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Synopsis 

This is a cumulative dissertation comprised of three original studies (three published papers) 
expanding the idea of ecosystem functional properties (EFP) that are abstractions of ecosystem 
behavior and should indicate intrinsic properties of the ecosystems embedding the response of 
ecosystem to climate variability. I show that specific plant traits can explain spatial variability of 
potential photosynthetic capacity. Whilst assessing the potential of using trait information from 
big integrated databases like TRY in this regard, I demonstrate the importance of initiating 
continuous measurement of plant traits at FLUXNET sites. What is more, I show the strong 
control of stand age and species richness on the stability of potential photosynthetic capacity. 
The three papers forming this dissertation add novel information on the important role that plants 
play in mediating ecosystem functioning, specifically ecosystem photosynthetic capacity. 
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PREFACE 

The aim of this dissertation was to improve our understanding on the role that plants play in 

mediating functions in the ecosystems. It is of high importance especially now that we are facing 

the consequences of our huge influence on climate change. Any progress in understanding the 

ecosystem processes and functions and their feedback to climate can support better decisions for 

our future. Motivated to do so, in this thesis I expand the idea of ecosystem functional properties 

(EFP) that are abstraction of our macroscopic view on the ecosystem behavior and should 

indicate ecosystem intrinsic properties. As a case study, I examine the link between potential 

photosynthetic capacity and different plant traits also considering the opportunities that big 

integrated trait databases like TRY (a data platform that puts together different databases to make 

one common database, Kattge et al., 2011) can offer. Furthermore, for the first time using 50 

different forest sites I show the strong control of stand age and species richness on the stability of 

these EFPs. The three papers forming this dissertation add novel information on the important 

role that plants play in mediating ecosystem functioning, specifically ecosystem photosynthetic 

capacity. In the general introduction I provide background on the main topic and show the 

connection of the different papers and how they fit into my research topic. In the general method 

section I present detailed and complementary information that was not all included in the papers. 

In the general discussion I review general results from the different papers and show how each 

paper was driven by the questions in the previous one. 
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SUMMARY 

The state and composition of the Earths atmosphere is partly controlled by its interactions with 

ecosystems at the surface. These interactions are manifested in the exchange of energy and 

matter at the interfaces of land and oceans with the atmosphere and are a key to global 

biogeochemical cycles. In particular the terrestrial biosphere plays a prominent role in mediating 

these interactions by activating biogeochemical cycles e.g. through assimilating, storing and 

releasing carbon, nitrogen, phosphorus and other key elements. A steadily growing body of 

knowledge suggests that the vegetation plays a key role in these processes, and hence, it is 

increasingly acknowledged that various aspects of biodiversity are essential for the functioning 

of the Earth system as a whole.  

However, despite of the huge scientific progress over the past decades in this scientific field, we 

still face large knowledge gaps. In particular, we have only a very limited understanding of the 

global role of biotic acclimation, adaptation and plant functional diversity in the biosphere-

atmosphere processes. In this context we have to consider community assembly processes 

amongst other aspects. Environmental filtering determines plant community structure in 

dependency of climate condition and acts in tandem with evolutionary processes on long time 

scales and competitive interactions on shorter time scales. In other words, climate variability or 

in general environmental changes on different time scales will result in changes of species 

composition and alterations in plant characteristics, all ultimately affecting ecosystem 

functioning. Based on these insights, the basic hypothesis of this thesis is that it is the 

combination of plant community structure and plant characteristics that jointly determine the 

imprint of vegetation on ecosystem functioning. Studying plant traits – plant characteristics that 

can be quantified at the individual organism or even organ level – together with community 

structure in relation to ecosystem functioning should therefore be a promising avenue to unravel 

the impact of plants on ecosystem functioning. 

To address this grand question, this thesis profits from an unprecedented breadth of in-situ 

observations from most ecosystems of the world. Baldocchi (2014) states that: “Flux information 

can be viewed as the currency by which we study ecosystem–atmosphere interactions”. And 

today ecosystem-atmosphere exchanges of energy and matter (the exchange fluxes of CO2, H2O) 

can be estimated using eddy covariance methods. Using these flux observations we can 
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characterize ecosystem physiological processes and functions and study them in relation to 

vegetation effects. This data are collected in the FLUXNET database (www.fluxdata.org) and are 

available for many sites covering a wide range of different ecosystem types, with a consistent 

data treatment and high temporal resolution. 

Unlike the fluxes plant traits and information on the vegetation has only been collected at some 

of the FLUXNET sites. However, the global database of plant traits – TRY– started to bring 

together plant trait databases and now by 2018 it contains nearly 7 million trait records for 1800 

traits (www.try-db.org). This database can be used to parameterize the traits from the plant 

species present at the FLUXNET sites.  

The fluxes and processes estimated from them like photosynthesis are under strong influence of 

environmental factors (e.g. temperature and radiation) and can vary within seconds unlike most 

of plant traits that vary on a slower paste. Using modeling approaches and theories coming from 

leaf physiology we can quantify the response of fluxes at ecosystem scale to environmental 

changes. For instance using a light response curve we can quantify the response of the ecosystem 

photosynthesis flux to increase in light density and thereby estimate ecosystems photosynthetic 

capacity analog to leaf level light-saturated photosynthesis known as Amax. This way we 

overcome the direct and instantaneous ecosystem response to environmental variability and look 

more into the ecosystems adaptive response that embeds plants response strategies. Properties as 

such are defined as ‘ecosystem functional property’ (EFP): intrinsic properties of the ecosystems 

that inherently include the influence of plant traits and their local heterogeneity. EFPs change 

rather slowly, at annual or seasonal time scales and are suitable to be linked to plant traits.  

In the context of the first paper contributing to this thesis, I expand the idea of EFPs and their 

link to plant community structure and traits. I provide extensive examples of EFPs that can be 

estimated by fluxes or retrieved from remote sensing information. In the second paper I evaluate 

the usefulness of species mean trait values to characterize the link between spatial variability of 

ecosystem photosynthetic capacity and plant traits. Finally, in the third paper, I assess the 

controlling factors on the stability of ecosystem photosynthetic capacity. 
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I found that the relationships are tighter when both of the measurements are synchronized in 

space and time (i.e. both in-situ and from the same year). While using plant traits from TRY to 

characterize plant species occurring at the sites provided the pattern of the relationships, but it 

was always showing a weak correlation. Using plant traits measured in-situ, improved the 

relationship only marginally. Only when the ecosystem photosynthetic capacity estimates were 

corresponding to the year of in-situ leaf sampling tighter relationships emerged. This was 

associated to the substantial inter-annual variability of ecosystem photosynthetic capacity, even 

though, years with known disturbances had been removed from the data beforehand.  

