of the photosynthetic apparatus to avoid excess energy in
the leaves, to insufficient availability of nitrogen inside the leaves (Tenhunen et al.,
1987; Werner et al., 1999). But protection of the photosynthetic apparatus during
environmental stress comes at the cost of reduced carbon sequestration (Tenhunen
et al., 1990; Werner et al., 1999; Werner and Correia, 1996). Excessive radiation
and high temperatures provide the risk of photoinhibition and photodamage under
reduced CO2 supply due to stomatal closure and low water potentials (Werner et al.,
2002). Stomatal conductance gs was strongly reduced by 37% in 2012 compared
to 2011 (Fig. 3.7f) although differences in daily maximum vpd during the summer
drought period were not significant (only 1.3 [hPa] increase on average) between both
years (Fig. 3.4a). It is thus very likely that the trees suffered from depleted deep soil
or groundwater reservoirs due to the missing recharge by winter precipitation, since
upper soil water content values were comparable during summer (Fig. 3.5a and b).
This is an evidence that plant water status of Q. suber trees is strongly influenced by
access to groundwater here and a down-regulation of transpiration occurred to avoid
hydraulic failure (David et al., 2007; Oliveira et al., 1992). Although transpirational
cooling of leaves should have been reduced due to limited stomatal conductance, the
daily maximum leaf temperature Tl,max increased by only 1.7 ◦C in 2012 compared
to 2011 (Sect. 3.3.2) so that a temperature-based damage of enzymes relevant for
photosynthesis is unlikely. The CO2 influx into the leaves was, however, heavily
reduced under the drought conditions in 2012. Energy utilization is thus limited
while incoming photosynthetically active radiation PAR in 2012 was comparably
high to 2011 (see Sect. 3.3.1). It is therefore very likely that the main cause for
the Q. suber trees to down-regulate maximum carboxylation rate Vc,max by 43%
(Fig. 3.7a) was to avoid over-excitation and photodamage (Demmig-Adams and
Adams, 1992; Long et al., 1994; Werner et al., 2002). However, this effect may have
been enforced by a decreased nitrogen availability during the leaf development phase
in late spring caused by reduced soil water, and thus nitrogen solubility in 2012
(Fig. 3.5a and b) potentially changing leaf nitrogen status and permanently reducing
photosynthetic capacity in 2012 compared to 2011 (Vaz et al., 2010). A possible
indication for a permanent reduction of Vc,max is that gs tends to converge to the same
value at the end of the drought period in both years (Fig. 3.7f) so that leaf internal
CO2 availability should have approached comparable values as well. Vc,max remained,
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however, down-regulated permanently. A simultaneous reduction of Vc,max by 37%
(Fig. 3.7a) and an increase of m (9 % or 29 % whether gs was calculated following Ball
et al. (1987) or Leuning (1995), Fig. 3.7b and c) was observed. In case of a drought
spell like 2012, the Q. suber trees responded with both, stomatal limitation as well
as down-regulation of assimilation strongly altering entire ecosystem functioning,
which was observed in different semi-arid ecosystems before (Reichstein et al., 2003;
Egea et al., 2011; Zhou et al., 2013).
Fifth, the use of the Leuning (1995) model with variable D0 allowed to disentangle the
different impacts on gs. Intra-annually, stomatal conductance showed a much stronger
sensitivity to vpd (Fig. 3.7d) than to variations in assimilation (Fig. 3.7e). Between
both years, m/(1 + (vpd/D0)) increased only slightly by 10% as a consequence of
a slightly stronger reduction in Vc,max than in gs (43 % and 37 %, respectively). This
displays the strong resilience of sclerophyllous tree species like Q. suber to drought,
maintaining a water use efficiency comparable to regular years (Zhou et al., 2013).
The impact of vpd on gs was, however, weakened in 2012 (reduction of D0 by 37%,
not significant) since gs was generally reduced at comparable vpd. m compensated
fluctuations in D0 (Fig. 3.7b and d) to yield the observed robustness to assimilation.
The observed high intra-annual robustness indicates that these Mediterranean species
are adapted to maintain a stable operational point (Werner and Máguas, 2010).
Sixth, all three model descriptions (Case 1–3) showed a decrease in the optimum
temperature of photosynthesis Topt by 4–8 ◦C from 2011 to 2012 (Fig. 3.7g). Leaf
renewal in 2012 occurred under strong drought conditions due to the additional winter
drought and under increased temperatures due to the bud burst occurring more than
one month later than in 2011 (e Silva et al., 2015). So carbon uptake in 2012 was
further weakened due to a higher susceptibility of the photosynthesis apparatus to
high temperatures in addition to the already discussed reduction of carboxylation
efficiency Vc,max by 43%. Kattge and Knorr (2007) and von Caemmerer (2000),
among others, showed for different plant species the opposite trend of increasing
Topt with increasing growth temperature. A possible explanation is that not only
growth temperature but also nutrient availability and plant water status have changed
strongly here affecting thylakoid membrane properties more than growth temperature.
In summary, the Q. suber trees responded to the drought year 2012 with a down-
regulation of carboxylation efficiency and a decreased optimal temperature of pho-
tosynthesis. They counteracted this reduced carbon sequestration with a better
responsiveness of the stomata. These plant responses were caused neither by a higher
vapour pressure deficit nor by leaf temperatures nor by a depletion of upper soil
moisture. But they were most probably triggered by a strong depletion of deep soil
or ground water due to the additional winter drought.
The combined model of photosynthesis and stomatal conductance was unable to
reproduce the observed carbon assimilation and evapotranspiration if only one
reaction was considered, i.e. either in the photosynthetic apparatus or in stomatal
conductance. It needed to adapt parameters in both sub-modules, i.e. a strong
reduction in carboxylation efficiency and a smaller increase in stomatal sensitivity.
Earlier model-data approaches had shown that combined photosynthesis-stomatal
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conductance models need to adapt both parts in times of drought but they always
predicted decreases in carboxylation efficiency and stomatal sensitivity. However, the
modelling performed here could not distinguish between different model formulations
found in the literature, i.e. the stomatal conductance formulations of Ball–Berry vs.
Leuning and the different formulations of optimal photosynthetic temperatures.
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Figure 3.7: Daily values for a) apparent maximum carboxylation rate at 25 ◦C Vc,max25,
b) assimilation sensitivity parameter mL of the Leuning model, c) assim-
ilation sensitivity parameter mBB of the Ball–Berry model, d) vapour
pressure deficit sensitivity parameter D0, e) fraction mL/(1 + (vpd/D0))
relating assimilation A and stomatal conductance gs, f) daily median
stomatal conductance for water vapour gs,h during daytime, g) optimal
temperature of electron transport Topt. The model is fitted to median
daily cycles of gross primary productivity GPPo and evapotranspiration
ETo of the Q. suber trees in a 31 day long moving window for the summer
period of 2011 (solid line, dark uncertainty band) and 2012 (dashed, light
uncertainty band).