Using a stepwise regression model considering multiple plant traits and LAI simultaneously as 

predictors (also accounting for nonlinear relationships and interactions between variables), I 

show that the combination of leaf carbon to nitrogen ratio with leaf phosphorus content explains 

the variance of GPPsat between sites best (adjusted R2 = 0.55). 

Paper 3: Stand age and species richness dampen interannual variation of ecosystem-

level photosynthetic capacity 

In this study I explore the influence of plant traits and vegetation structure on the inter-annual 

variability of GPPsat. For 50 forest sites, between site differences of inter-annual variability 

magnitude of GPPsat was investigated. Inter-annual variability magnitude of GPPsat (cvGPPsat) 

is estimated as the coefficient of variation (cv) that is the standard deviation of GPPsat divided 

by the mean GPPsat within sites. The subject of the paper is based on the hypothesis that forest 

vegetation properties are main factors contributing the stability of the ecosystems. While 

considering forest age (here: stand age, which is the average tree age of the stand or age of the 

stand since the last major disturbance with stand replacement) and species richness, other factors 

related to climate, environment and forest structure that might have direct or indirect effects on 

ecosystem photosynthetic capacity are also studied. 

The year to year variability of GPPsat shows a close link to annual variation in air temperature 

and the water availability index (WAI) of the soil. However, the coefficient of variation of air 

temperature or WAI is not related to cvGPPsat. When I use a stepwise regression algorithm 

considering the different biotic and abiotic variables, stand age and species richness are chosen 

to be the most important factors explaining the between site differences of cvGPPsat. Together 
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the two variables could explain more than 50 percent (R2= 0.55, P< 0.0001) of the between sites 

variability of cvGPPsat. Stand age and species richness are negatively correlated to cvGPPsat 

and their relationship holds across different forest types (i.e. evergreen needle-leaved forest and 

deciduous broad-leaved and mixed forests). This means that the inter-annual variability of 

GPPsat is greatest in young forest with one or two dominant species, and is lowest in older and 

more species rich forests. Using a relative importance method (quantification of the contribution 

of individual regressors to a multiple regression model), shows the most important predictor 

between the two variables is the stand age, which contributes about 75% to the explained 

variance of cvGPPsat by both variables. In sum, older and more diverse forests seem to dampen 

the effect of climate variability on GPPsat irrespective of forest type. 

Conclusion 

To improve the predictive capacity of biosphere-atmosphere models, an independent quantitative 

evaluation of the imprint of plants on ecosystem function and ecosystem functional properties 

like photosynthetic capacity is needed. EFPs can be estimated in a comparable manner from 

fluxes at all FLUXNET sites and provide the response of ecosystems to climate embedded. They 

could be suitable means for empirically analyzing plants controls on ecosystem functioning. As 

shown in the second paper, between site differences of GPPsat was strongly linked to community 

weighted mean of different plant traits and strongest when both data were space and time 

synchronized.  Considering the developmental stages of plants, their phenology and also 

acclimation of plants towards their environment, it seems necessary to measure plant traits in-situ 

and in parallel to ecosystem fluxes. Since, space and time synchronized measurements of plant 

traits and ecosystem fluxes seem to be most informative, I highly recommend making continuous 

observations of species composition and plant traits several time during the growing season at 

the FLUXNET sites. In this regard, remote sensing retrievals of ecosystem scale plant traits and 

EFPs can be a potential avenue in the future to circumvent the mismatch between flux and trait 

data and in addition will potentially provide means to study temporal and spatial variability of 

plant traits in synchrony with EFPs. 

 In addition to the variability in plant traits, EFPs (in my study ecosystem photosynthetic 

capacity-GPPsat) can be also far from stable. Although GPPsat can be stable in old and species 

rich forests, it shows a high inter-annual variability in younger, species poor sites. When forests 
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age, species diversity increases, and forest structure (e.g. canopy surface) becomes more diverse 

or complex. Both of these facets of diversity can help the forest to buffer unfavorable conditions.  

It remains to be understood whether other EFPs characterizing efficiency in using water, 

radiation, nitrogen and carbon could explain the stability of photosynthetic capacity of the 

forests. Also, to understand whether it is plant functional diversity rather than species richness 

that can provide buffer for the ecosystems. 
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 ZUSAMMENFASSUNG 

Zustand und Zusammensetzung der Atmosphäre der Erde werden teilweise durch Interaktion mit den 

Ökosystemen kontrolliert. Die Interaktionen manifestieren sich im Austausch von Energie und Materie an 

den Grenzen von Landoberfläche und Ozean zur Atmosphäre und sind von grundlegender Bedeutung für 

die globalen biogeochemischen Kreisläufe. Insbesondere die terrestrische Biosphäre hat hierbei eine 

zentrale Bedeutung, da sie die biogeochemischen Kreisläufe durch Photosynthese, Aufnahme und Abgabe 

von Kohlenstoff, Stickstoff, Phosphor und anderen Elemente antreibt. Der terrestrischen Vegetation 

kommt in diesen Prozessen eine Schlüsselrolle zu und es wird zunehmend akzeptiert, dass verschiedene 

Aspekte der Biodiversität für das Funktionieren des Systems Erde als Ganzes ausschlaggebend sind.  

Trotz großer Fortschritte in diesem Bereich der Wissenschaft, gibt es allerdings noch große 

Wissenslücken. Insbesondere haben wir nur ein sehr begrenztes Wissen über die Bedeutung von 

Akklimatisation, Adaptation und funktioneller Biodiversität für die Austauschprozesse zwischen 

Biosphäre und Atmosphäre. Unter anderem muss dabei die Zusammensetzung der 

Pflanzengemeinschaften beachtet werden. In Kombination mit den Umweltbedingungen bestimmen auf 

langen Zeitskalen evolutionäre Prozessen und auf kurzen Zeitskalen Konkurrenz zwischen Arten die 

Zusammensetzung der Artgemeinschaften. Mit anderen Worten, Klimaänderungen oder generell 

Veränderungen der Umwelt auf verschiedenen Zeitskalen resultiert in einer Änderung der 

Zusammensetzung der Pflanzengemeinschaft und in Änderungen der Eigenschaften der einzelnen 

Pflanzen(arten), die zusammen wiederum die Funktionen der Ökosysteme beeinflussen. Basierend auf 

diesen Ergebnissen, ist die grundlegende Hypothese dieser Arbeit, dass die Kombination aus Struktur der 

Pflanzengemeinschaft und Eigenschaften der Pflanzen zusammen die Bedeutung der Vegetation für die 

Funktion der Ökosysteme prägen. Auf dieser Grundlage sollte die Analyse von quantifizierbaren 

Pflanzenmerkmalen – Eigenschaften die an einzelnen Pflanzen oder ihren Organen gemessen werden 

können – in Kombination mit der Zusammensetzung der Pflanzengemeinschaft ein vielversprechender 

Ansatz sein, um den Einfluss der Pflanzen auf die Funktion der Ökosysteme zu studieren. 