3.3.7 Future development

It is expected that the trend of decreasing total annual precipitation and alteration
of precipitation patterns on the Iberian Peninsula, namely occurrences of additional
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winter/spring droughts, will continue with proceeding climate change (Bussotti et al.,
2013; Guerreiro et al., 2013; Hulme et al., 1999). Such severe drought periods might
occur at higher frequency (Field et al., 2012; Heimann and Reichstein, 2008; Granier
et al., 2007; Miranda et al., 2002) thereby affecting the ecosystem water balance
and productivity (Chaves et al., 2002; Fischer et al., 2002). If precipitation patterns
similar to 2012 will occur more often then a sustainable depletion of local ground
water reservoirs as well as water storage basins might be expected. This will affect
strongly local agriculture that relies on ground water for the deep-rooted cork-oak
trees and otherwise uses irrigation water from storage basins. The soil seed bank of
native understorey plants may also deplete on the long term due to a shorter life
cycle and reduced seed formation (Jongen et al., 2013c; Peñuelas et al., 2002, 2004;
Gordo and Sanz, 2005). A shift of species composition is likely de Dios Miranda
et al. (2009) but could not be observed in this ecosystem in a study by Dubbert et al.
(2014b, 2012 data not shown) during the drought year 2012 itself. However, some
effects such as tree mortality may only be evident in the long term after multiple,
consecutive drought years (David et al., 2004; Bussotti et al., 2013).

3.4 Conclusions

We reported on the ecosystem fluxes of a savannah-type cork oak woodland under
extreme hydrological conditions and altered precipitation P pattern. We analysed
the effects of drought in the year 2012 compared to the wet year 2011 on evapotran-
spiration and gross primary productivity of a montado ecosystem and its overstorey
and understorey components. We additionally analyzed physiological reactions of
the Q. suber trees.
We conclude the following results: (1) the precipitation effectiveness ETo/P increased
up to 122 % in the dry year 2012 possible due to the ground water access of Q. suber
trees leaving no water for ground water replenishing and runoff generation. If trends
of decreasing annual P continue, sustainable effects on local ground water reservoirs
and storage basins may be expected. (2) The understorey gross primary productivity
GPPu and the overstorey gross primary productivity GPPo were reduced by 53 % and
28 %, respectively, in 2012 compared to 2011 due to a late onset of 2011 autumn rains
and an additional severe winter/spring drought. Long term changes in understorey
species composition and tree productivity are likely if prolonged summer droughts
and additional winter/spring droughts become more frequent. (3) A combined pho-
tosynthesis and stomatal conductance model worked best if it was able to adapt
the apparent maximum carboxylation rate Vc,max and the stomatal conductance
parameters simultaneously. The slope m of the stomatal conductance model had to
be increased to compensate partly for the strong decrease in carboxylation rate. The
model adjusted also the sensitivity of the stomata D0 to vapour pressure deficit vpd
in the Leuning model because both stomatal parameters, m and D0 are strongly
correlated. The model performance was similar to the Ball–Berry approach. (4) The
combined photosynthesis and stomatal conductance model also adjusted the opti-
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mum temperature of electron transport Topt to lower values. This decreases carbon
sequestration under higher temperatures but makes the photosynthetic apparatus
also more vulnerable to heat stress in dry years. (5) The ecosystem was a carbon
sink in both years with a 38 % reduced sink strength in the dry year 2012 compared
to 2011. Gross primary productivity GPP was thereby a much stronger driver than
ecosystem respiration Reco of the inter-annual variations of the carbon sink.
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4 Summary

4.1 Summary of the thesis

Chapter 2 gave a description of the employment of vertically and angularly distributed
gap probability Pgap(θ) observations and the derivation of vertical leaf area index
L and effective leaf area index Le distributions in an open Q. suber forest. The
performance of the new digital cover photography method (DCP) was evaluated
against the established LAI-2000 method and direct litter collection. Additionally,
vertical L distributions were estimated with ground-based observations of crown
parameters and a single ground-based L observation.
Height and angularly dependent digital cover photography was successfully applied
here for the first time. It could be shown that gap probability Pgap(θ) and effective
leaf area index Le delivered by DCP was very similar to the established LAI-2000.
Clumping index Ω is mandatory for deriving a correct leaf area index L from gap
probability Pgap estimates at any view zenith angle θ accounting for the heterogeneity
of natural canopies. Height and angularly dependent leaf clumping index Ω was
successfully determined with DCP for the first time. Thus, the effect of leaf clump-
ing on the total leaf area index L of the Q. suber canopy yielded a 30% higher L
compared to L approximated from LAI-2000 observations. Further, the exclusion of
woody tissue from DCP images was successfully conducted here for the first time.
Using object-based image analysis, the exclusion yielded on average a 6.9% lower
leaf area index L and improved the indirect estimation approach compared to the
uncorrected estimation. This was a ’best case’ approximation of the error introduced
by woody tissue because the algorithm was designed to not overestimate the effect.
Consequently, when clumping was included and woody tissue was excluded from
DCP, L matched precisely with direct L measurements using litter traps, exceeding
the precision of the established LAI-2000 by far. Finally, when height dependent
observations are not feasible, an observation strategy could been tested successfully
using only ground-based observations of crown parameters to derive reasonable leaf
area index L height distributions from a single, ground-based L observation.

As a result of the conducted investigations, for an efficient estimation of leaf area
index height profiles of a forest canopy, the following steps were recommended:

• Use below canopy digital cover photography DCP at a view zenith angle
θ = 57.3◦ because no information on leaf projection function G(θ) is needed.

• Exclude woody tissue from the images with object-based image analysis.
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• Infer total leaf area index L of the canopy explicitly, including leaf clumping.

• Use a digital hypsometer to measure crown top height ht, crown bottom height
hb, and crown radius rc from the ground.

• Use the crown parameters and a suitable crown model to extrapolate total leaf
area index L along heights above the ground.

Fluxes of the cork oak ecosystem under extreme hydrological conditions and altered
precipitation P pattern were analyzed in Chapter 3. The effects of drought in the
year 2012 compared to the wet year 2011 on evapotranspiration and gross primary
productivity of overstorey and understorey components were analyzed. By using leaf
area index L and angularly dependent gap probability Pgap(θ) of Chap. 2, modeling
of physiological reactions within Q. suber leaves were possible.
It could be shown that the precipitation effectiveness ET/P increased up to 122%
in the dry year 2012, possibly due to ground water access of Q. suber trees, leaving
no water for ground water replenishing and runoff generation. As a consequence,
understorey and overstorey gross primary productivity were reduced by 53% and
28%, respectively, in 2012 compared to 2011 due to a late onset of 2011 autumn rains
and an additional severe winter/spring drought. When a combined photosynthesis
and stomatal conductance model was used to describe the responses of Q. suber
trees to drought, the best model-data fit could be achieved if the trees were able
to adapt apparent maximum carboxylation rate Vc,max and stomatal conductance
parameters simultaneously. The slope m of the stomatal conductance model had to
be increased to compensate partly for the strong decrease in carboxylation rate. The
model adjusted also the sensitivity of the stomata D0 to vapour pressure deficit vpd
in the Leuning model because both stomatal parameters, m and D0 are strongly
correlated. The model performance was similar to the Ball-Berry approach. Further,
the optimum temperature of electron transport Topt was adjusted to lower values.
This decreased carbon sequestration under higher temperatures in addition to the
direct drought effect but makes the photosynthetic apparatus also more vulnerable to
heat stress in dry years. However, the ecosystem was a carbon sink in both years with
a 38% reduced sink strength in the dry year 2012 compared to 2011. Gross primary
productivity GPP was thereby a much stronger driver of inter-annual variations of
carbon sink strength than ecosystem respiration Reco.