Um diese Fragen zu beantworten kann sich die Arbeit auf einen beispiellosen Datensatz aus 

Beobachtungen aus den meisten Ökosystemen der Welt stützen. Baldocchi (2014) schreibt, dass der 

Austausch von Energie und Materien eine einheitliche Währung darstellt in der die Interaktion von 

Ökosystemen mit der Atmosphäre gemessen werden kann. Der Austausch von Wasser und Materie (die 

Flüsse von CO2 und H2O) kann heutzutage mit Hilfe der Eddy-Kovarianz Methode bestimmt werden. Auf 

der Basis dieser Beobachtungen können wir physiologische Prozesse und Funktionen der Ökosysteme 

charakterisieren und sie in Relation zu Attributen der Vegetation analysieren. Diese Flüsse werden im 
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Rahmen der FLUXNET Initiative (www.fluxdata.org) an Standorten in einem großen Teil der 

Ökosysteme weltweit gemessen und in einheitlicher Form mit hoher zeitlicher Auflösung zur Verfügung 

gestellt.  

Im Gegensatz zu den Flüssen werden Daten zu Pflanzenmerkmalen und zu Vegetationseigenschaften nur 

an wenigen Standorten des FLUXNET Netzwerkes erhoben. Daten zu Pflanzenmerkmalen werden 

weltweit im Rahmen der TRY Datenbank (www.try-db.org) zusammengefasst. Die TRY Datenbank 

enthält, Stand 2018, annähernd 7 Millionen Messungen für 1800 Pflanzenmerkmale. Diese Datenbank 

kann verwendet werden um die Eigenschaften der Pflanzenarten an FLUXNET Standorten zu 

parametrisieren. 

Flüsse und Prozesse die auf Basis von Eddy Kovarianz Messungen bestimmt werden, z.B. Photosynthese, 

zeigen einen starken Einfluss von Umweltfaktoren (z.B. Temperatur und Strahlung) und können sich 

binnen Sekunden ändern. Demgegenüber schwanken Pflanzenmerkmale wesentlich langsamer. Mit Hilfe 

von Modellierungstechniken und Theorien aus der Ökophysiology kann die Reaktion der 

Ökosystemflüsse auf Umweltänderungen bestimmt werden. Zum Beispiel kann die Photosynthese-

Kapazität von Ökosystemen auf der Basis von Lichtsättigungskurven bestimmt werden. Auf diese Weise 

werden direkte Reaktionen der Ökosystemflüsse auf kurzfristige Schwankungen der Umweltbedingungen 

umgangen und Anpassungen von Ökosystemen an langfristige Umweltbedingungen können betrachtet 

werden. Diese Eigenschaften werden als funktionale Ökosystemeigenschaften (Ecosystem Functional 

Properties, EFPs) bezeichnet: intrinsische Eigenschaften der Ökosysteme die den Einfluss der Pflanzen 

und lokale Heterogenität enthalten. Diese Ökosystemeigenschaften schwanken eher langsam, auf 

saisonaler bis jährlicher Basis, und können daher gut mit Pflanzenmerkmalen korreliert werden.  

Im Rahmen des ersten Artikels, der zu dieser Arbeit beiträgt, vertiefe ich die Idee der funktionalen 

Ökosystemeigenschaften, insbesondere ihre Verbindung zu Pflanzenmerkmalen, und stelle eine Reihe 

von EFPs vor. Im zweiten Artikel untersuche ich in wie weit mittlere Pflanzenmerkmale pro Art geeignet 

sind um die Korrelation von funktionalen Pflanzenmerkmalen und EFPs zur charakterisieren. Im dritten 

Artikel untersuche ich schließlich welche Faktoren die Stabilität von EFPs unter variablen 

Umweltbedingungen bestimmen. 

Artikel 1: The imprint of plants on ecosystem functioning: A data-driven approach (Die Bedeutung der 

Pflanzen für Ökosystemfunktionen: ein empirischer Ansatz) 

In diesem ersten, eher konzeptionellen Artikel, beschreibe ich die Möglichkeiten die die Kombination 

weltweit konsolidierter Daten von Ökosystemflüssen und Pflanzenmerkmalen bieten. Zunächst vertiefe 
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ich dabei die Definition von EFPs und ihrer Verbindung zu Pflanzenmerkmalen als empirische 

Alternative zu prozess-orientierten Ansätzen. Da der Ansatz interdisziplinär ist, hoffe ich, dass er dazu 

beiträgt, die wissenschaftlichen Gemeinschaften von Geoökologen und Mikrometeorologen auf der einen 

Seite mit Pflanzenökologen auf der anderen Seite zusammenzubringen. Außerdem zeige ich das Potential 

auf, das eine globale Datenbank zu Pflanzenmerkmalen in diesem Zusammenhang hat. Um 

Pflanzenmerkmale repräsentativ für Ökosysteme zu berechnen führe ich eine Top-Down / Bottom-up 

Skalierung ein. Schließlich diskutiere ich den potentiellen Beitrag von satellitengestützter Fernerkundung 

zur Analyse der Beziehung von EFPs und Pflanzenmerkmalen. 

Artikel 2: Potential and limitations of inferring ecosystem photosynthetic capacity from 

leaf functional traits (Zur Eignung von Pflanzenmerkmalen für die Charakterisierung 

der Photosynthese Kapazität von Ökosystemen: Potential und Grenzen) 

In diesem Artikel werden die Korrelation verschiedener Pflanzenmerkmale (z.B. Blatt Stickstoff 

Konzentration) mit der Photosynthese Kapazität von Ökosystemen (GPPsat) getestet. GPPsat ist definiert 

als maximale Photosynthese des Ökosystems bei Lichtsättigung und ist ein Beispiel für funktionale 

Ökosystemeigenschaften (EFPs).  

Znächst analysiere ich in wie weit mittlere Pflanzenmerkmale der Arten (ohne Berücksichtigung der 

intraspezifischen Variabilität) und Mittelwerte von GPPsat (ohne Berücksichtigung der interannuellen 

Variation), geeignet sind um die räumliche Variation von GPPsat zwischen den FLUXNET Standorten 

durch Pflanzenmerkmale zu erklären. Hierbei werden mittlere EFPs und Pflanzenmerkmale schrittweise 

durch räumlich-zeitlich synchronisierte Messungen ersetzt. Die Korrelationen der Pflanzenmerkmale mit 

GPPsat werden enger, je besser die Messungen der Ökosystemflüsse und der Pflanzenmerkmale räumlich 

und zeitlich synchronisiert waren. Auf der Basis der mittleren Pflanzenmerkmale und GPPsat werden 

Richtung und Steigung der Korrelationen erkannt, aber mit geringen Korrelationskoeffizienten. Eine 

räumliche Synchronisation durch vor Ort gemessene Pflanzenmerkmale verbesserte die 

Korrelationskoeffizienten nur marginal. Erst die räumliche und zeitliche Synchronisation von 

Pflanzenmerkmalen und Ökosystemflussmessungen verbesserte die Korrelationskoeffizienten deutlich. 