4.2 WATERFLUX project contributions

The field work, measurements, data analysis and results presented in this thesis
contributed in various ways to the overall outcome of the WATERFLUX research
project.
The interaction between the Q. suber overstorey and annual understorey vegetation
layers was taken into special focus in Dubbert et al. (2014b), where the effects of
facilitation and competition on herbaceous yield, species distribution and carbon

68



4.2 WATERFLUX project contributions

uptake were analysed. Therefore, the effects of trees on microclimate and soil proper-
ties, the understorey species composition, aboveground biomass as well as water and
carbon fluxes were examined from April to November 2011.
It could be shown that under tree crown cover, a significant reduction in photosyn-
thetic active radiation of 35 mol m2 d −1 and in soil temperature of 5 ◦C occurred.
Simultaneously, species composition and abundance of functional groups became
increasingly different with respect to open areas between trees from mid April on-
wards. During late spring drought adapted native forbs had significantly higher cover
and biomass in the open area while cover and biomass of grasses and nitrogen fixing
forbs was highest under the trees. Evapotranspiration and net carbon exchange
decreased significantly stronger under tree crowns compared to the open area during
late spring in conjunction with a faster and earlier senescence of plants under trees.
This was most likely caused by interspecific competition for water between trees and
herbaceous plants, despite the more favorable microclimate conditions under the
trees during the onset of summer drought.
Partitioning of measured water fluxes in soil evaporation and plant transpiration
is necessary to further understand the impact of understorey vegetation on ecosys-
tem water balance. For this purpose, stable oxygen isotopes of water provide a
valuable tracer. The frequently used Craig and Gordon equation was tested in the
WATERFLUX project against continuous field measurements. Therefore, evapo-
ration and its isotopic signature on bare soil plots, as well as evapotranspiration
and its corresponding isotopic composition of the herbaceous layer were measured
with a cavity ring-down spectrometer connected to an open soil chamber. Thus, the
impact of environmental input variables to the Craig and Gordon equation could
be quantified. The results in Dubbert et al. (2013) demonstrate that predicting
isotopic signature of evaporation using the Craig and Gordon equation leads to good
agreement with measurements given that the temperature and 18O isotope profiles
of the soil are thoroughly characterized. However, model results are highly sensitive
to changes in temperature and isotopic concentration at the evaporative site. This
markedly affected the partition results of transpiration and evaporation from the
total evapotranspiration flux.
A further elaboration of these findings was conducted in Dubbert et al. (2014a), where
the impact of the steady-state assumption of plant transpiration on evapotranspiration
partitioning was quantified. For this purpose, the cavity ring-down spectrometer
was connected to a branch chamber applied to Q. suber trees in order to evaluate
the short-term variability of the isotopic composition of transpiration under natural
conditions. Significant deviations from isotopic steady-state of transpiration could
be observed throughout most of the day, even when leaf water at the evaporating
sites was near isotopic steady state. High agreement was found between estimated
and modeled isotopic values assuming non-steady-state enrichment of leaf water.
These methodological results could consequently be used in (Dubbert et al., 2014c) to
quantify understory vegetation effects on the water balance and productivity of this
ecosystem. Evapotranspiration and net ecosystem CO2 exchange were partitioned and
rain infiltration was estimated. The understory vegetation contributed importantly to
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total ecosystem evapotranspiration and gross primary production with a maximum
of 43 and 51%, respectively. It reached water-use efficiencies similar to the Q. suber
trees. The understory vegetation inhibited soil evaporation and did not diminish
water use efficiency during water-limited times. The understory strongly increased soil
water infiltration, specifically following major rain events. Thus, beneficial understory
effects are dominant and contribute to the resilience of this montado ecosystem.
Finally, the analysis of drought effects on ecosystem carbon and water exchange and
change in leaf internal processes of Q. suber trees started in this thesis (Chap. 3,
Piayda et al. (2014)) was accomplished with a treatment focussing on phenological
responses in in the dry year 2012 (e Silva et al., 2015). Results show that annual
tree diameter growth was lowered by 63% whereas leaf area index remained nearly
unchanged (reduction: 9%). Still, the time of leaf renewal was shifted from mid April
to end of May due to the unfavourable conditions in the preceding winter. In contrast
to male flower production, fruit setting was severely depressed by water stress with
a 54% decrease during the dry year. These results suggest that leaf growth and leaf
area maintenance are resilient ecophysiological processes under winter drought and
are a priority carbon sink for photoassimilates in contrast to tree diameter growth.
Thus, carbon sequestration reductions under low water availabilities in cork oak
woodlands should be ascribed to stomatal regulation or photosynthetic limitations
as pointed out in Chap. 3 and to a lesser extent to leaf area reductions.
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In the course of this thesis the new digital cover photography method (DCP) was
tested angularly dependent against the established LAI-2000 method. It was shown
that DCP, like it was used here, performed excellently handling the major challenges
of open canopies, heterogeneous distribution of leaves and woody tissue influence.
This encourages to use DCP in other ecosystems with different canopy structure in
future research to benefit from the labor-effective application.However, this requires
further tests of the reliability of DCP in different ecosystems.
The DCP method comes with the great advantage of using off-the-shelf digital cam-
eras, highly cost efficient compared to special scientific equipment like the LAI-2000.
However, the developed algorithm for image separation of this thesis is based on
the commercial eCognition image analysis platform (Trimble Germany GmbH). A
desirable step for further development would be to port the algorithm to an open
source image analysis platform like ImageJ (Schneider et al., 2012) to foster a broader
usability.