Dies führe ich darauf zurück, dass GPPsat zumindest an einigen FLUXNET Satndorten eine erhebliche 

interannuelle Variation zeigt, die offensichtlich mit einer Variation der Pflanzenmerkmale korreliert ist. 

Daneben identifiziere ich die Kombination der Pflanzenmerkmale, die die räumliche Variation von 

GPPsat zwischen FLUXNET Standorten am besten erklärt. Neben den Pflanzenmerkmalen Blatt 

Stickstoff, Phosphor, Kohlenstoff und C13 Konzentration, dem C/N Verhältnis und der spezifischen 

17



Blattfläche, berücksichtige ich hierbei den Blattflächenindex (Blattfläche pro Grundfläche) als 

strukturelles Merkmal der Vegetation. Ich verwende multiple Regression zur schrittweise Variablen 

Selektion auf der Basis des Akaike Kriteriums. Der Regression Algorithmus berücksichtigt auch 

nichtlineare Relationen und Interaktionen zwischen den Variablen. Die Kombination aus C/N Verhältnis 

und Phosphorkonzentration in den Blättern erklärt die Variabilität von GPPsat zwischen den FLUXNET 

Standorten am besten (adjustiertes R2=0.55). Dies unterstreicht die globale Bedeutung von Stickstoff- und 

Phosphorkreislauf für den Kohlenstoffhaushalt der Ökosysteme. 

Artikel 3: Stand age and species richness dampen interannual variation of ecosystem-

level photosynthetic capacity (Bestandesalter und Artenzahl dämpfen die interannuelle 

Variation der Photosynthesekapazität von Ökosystemen) 

In dieser Studie untersuche ich den Einfluss von Pflanzenmerkmalen und Vegetationsstruktur auf die 

interannuelle Variation von GPPsat, da sich im vorhergehenden Artikel zeigt, dass die interannuelle 

Variation von GPPsat zwischen FLUXNET Standorten sehr schwankt und einige Standorte eine 

erhebliche Variation aufweisen. Die Studie basiert auf der Annahme, dass bestimmte Pflanzenmerkmale 

und Aspekte der Vegetationsstruktur zur Stabilität von Ökosystemen beitragen. Die Studie bezieht sich 

nur auf Wälder.  Neben den oben genannten Pflanzenmerkmalen berücksichtige ich das Bestandesalter 

(das mittlere Alter der Bäume oder der Zeitraum seit der letzten starken Störung), Anzahl der Baumarten 

und andere Faktoren, wie z.B. Klima, die einen direkten oder indirekten Einfluss auf die Variabilität von 

GPPsat haben könnten. Die interanuelle Variation von GPPsat wird als Variationskoeffizient berechnet 

(cvGPPsat, Standardabweichung dividiert durch den Mittelwert, relativ) und die relevanten Faktoren 

werden wieder über multiple Regression mit schrittweiser Variablen Selektion bestimmt. 

Während die Jahr zu Jahr Variation von GPPsat eine deutliche Verbindung zur Variation der 

Lufttemperatur und der Wasserverfügbarkeit aufweist, sind ihre Variationskoeffizienten nicht mit 

cvGPPsat korreliert. Die Anzahl der Baumarten pro Standort und das Bestandesalter werden als die 

Faktoren selektiert, die die Variation von cvGPPsat zwischen den FLUXNET Standorten am besten 

erklären. Zusammen erklären beide Faktoren mehr als 50% der Variabilität von cvGPPsat (R2= 0.55, P< 

0.0001). 75% der erklärten Varianz enfallen hierbei auf das Bestandesalter. Beide Faktoren sind negativ 

mit cvGPPsat korreliert. Dies gilt auch für die verschiedenen Waldtypen (Nadelwald, Laubwald, 

Mischwald). Dies bedeutet, dass die relativen interannuellen Schwankungen von GPPsat in jungen 

Beständen mit ein oder zwei dominanten Baumarten am größten ist und am geringsten in artenreichen 

Altbeständen. Dies bedeutet dass artenreiche Altbestände, unabhängig von Waldtyp, deutlich besser in 

der Lage sind Klimaschwankungen abzupuffern als artenarme Jungbestände.  
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Fazit 

Um die Vorhersagekraft von Ökosystemmodellen zu verbessern, ist eine unabhängige empirische 

Evaluation des Einflusses der Pflanzen auf Ökosystemfunktionen und funktionale 

Ökosystemeigenschaften notwendig. Am Beispiel der Photosynthesekapazität von Ökosystemen (GPPsat) 

zeige ich, wie EFPs in vergleichbarer Weise für alle FLUXNET Standorte aus den standardmäßig 

gemessenen Ökosystemflüssen berechnet werden können und Unterschiede der Ökosysteme 

charakterisieren. EFPs sind daher ein vielversprechender Ansatz um den Einfluss der Pflanzen auf 

Eigenschaften der Ökosysteme empirisch zu bestimmen. Im zweiten Artikel zeigt sich, dass 

Pflanzenmerkmale die Photosynthesekapazität der Ökosysteme am besten erklären, wenn die Messungen 

zeitlich und räumlich synchronisiert sind. Dies deutet auf eine sehr enge Beziehung von 

Pflanzenmerkmalen und Ökosystemfunktionen hin. Unter Berücksichtigung der verschiedenen 

Entwicklungsstadien von Pflanzen, ihrer Phänologie, und der Anpassung ihrer Eigenschaften an 

Umweltbedingungen, scheint es daher in diesem Zusammenhang ratsam, Pflanzmerkmale vor Ort und 

zeitlich synchronisiert mit den entsprechenden Ökosystemflüssen zu messen. Da diese räumlich-zeitlich 

synchronisierten Messungen den höchsten Informationsgehalt haben, wäre es sehr empfehlenswert an 

FLUXNET Standorten zusätzlich regelmäßige Messungen zur Zusammensetzung der Arten, inklusive 

Abundanz, und ihrer Merkmale in das Standard Messprotokoll aufzunehmen. Satellitengestützte 

Fernerkundung kann dabei in Zukunft helfen, wird aber wohl bis auf weiteres durch limitiertes 

Auflösungsvermögen nicht in der Lage sein den Einfluss der Biodiversität an den Standorten zu 

charakterisieren.  

Viele FLUXNET Standorte zeigen eine deutliche interannuelle Variation der Photosynthesekapazität, die 

auf Klimaschwankungen zurückzuführen ist. Für Wälder haben dabei Bestandesalter und Artenvielfalt 

eine dämpfende Wirkung. Mit zunehmendem Alter und höheren Artenvielfalt weisen verschiedene 

Bestandesstrukturen (z.B. die Oberfläche der Krone) zunehmend komplexe Muster auf. Diese 

Komplexität, ein wesentlicher Aspekt der Biodiversität, scheint den Beständen zu helfen unvorteilhafte 

Bedingungen gut zu überstehen - eine weitere Bestätigung des Absicherungseffektes der Biodiversität. 

Da ich in meiner Arbeit die nur Photosynthesekapazität als Beispiel für eine funktionale 

Ökosystemeigenschaft betrachtet habe, bleibt zu untersuchen, ob und wie sich die hier gewonnenen 

Erkenntnisse auf andere EFPs übertragen lassen, und ob und wie verschiedene EFPs miteinander 

korrelieren und somit eventuell die Stabilität der Photosynthesekapazität beeinflussen. Die dritte Studie 

wirft die Frage auf, ob ein ähnliches Muster auch für nicht-Wald Ökosysteme, z.B. Grassland, zu 

beobachten ist.  Generell wirft das Ergebnis des dritten Artikels die Frage auf, inwieweit mess- und 

19



quantifizierbare Merkmale funktionaler Diversität (z.B. funktionale Pflanzenmerkmale, 

Zusammensetzung des Bestandes) hinreichend in der Lage sind relevante Aspekte der Biodiversität, die 

hier offensichtlich in Artenzahl und Bestandesalter enthalten sind, widerzuspiegeln. 
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1. GENERAL INTRODUCTION 

1.1 Motivation 

The earth system emerges from the interaction of its different spheres. The interaction of the 

biosphere and atmosphere is one of them. Ecosystems vegetation plays an essential role in this 

important interaction (Heimann &  Reichstein, 2008). Plants cover about 70 percent of the earths 

land surface, and are one of the major adaptive parts of the earth system (WWF, 2016). They can 

exchange large quantities of carbon and water with the atmosphere and thus have a big impact on 

the biogeochemical cycles. Annually, plants absorb 123 Pg C through gross photosynthesis and 

release 118 PgC by respiration (Ciais et al., 2013). Globally, ecosystems can return 39 ± 10% of 

incident precipitation back to the atmosphere by transpiration (Schlesinger &  Jasechko, 2014). 

The ecosystems are subject to the conditions in their local climate, which creates different 

feedback pathways between ecosystem and climate (Heimann &  Reichstein, 2008). These 

feedbacks might dampen or magnify the effect of climate change on the ecosystems (Heimann &  

Reichstein, 2008). One of the sources of uncertainties in current earth system models is the poor 

understanding of the feedback, adaptation and acclimation processes in the ecosystems involving 

the phytosphere, i.e. plants.  

The ecosystems feedback to the climate is dominated by the interaction between organismal and 

physical properties at the ecosystem level and is manifested in the exchange of energy and matter 

between biosphere and atmosphere and cycling of chemical compounds (Bonan, 2008). In most 

experimental analyses and terrestrial biosphere models a grouping system based on functional 

similarity of plant types – plant functional type (PFT) – is used to represent characteristics of 

vegetation (Lavorel et al., 1997). The abundance of plant species and their traits are assumed to 

determine the characteristics of the vegetation and the variation within (Garnier et al., 2004, 

Lavorel &  Garnier, 2002, Violle et al., 2012). Therefore, plant traits and related vegetation 

model parameters can be highly variable within PFTs (Alton, 2011, Groenendijk et al., 2011, 

Kattge et al., 2011, Reichstein et al., 2014). Plant traits are also highly variable within species 

(Siefert et al., 2014). Consequently, both modeling (Pappas et al., 2016, Van Bodegom et al., 

2012, Verheijen et al., 2015) and observational efforts (Meng et al., 2015) aim to account for the 

variation of plant traits within and between PFTs, in order to better understand the relationship 

between vegetation characteristics and ecosystem functioning. The models have parameterized a 
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few specific plant traits and assume a clear process-based impact of these parameter values on 

modeled characteristics at the ecosystem level such as gross photosynthesis and respiration. 

However, empirical analyses are needed to back up these assumptions, especially with respect to 

carbon fluxes related to photosynthesis and respiration. Model uncertainties in these fluxes can 

lead to projection of land carbon fluxes in the future that can show the land as source or sink 

(Friedlingstein et al., 2014, Heimann &  Reichstein, 2008). Empirical analyses on the 

relationship between plant traits and ecosystem functions can help have a better grasp on the 

adaptation and feedback of plants to climate. 

Presently there is a growing amount of data on plant traits (Kattge et al., 2011) that can offer 

opportunities for introducing more detailed information and parameterization on plants in global 

terrestrial biosphere models (Brovkin et al., 2012, Pavlick et al., 2013, Sakschewski et al., 2016, 

Sakschewski et al., 2015, Van Bodegom et al., 2012, Verheijen et al., 2013, Wang et al., 2012). 

Despite of the huge scientific progress over the past decades in the field, we still face large 

knowledge gaps (Chapin et al., 2000, Grime, 1979, Lavorel &  Garnier, 2002, Southwood et al., 

1988). In particular, we have only a very limited understanding of the global role of biotic 

acclimation, adaptation and plant functional diversity in biosphere-atmosphere processes. Many 

studies have focused on specific regions or sites (e.g. Ma et al., 2010, Ollinger et al., 2008) and 

only few cover a wide range of ecosystems, but, if so then they are constrained in the number of 

traits (e.g. Kergoat et al., 2008).  

Today, we have access to unprecedented information on ecosystem-atmosphere exchanges of 

energy and matter from which we can estimate different ecosystem functions (Chu et al., 2017). 

This data are collected in the FLUXNET (www.fluxdata.org) database and are available for 

many sites covering a wide range of different ecosystems, with a consistent data treatment and 

high temporal resolution (Pastorello et al., 2017). Unlike the fluxes, plant traits and information 

on the vegetation has only been collected at some of these sites. However, the global database of 

plant traits – TRY (Kattge et al., 2011)– started to bring together plant trait databases and now 

by 2017 it contains nearly 7 million trait records for 1800 traits (www.try-db.org). This database 

can be used to parameterize the traits from the plant species present at the FLUXNET sites. 

While these data are not explicitly collected at the sites, they could potentially give us a first 

glimpse which traits are important for which ecosystem functions. Using these two global 
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databases together could help to identify key plant traits that influence ecosystem functions, 

which might not have been considered yet. 

Motivated by the importance of plants in mediating ecosystem functions, this study is geared 

toward a better understanding of the role of plants in the ecosystems. More specifically this 

thesis aims to present a conceptual framework to bring together knowledge from different 

communities of research. It presents the idea of estimating and understanding the ecosystem 

functions and its variability via the combination of ecosystem fluxes with plant characteristics. In 

addition, the thesis evaluates the link between plant traits and ecosystem functions benefiting 

from new opportunities that accessible big databases of fluxes and plant traits bring. 