It is expected that the trend of decreasing total annual precipitation and alteration
of precipitation patterns on the Iberian Peninsula, namely occurrences of additional
winter/spring droughts, will continue with proceeding climate change (Bussotti et al.,
2013; Guerreiro et al., 2013; Hulme et al., 1999). Severe drought periods as shown
here might occur at higher frequency (Field et al., 2012; Heimann and Reichstein,
2008; Granier et al., 2007; Miranda et al., 2002) thereby affecting the ecosystem water
balance and productivity (Chaves et al., 2002; Fischer et al., 2002). If precipitation
patterns similar to 2012 will occur more often, a sustainable depletion of local ground
water reservoirs as well as water storage basins might be expected. This will affect
strongly local agriculture that relies on ground water for the deep-rooted cork-oak
trees and otherwise uses irrigation water from storage basins. The soil seed bank of
native understorey plants may also deplete on the long term due to a shorter life
cycle and reduced seed formation (Jongen et al., 2013c; Peñuelas et al., 2002, 2004;
Gordo and Sanz, 2005). A shift of species composition is likely de Dios Miranda et al.
(2009) but could not be observed in this ecosystem during the drought year 2012
itself. However, some effects such as tree mortality may only be evident in the long
term after multiple, consecutive drought years (David et al., 2004; Bussotti et al.,
2013).
The photosynthesis-stomatal conductance model descriptions tested here could only
be applied successfully when the trees were allowed to adapt the photosynthesis
apparatus (maximum carboxylation rate) and stomatal conductivity simultaneously
as a reaction to drought, confirming previous studies. That clearly points to the
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necessity of similar investigations in other ecosystem types and the reevaluation of
descriptions used in global climate or land surface models.
Further, the unexpected decrease of optimum temperature of electron transport in the
Q. suber leaves does not correspond with literature. Previous studies only investigated
a possible temperature acclimation of the photosynthesis apparatus with a complete
growth cycle under elevated temperatures of annual plants and observed an increase of
optimum temperature. Here, only leaf renewal of the evergreen Q. suber trees occurred
under elevated temperatures. Further investigations are needed to disentangle if the
observed decrease of optimum temperature is a possible mathematical artifact of the
parameter optimization or if evergreen leaves behave differently from annual leaves.
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A.1 Nomenclature

A Leaf area index and gap
probability

A.1 Nomenclature

A [pxl] total number of pixels in each image
f(α) [−] leaf angle distribution function
ff [−] foliage cover
fc [−] crown cover
G(θ) [−] leaf projection function
gl [pxl] number of pixels in gaps between crowns
gt [pxl] number of pixels in all gaps (gaps between

crowns + gaps within crowns envelopes)
h [m] height above ground
ht [m] height of the crown top
hb [m] height of the crown bottom
K(θ) [−] contact frequency
L [m2

leaf/m
2
ground] leaf are index

L [m2
leaf/m

2
ground] cumulative leaf are index

εL [%] relative bias of leaf are index
Le [m2

leaf/m
2
ground] effective leaf are index

Le [m2
leaf/m

2
ground] cumulative effective leaf are index

Pgap(θ) [−] gap probability
εPgap(θ) [%] relative bias of gap probability
rc [m] crown radius
Se(h) [−] ellipsoidal crown shape model
Se 9/10(h) [−] asymmetric ellipsoidal crown shape model
St(h) [−] triangular crown model
θ [◦] view zenith angle
α [◦] angle of the leaf’s normal to the zenith
θv [◦] view angle span
W [m2

wood/m
2
ground] wood area index

Ω(θ) [−] clumping index
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A Leaf area index and gap probability