In the introduction I will first provide background on ecosystems, ecosystem functions and the 

description of state of the art on how we can derive ecosystem functions globally (section 1.3). I 

will then give a short introduction on the role of plant traits and forest structure in mediating 

ecosystem functions (section 1.3, 1.4, and 1.5). After that, I will present the main objectives and 

structure of the thesis with a short overview of the three peer-reviewed scientific articles that will 

be discussed in the thesis (section 1.6): 

1. Musavi, T., et al., (2015) The imprint of plants on ecosystem functioning: A data-driven 

approach. International Journal of Applied Earth Observation and Geoinformation, 43 

119-131. 

2. Musavi, T., et al., (2016) Potential and limitations of inferring ecosystem photosynthetic 

capacity from leaf functional traits. Ecology and Evolution, 00: 1-15. 

3. Musavi, T., et al., (2017) Stand age and species richness dampen inter-annual variation of 

ecosystem-level photosynthetic capacity. Nature Ecology and Evolution, 1, 0048. 

After this section I will describe the dataset used in the thesis (section 2). Here, I will describe 

also the methodology used in the study with particular focus on plant traits data collection, eddy 

covariance data, and satellite data used in the analysis, and finally I will describe the 

methodology used to analyze the data and the relationship between the derived ecosystem 

functions and plant traits. 
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1.2 Background 

An ecosystem is a group of different types of living organisms together with the abiotic 

environment (physical and chemical) that they interact with as a functional unit (Chapin et al., 

2002). One of the first times that the word ‘ecosystem’ was mentioned was in a publication by 

Tansley (1935). Ecosystems have no defined size and thus could be referred to at the scale of the 

earth system or, as we discuss it in this thesis, as small as a needle-leaved forest or a grassland 

(Chapin et al., 2002). The concept has been very useful for studying and understanding natural 

systems considering interactions within (Willis, 1997). The interaction between the biotic and 

abiotic components of the ecosystem is realized by the exchange of matter and energy. 

Estimating the “magnitude and dynamics of ecosystem processes” one can quantify ecosystem 

functioning (Naeem et al., 1999). Ecosystem processes and functioning are influenced by 

external factors like climate variability and disturbances but are mediated by the feedback of the 

abiotic and biotic compartments to these factors (Reichstein et al., 2014). Advancing in 

understanding ecosystem processes and functioning can help improving ecosystem models and 

their predictions. Understanding them can help to discover how the interactions between the 

biotic and abiotic compartments of the ecosystem can be influenced by climate fluctuations and 

to what degree they can alter the earth system as a whole. Ecosystem processes and functioning 

are the outcome of interactions within different biota levels with each other and with their 

environment and it is not always possible to separate these different contributions (Naeem et al., 

1999). For example forest productivity is the total production of all individual trees and is the 

result of the interaction between individual trees in terms of how the energy of sun light is 

distributed between the canopies and how they interact with their environment.  

1.3 Ecosystem fluxes and functions – with focus on carbon cycle 

1.3.1 Global Carbon Cycle 

The uncertainties in the carbon cycle predictions of earth system models are much higher than 

other cycles (e.g. water). Plants release a lot more carbon (C) to the atmosphere compared to 

anthropogenic activities. The plants role in a future with increasing atmospheric CO2
 

concentration and temperatures is unknown (e.g. whether it will be sink or source).  The global 
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carbon (C) cycle is represented in the scheme in Figure 1, adapted from the recent AR5 IPCC 

Report (Ciais et al., 2013).  

 

Figure 1: Scheme of the global carbon cycle (cf Fig 6.1 of IPCC report 2006 – section 6). The numbers are 

represented in PgC for carbon stocks (1PgC = 1015 gC) and in PgC yr-1 for annual carbon exchange fluxes. This 

figure shows how carbon moves between atmosphere, land and oceans. Red fluxes are human contributions while 

the others are the natural fluxes. Boxes indicate the stored carbon. Positive fluxes are inputs to the atmosphere 

(emissions) and negative fluxes are losses from atmosphere (sinks). 

C is removed from the atmosphere through the photosynthesis of plants - Gross Primary 

Production (GPP), which is estimated as 123 PgC yr–1 (Ciais et al., 2013). The C fixed into 

plants is then converted in plant tissues, and cycled through litter and soil carbon pools. C is 

released back to the atmosphere by respiratory processes (Total Ecosystem Respiration, TER) 

and disturbances (e.g. fires). TER is composed by two main processes: autotrophic (plant) and 

heterotrophic (soil microbial and animal) respiration. TER and fires together is quantified to be 

about 118.7 PgC yr-1 (Ciais et al., 2013). 
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GPP and TER are by far the largest carbon fluxes between the atmosphere and biosphere, and the 

net carbon uptake of an ecosystem (Net Ecosystem Productivity, NEP, or Net Ecosystem 

Exchange, NEE), is in most ecosystems dominated by these two components as defined by 

Chapin et al. (2006): 

NEE = TER-GPP = -NEP 

C losses from the ecosystem could be also from non-respiratory processes like C emissions from 

fire or volatile organic compounds or by lateral transport. The net balance considering these C 

losses is defined as Net Ecosystem Carbon Balance – NECB (Chapin et al., 2006) and as Net 

Biome Productivity – NBP for larger scales (Schulze, 2006). 

Ciais et al. (2013) report a global terrestrial NBP of 2.6 ± 1.2 PgC yr-1. This value represents the 

amount of C that the terrestrial land surface assimilates from the atmosphere and therefore it is 

called “sink” for atmospheric CO2. 

It has been shown that C storage has increased in the terrestrial ecosystems (Le Quéré et al., 

2009). According to Ciais et al. (2013) the increased C storage is not affected by land use change 

and is likely to be caused by enhanced GPP due to higher CO2 concentrations in the atmosphere 

and nitrogen deposition, and changes in climate favoring greening of the Northern Hemisphere 

that enhance the C sinks by lengthening growing seasons in mid-to-high latitudes (Piao et al., 

2006).  

The contribution of terrestrial ecosystems not affected by land use change is the so called 

“residuals land sink” and shows a pronounced inter-annual variability (IAV) (Le Quéré et al., 

2009). The main contributors to this IAV are considered to be the tropical rainforests – because 

of its’ sensitivity to non-CO2 atmospheric warming (Cox et al., 2013) and the semi-arid 

ecosystems (Poulter et al., 2014). Extreme events are also largely contributing to the IAV of the 

C cycle (Reichstein et al., 2014), such as the effect of El Niño on the photosynthesis of tropical 

forest (Cavaleri et al., 2017).  
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1.3.2 Monitoring high temporal resolution carbon fluxes in a variety of ecosystem 

types 

Micrometeorological techniques can provided a convenient option to estimate ecosystem 

physiological properties. It is possible to quantify the exchange of carbon dioxide (CO2) between 

the ecosystem and atmosphere using the eddy covariance method (Aubinet et al., 2000, 

Baldocchi &  Meyers, 1998, Baldocchi &  Bowling, 2003). 