A.2 Image object classification criteria

The colour criteria used for the classification of gap objects are brightness bri, blue
difference bd:

bd = B − (
G+R

2
) (A.1)

and blue ratio br:

br =
3B

B +G+R
(A.2)

They are combined in a threshold criteria as:

gap =


(br > 0.95) ∧ (bri > 127) or

(bri > 230) or

(br > 1.5) or

(bd > 10) ∧ (bri > 230) ∧ (0.95 < br < 1.8)

(A.3)

Within a radius of 50 pixels around each object classified as gap, the average difference
to neighbouring gap and unclassified objects of brightness (bridif gap and bridif unc)
and blue ratio (brdif gap and brdif unc) are calculated for the refinement of the gap
edges. All gap objects missing the following threshold are declared as unclassified:

unc =


(bridif unc < 100) ∧ (bridif gap < −30) ∧ (bridif gap > 40) or

(bridif unc < 70) ∧ (brdif gap < −0.15)
(A.4)

This threshold is iteratively applied until no further changes in classifications occurs.
Image objects were classified as woody tissue with thresholds based on the shape
features area/width, length/width, curvature/length, border length/area, roundness,
ellipse ratio, elliptic fit, and rectangular fit (feature description can be found in
Trimble (2012)) as well as rgb sum


RGB:

RGB = B +G+R (A.5)

and green ratio gr:

gr =
3G

B +G+R
(A.6)

The thresholds values for the woody tissue detection are dependent on object size
classes, therefore numerous and not shown here.
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B Drought impact on carbon and
water cycling

B.1 Nomenclature

A [[molm−2 s−1]] carbon assimilation
b [[molH2Om−2s−1]] Leuning model parameter (offset)
D0 [hPa] Leuning model parameter (vpd sensitivity)
ETo [[mmd−1]] evapotranspiration measured at the overstorey tower
ETu [[mmd−1]] evapotranspiration measured at the understorey tower
ETo/P [%] precipitation effectiveness
εGPPo [–] average Nash–Suttcliff model efficiency for GPPo

εETo [–] average Nash–Suttcliff model efficiency for ETo

fs [–] fraction of sunlit leaves
GPP [[g Cm−2 d−1]] gross primary productivity
GPPo [[g Cm−2 d−1]] gross primary productivity measured at the overstorey tower
GPPu [[g Cm−2 d−1]] gross primary productivity measured at the understorey tower
gs,h [[molH2Om−2 s−1]] stomatal conductance for water vapour
gs,c [[mol CO2m

−2s−1]] stomatal conductance for carbon
LAI [


m2

leaf m
−2
ground


] leaf area index

m [[molH2Omol air−1]] Leuning model parameter (slope)
NEE [[g Cm−2 d−1]] net ecosystem carbon exchange
NEEo [[g Cm−2 d−1]] net ecosystem carbon exchange measured at the overstorey tower
NEEu [[g Cm−2 d−1]] understorey + soil net carbon exchange
P [mm] precipitation
p [hPa] atmospheric pressure
PAR [[µmolm−2 s−1]] photosynthetically active radiation
Pgap [–] tree canopy gap probability
Reco [[g Cm−2 d−1]] ecosystem respiration
rH [%] relative air humidity
rHs [%] relative air humidity at the leaf surface
θ [%] soil moisture
T [[mmd−1]] transpiration
Ta [◦C] air temperature
Tl [◦C] leaf tempearture
Tl,max [◦C] maximum daily leaf tempearture
Topt [◦C] optimum temperature of electron transport
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B Drought impact on carbon and water cycling

Ts [◦C] soil temperature
Vc,max [[µmolm−2 s−1]] apperent maximum carboxylation rate
vpd [hPa] air vapour pressure deficit
vpdmax [hPa] maximum daily air vapour pressure deficit

B.2 Photosynthesis-stomatal conductance model

The entire canopy was separated in a sunlit and shaded part with the fraction of
sunlit leaves as:

fs =
1− exp (−KLAI)

KLAI
(B.7)

where LAI [

m2

leaf m
−2
ground


] is leaf area index and K = G (β) / cos (β) with G being

the angular dependent leaf projection function and β [◦] being the sun zenith
angle. The shaded fraction of the canopy equals (1− fs). Carbon assimilation A
[[mol(CO2)m

−2 s−1]] was modeled for each fraction with the Farquhar et al. (1980)
model in the form of Knorr (2000) and enhanced by a smooth minimum function
smin:

A = smin {JC; JE; η} −Rd (B.8)

with the carboxylation-limited rate JC [[mol(CO2)m
−2 s−1]], the electron transport-

limited rate JE [[mol(CO2)m
−2 s−1]] and mitochondrial respiration Rd [[mol(CO2)m

−2 s−1]].
The smoothing parameter η was set to 0.9. The Rubisco-limited rate JC was described
by:

JC = Vc,max
Ci − Γ⋆

Ci +KC


1 +


Oi

KO

 (B.9)

with maximum carboxylation rate Vc,max [[mol(CO2)m
−2 s−1]], CO2 concentration

inside the stomatal cavity Ci [[mol(CO2)mol(air)−1]], CO2 compensation point Γ⋆

[[mol(CO2)mol(air)−1]] (set to leaf temperature Tl × 1.7× 10−6), Michaelis–Menten
constants for CO2 KC [[mol(CO2)mol(air)−1]] and O2 KO [[mol(O2)mol(air)−1]],
respectively. Oi [[mol(O2)mol(air)−1]] is the stomatal cavity O2 concentration taken
as 21%. The RuBP-limited CO2 assimilation rate JE was described by:

JE = J
Ci − Γ⋆

4 (Ci + 2Γ⋆)
(B.10)

with the rate of electron transport J [[molm−2 s−1]] as:

J = Jmax
αPAR

J2
max + α2PAR2

(B.11)

with maximum electron transport rate Jmax [[mol(CO2)m
−2 s−1]], quantum yield of

electron transport α and incident photosynthetically active photon flux density PAR
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B.2 Photosynthesis-stomatal conductance model

[[mol(quanta)m−2 s−1]]. The sunlit fraction of leaves fs receives direct as well as
diffuse incoming radiation where the shaded fraction of leaves (1− fs) only receives
diffuse radiation. The temperature dependencies of KC, KO and Rd were modelled
using Arrhenius functions:

f(Tl) = K25 exp


EK(Tl − 25)

298R(Tl + 273)


(B.12)

with the base rates KC25 [[mol(CO2)mol(air)−1]], KO25 [[mol(O2)mol(air)−1]], Rd25

[[mol(CO2)m
−2 s−1]] at 25 ◦C and activation energies EC, EO, ERd [[Jmol−1]], re-

spectively. Tl [◦C] is leaf temperature and R [[Jmol−1K−1]] is universal gas constant.
Temperature dependencies of Vc,max and Jmax were treated by three test cases with
decreasing complexity and computational demand. Case 1 according to Medlyn et al.
(2002) and Kattge and Knorr (2007): Vc,max and Jmax were both modelled using
a modification of the Arrhenius function (Eq. B.12) showing a peak at optimum
temperature followed by a decline with increasing Tl:

f(Tl) = Kmax25 exp


EK(Tl − 25)

298R(Tl + 273)


1 + exp


298∆SK−HdK

298R


1 + exp


(Tl+273)∆SK−HdK

(Tl+273)R

 (B.13)

with base rates Vc,max25 and Jmax25 at 25 ◦C, respectively. ∆SV and ∆SJ [[Jmol−1K−1]]
are the entropy factors and HdV and HdJ [[Jmol−1]] are the deactivation energies of
Vc,max and Jmax, respectively. Case 2 according to von Caemmerer (2000): only the
temperature dependency of Jmax was modelled with the peaked function (Eq. B.13),
but Vc,max was modelled with the simple Arrhenius function (Eq. B.12). Case 3
according to June et al. (2004): Vc,max was modelled with the simple Arrhenius
function but Jmax was modelled with a simple gaussian temperature dependency:

Jmax = Jopt exp


−(Tl − Topt)

2

Ω2


= Jmax25 exp


(25− Topt)

2 − (Tl − Topt)
2

Ω2


(B.14)

with optimum temperature Topt [◦C] and the empirical parameter Ω = 18 ◦C.
Leaf surface CO2 concentration Cs [[mol(CO2)mol(air)−1]] and H2O concentration
Ws [[mol(H2O)mol(air)−1]] were calculated via:

Cs = Ca − A


1

ga
+

1.3

gb


(B.15)

Ws = Wa − ETmod


1

ga
+

1

gb


(B.16)

with the atmospheric CO2 concentration Ca [[mol(CO2)mol(air)−1]], aerodynamic
conductance ga [[mol(air)m−2 s−1]], leaf boundary layer conductance gb [[mol(air)m−2 s−1]],
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B Drought impact on carbon and water cycling

atmospheric H2O concentration Wa [[mol(H2O)mol(air)−1]], modelled transpira-
tion ETmod [[mol(H2O)m−2 s−1]] and stomatal conductance for water vapour gs,h