The eddy covariance technique measures the covariance between vertical wind velocity and gas 

mixing ratio within the atmospheric boundary layer – the air layer near the ground with rapid 

fluctuations of temperature, moisture, etc. that has a strong vertical mixing– and allows the 

assessment of mass and energy exchanges across the biosphere-atmosphere interface (Aubinet et 

al., 2000). In the last three decades it has been widely used in micrometeorology as well as 

ecosystem ecology to determine exchange rates of trace gases over natural ecosystems and 

agricultural fields, and to quantify gas emission rates of CO2, water, methane among others and 

latent and sensible heat fluxes between the ecosystem and the atmosphere.  

Eddy covariance technique can provide flux measurements at the ecosystem scale (from few 

hundred meters to one km around the flux tower, depending on the height of the instrumentation 

and the wind speed); it provides continuous measurements at a half-hourly resolution. In 

addition, it is possible to look at the variability of fluxes at a variety of temporal scales (Campioli 

et al., 2016, Stoy et al., 2009). Therefore this technique has become widely distributed over the 

last three decades in a way that now more than 500 research sites exist that are located across a 

variety of biomes and climatic regions, which collect the data and contribute them to regional 

and global networks (Baldocchi, 2008, Pastorello et al., 2017). The number of sites is still 

growing. The result was the establishment of a worldwide network of micrometeorological eddy 

covariance stations (FLUXNET, http://www.fluxdata.org) (Baldocchi et al., 2001) with the goal 

to evaluate carbon exchange (water vapor and energy) dynamics in different ecosystems and to 

create an integrated database for synthesis and modeling. In addition, scientists are continuously 

working on improving techniques and instruments at the micrometeorological tower sites.  

The FLUXNET database was developed using standardized data treatment described in Papale et 

al. (2006) and Pastorello et al. (2017), which facilitates the data comparison over different sites. 
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The map of the sites in the FLUXNET database is reported in Figure 2. Long-term measurements 

of CO2 and greenhouse gas fluxes obtained using the eddy covariance technique are a useful tool 

for elucidating the carbon balance of terrestrial ecosystems, the causes of its IAV and for 

improving the understanding of the interaction between carbon, water, energy fluxes and climate. 

Moreover, data from eddy covariance sites are also used to test and evaluate a variety of 

terrestrial biosphere models. 

 

 

Figure 2: Location of FLUXNET sites over the globe. 

 

With the typical set up, this technique provides accurate and continuous measurements of NEE, 

resulting from the balance between the assimilatory (i.e. photosynthesis) and respiratory (i.e. 

autotrophic and heterotrophic respiration) processes. From the NEE measurements, other flux 

components of the carbon cycle, ecosystem processes of GPP and TER can be derived. This is 

typically achieved using modeling approaches known as partitioning methods (Lasslop et al., 

2010, Reichstein et al., 2005).  

The flux partitioning method used in this work relies on the method proposed by Reichstein et al. 

(2005), which is currently implemented into the R package REddyProc (Wutzler et al., 2018 

submitted). The method uses only high quality measured data (typically 40% of the time series, 

Falge et al. (2001)) to derive the constituent flux TER from the relation between air temperature 
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The climate influence is also evident when looking at the seasonal variability of fluxes by 

controlling plant phenology (Richardson et al., 2013). The phenology of plants in boreal and 

temperate ecosystems is controlled by climatical factors such as temperature, radiation and day 

length (photoperiod) and in water limited regions by water availability (Forkel et al., 2015). 

Therefore, short-term variation of fluxes can be explained by climatic variables, but the long 

term variations (inter-annual or longer) can only be understood accounting for the properties of 

the vegetation at the sites. 

Using the link between fluxes and environmental variables the fluxes can be up-scaled to 

continental and global level to estimate for example regional carbon uptake (Beer et al., 2010, 

Jung et al., 2010, Jung et al., 2011, Jung et al., 2017, Papale &  Valentini, 2003). One of the first 

times the upscaling was done, was for CO2 fluxes and only few environmental variables were 

used (air temperature, air relative humidity and photosynthetic active radiation) (Papale &  

Valentini, 2003). Nevertheless, it is important to account for changes in vegetation variability, 

characteristics and biodiversity when we want to understand the long term dynamics and 

responses of fluxes to climate drivers (Richardson et al., 2013, Stoy et al., 2009).  

Later, for advancing up-scaling practices of ecosystem processes of evapotranspiration and 

fluxes of CO2, vegetation structure (using the remotely sensed fraction of absorbed 

photosynthetic radiation), and vegetation types (e.g. PFTs) were also considered as model input 

(Beer et al., 2010, Jung et al., 2010, Jung et al., 2011). Still these studies did not take the spatial 

and temporal variability of plant characteristics within the PFTs in to account. This is because 

climate is not only changing the phenology of the vegetation as mentioned before but also the 

average values of traits (will be discussed later in section 1.4.). 
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1.4 Plants and plant traits 

As introduced above, plants are fundamental for the functioning of the terrestrial ecosystem. 

They capture sunlight and CO2 from the atmosphere and release oxygen. They turn the light 

energy into chemical energy while producing carbohydrates by combining CO2 and water. The 

fixed carbon along with some other elements in the plant tissue is then further transferred to the 

soil by the formation of humus and to other organisms in the ecosystem through herbivores and 

carnivores who feed on herbivores. By acquiring and transforming resources they create cycles 

of different matters like carbon or nitrogen and link different organism and physical reactions 

together. These cycles depend on the interaction of all the elements in the earth’s system. 

Further, plants have also substantial indirect effects on ecosystem processes through shading, 

thermal insulation, tissue-quality effects on decomposition, etc. (Chapin et al., 2002). 

Plants can change their functioning in order to optimize their ecological performance in response 

to a changing environment – in other words to survive and enhance their fitness. This is called 

acclimation and could happen during the life-time of a plant individual. Acclimation changes the 

phenotype of individuals, i.e. their properties, e.g. amount of nitrogen they allocate in leaves or 

roots. But these changes are limited to ranges determined by the genotype. This ability helps the 

plants to function during their life cycle while being faced with various changes in their 

surroundings and not being able to move away when it is unfavorable for them. Therefore, 

characteristics of plants have been seen to change in relation to environmental drivers. On longer 

time scales adaptation helps plants adapting to their environment by changes in the genotype 

pool.  

In the evolutionary process plant species evolve with gradual genetic – and in consequence 

phenotypic - shifts and are comprised of distinct traits or properties characterized by a specific 

range of possible values. Plant traits are properties (e.g. morphological, physiological) that can 

be quantified at the individual organism or even organ level (Violle et al., 2007) and it has 

received attention of ecologists decades ago (Keddy, 1992).  