[[mol(H2O)m−2 s−1]]. ga was measured (see section 3.2.2) and gb was estimated with
the approach of Bonan (2002) via gb = 200


d/u where d is the measured leaf size

and u is the observed wind speed.
Stomatal conductance for water vapour gs,h was calculated with the formulation of
Leuning (1995):

gs,h = m
A

(Cs − Γ⋆)

1 + Wi−Ws

D0

 + b (B.17)

with the slope m [[mol(H2O)mol(air)−1]], the sensitivity parameter of vapour pres-
sure deficit D0 [[mol(H2O)mol(air)−1]] and the offset b [[mol(H2O)m−2 s−1]]. The
description of Ball et al. (1987) was also tested:

gs,h = m
A rHs

Cs

+ b (B.18)

with relative humidity at the leaf surface rHs [–]. Total conductance for CO2 gc,c and
H2O gc,h were then derived by:

gc,c =
1

1.56
gs,h

+ 1
ga

+ 1.3
gb

 (B.19)

gc,h =
1

1
gs,h

+ 1
ga

+ 1
gb

 (B.20)

CO2 concentration in the stomatal cavity was thus calculated by:

Ci = Ca −
A

gc,c
(B.21)

and modelled transpiration ETmod [[mol(H2O)m−2 s−1]] and gross primary produc-
tivity GPPmod [[mol(CO2)m

−2 s−1]] for both, the sunlit and shaded fraction of the
canopy, could be derived by:

ETmod = gc,h (Wi −Wa) (B.22)
GPPmod = gc,c (Ca − Ci) +Rd (B.23)

The optimum temperature Topt of maximum electron transport rate Jmax was calcu-
lated in Cases 1 and 2 according to von Caemmerer (2000):

Topt =
HdJ

∆SJ −R log


EJmax
HdJ−EJmax

 − 273.15 (B.24)
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B.2 Photosynthesis-stomatal conductance model

The entire calculation was iterated with initial values for ETmod = 0, gs,h = 1 and
Ci = 0.8Ca, until a conversion of Ci was achieved for every time step. The modeled
was ETmod and GPPmod of the sunlit and shaded part of the canopy were averaged
using fs and fitted against measured ET and GPP under variation of Vc,max25, ∆SJ ,
m and D0. Constant relationships of Jmax25 = 1.67Vc,max25 and Rd25 = 0.011Vc,max25

were assumed (Medlyn et al., 2002; Kattge and Knorr, 2007). All other parameters
used can be found in Table B.1.

Table B.1: Parameters used in the photosynthesis-stomatal conductance model. The
offset parameter b was estimated first with an optimization on the entire
data set and then set constant in following model runs.

parameter value unit source
α 0.28 [−] (Beerling and Quick, 1995)
b 4300× 10−6 [mol(H2O)m−2 s−1] site average
EC 59 356 [Jmol−1] (Farquhar et al., 1980)
EJmax 35 870 [Jmol−1] (Medlyn et al., 2002)
EO 35 948 [Jmol−1] (Farquhar et al., 1980)
ERd 50 967 [Jmol−1] (Collatz et al., 1992)
EVc,max 58 520 [Jmol−1] (Farquhar et al., 1980)
HdJ 220 000 [Jmol−1] (von Caemmerer, 2000)
HdV 200 000 [Jmol−1] (Medlyn et al., 2002)
KC25 460× 10−6 [mol(CO2)mol(air)−1] (Farquhar et al., 1980)
KO25 0.33 [mol(O2)mol(air)−1] (Farquhar et al., 1980)
Oi 0.21 [mol(O2)mol(air)−1] (Farquhar et al., 1980)
Ω 18 [◦C] (June et al., 2004)
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C Publications

C.1 Overview

In the following, the publications out of this thesis and from the study released or
submitted so far are given below chronologically. The contributions of the authors
are listed accordingly:

• Dubbert, M., Cuntz, M., Piayda, A., Maguás, C., Werner, C., 2013. Parti-
tioning evapotranspiration – Testing the Craig and Gordon model with field
measurements of oxygen isotope ratios of evaporative fluxes. Journal of Hy-
drology 496, 142 - 153.
Autors Contributions
Dubbert, M. development of experimental design, accomplishment of field

work, modeling and laboratory analyses, preparation of the
manuscript

Cuntz, M. discussions on the results, help with model development, sug-
gestions to improve the manuscript

Piayda, A. suggestions to improve the manuscript, help with field work
Maguás, C. laboratory analyses
Werner, C. discussions on experimental design and results, suggestions

to improve the manuscript

• Dubbert, M., Cuntz, M., Piayda, A., Werner, C., 2014. Oxygen isotope
signatures of transpired water vapor: the role of isotopic non-steady-state
transpiration under natural conditions. New Phytologist 203, 1242 - 1252.
Autors Contributions
Dubbert, M. development of experimental design, accomplishment of field
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