Plant traits reflect the outcome of evolutionary adaptation and short term acclimation processes 

as response to abiotic and biotic environmental constraints (Diaz et al., 2004, Valladares et al., 

2007, Westoby et al., 2002). Thus plant traits are dynamic, so the impacts and relative 
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importance of their influence can also change over the growing season and with plant age 

(Eviner &  Chapin, 2003). Information on plant traits may therefore be a more objective 

predictor of ecosystem dynamics and functioning than for instance species identity or functional 

group classification (McGill et al., 2006). 

When plant individuals change functional traits for fitness in their environment, their population 

should be able to influence dynamics in their community and so also the functioning of the 

ecosystem they form. A range of different species can have different responses to environmental 

perturbations and this functional diversity can increase the stability of an ecosystem in terms of 

process and functioning in response to disturbance and variation in abiotic conditions (Hooper et 

al., 2005). The combination of plant species can be complementary in the use of resources and 

can thus improve productivity and nutrient retention (Hooper et al., 2005). Plant species 

composition and diversity are known to affect ecosystem processes and function (Hooper et al., 

2005). In summary, ecosystem responses to climate variability or in general environmental 

changes will manifest in changes in species composition or trait alterations and ultimately 

alterations in ecosystem functioning (Mori et al., 2013, Tomimatsu et al., 2013). 

While I mentioned that short-term variations in fluxes are linked to environmental variables, 

plant traits vary with environmental variables at longer time scales. Leaf traits such as leaf 

nitrogen content, leaf lifespan, specific leaf area (SLA) change with temperature and 

precipitation at inter – to multi-year scales (Wright et al., 2004). Leaf area, SLA, seed mass, 

wood density and plant height are related to solar radiation (Ackerly &  Cornwell, 2007, Ackerly 

et al., 2002). There are many more studies showing the link between plant traits and environment 

(Cingolani et al., 2007, Díaz et al., 1998, Grime, 1974, Grime, 2007, Ozinga et al., 2004) and 

some also on the link between traits with each other and their traid-offs (Díaz et al., 2004, Díaz 

et al., 2016, Wright et al., 2004). Plant traits variation in accordance to their environment creates 

spatial variation in the traits along environmental gradients (Martinez-Vilalta et al., 2009, Vila-

Cabrera et al., 2015). In addition to the spatial variation plant traits vary in the course of the 

growing season as well. Some like nitrogen concentration of the leaves vary more compared to 

the others such as leaf carbon concentration or leaf mass per leaf area ratio (Ma et al., 2010, 

Migita et al., 2007).  
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Plant species effects on ecosystem processes can be better explained by considering multiple 

plant traits than a single trait (Eviner &  Chapin, 2003, Mack &  D'Antonio, 2003). Single plant 

traits or a combination of plant traits can be involved in the control of multiple ecosystem 

processes (de Bello et al., 2010, Diaz et al., 2006, Eviner &  Chapin, 2003, Lavorel &  Garnier, 

2002). For example leaf area and leaf nitrogen concentration are related to NPP (total 

photosynthetic gain of the vegetation per unit area of soil surface and per unit time after 

subtracting the quantity of respired carbon) (Gross et al., 2008). Generally, traits linked to the 

leaf economic spectrum (Wright et al., 2004) are mostly linked to photosynthesis, productivity or 

litter decomposition processes while root traits are more linked to respiration and water related 

processes. This links could be at different levels, such as leaf, species, community and 

ecosystem. Studying the links at higher levels such as the ecosystem level, could be more 

difficult since various factors can be interacting together to influence certain processes. 

Functional diversity is the variety in plant functional traits of a plant community with respect to 

their value, the range of the value and relative abundance (Chapin et al., 2000, Diaz &  Cabido, 

2001), which is more relevant to local-scale ecosystem functioning than taxonomic diversity 

(Chapin et al., 2000, Diaz &  Cabido, 2001, Grime, 1998b, Hooper et al., 2005). Abiotic and 

biotic changes and disturbance in the environment affects the functional diversity of plant 

communities in the direction that they can lead to the selection of species that sustain certain 

traits (Diaz et al., 1999). For example high nitrogen availability in soils favors fast growing 

species over slow growing species (Thompson, 1994). This in turn can change the ecosystem 

processes and functions. Therefore changes in environmental drivers (e.g. climate or disturbance) 

will affect the functional diversity and will favor species exhibiting certain traits. This in turn 

will change the ecosystem functioning and the altered ecosystem processes and functions will 

influence change climate via the atmosphere-biosphere feedback (Diaz et al., 2007). 

Still, it is not clear how these trait syndromes – patterns of trait correlations indicating different 

ecological strategies (Nock et al., 2016) – respond to changes in climate and how these can be 

translated into ecosystem functioning related to nutrient and carbon cycles and also ecosystem 

resilience to environmental changes. In simple words, how are the long-term variations in fluxes 

of carbon, water and energy that are not well explained by environmental drivers determined by 

the properties of the plants? 
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1.4.1 Plant traits at FLUXNET sites  

Studying ecosystem processes and functions derived from fluxes in relation to species richness 

and diversity is not always feasible due to a lack of information on the biodiversity at the sites. It 

is even harder to include plant traits is these studies because measurements of traits are not done 

in most of the sites or are done but only once and are then rarely repeated in time. While there 

are general protocols on how to measure plant traits with some description of the sampling 

methods (Cornelissen et al., 2003, Perez-Harguindeguy et al., 2013), there are no “standard” 

ways of sampling methods, selection of individuals and species at the footprint of the FLUXNET 

sites. 

The sampling at the sites is important because it should be in a way that the traits and species are 

representative of the part of the vegetation that has the most significant contribution to the fluxes 

(“footprint”). In addition, the seasonal distribution of environmental conditions such as 

temperature or light is essential for the adaptation of plants to their environment (Grime, 1997, 

Lechowicz, 2002) and plant traits are different the way they change throughout the phenological 

cycle. Moreover, some traits appear to be more plastic in response to their environment like 

specific leaf area (SLA) and plant height to variation in light availability, while this is not the 

case for seed mass (Garnier et al., 2015). Thus at which phenological stages and how many times 

the sampling should be done is also important and not yet described extensively for different 

traits and at the FLUXNET sites it is mostly done at the peak of the phenological state.  

Only in recent years attention has been given to this matter and scientists started to work on 

common protocols on sampling and measuring plant traits at the FLUXNET sites (ICOS - 

https://www.icos-ri.eu/ and NEON - http://www.neoninc.org/). Yet information on what type of 

traits would be important for the fluxes to be measured are insufficient and most of the efforts 

are limited to a handful of traits like SLA, leaf nitrogen and phosphorous concentration. Hence 

meta-analysis using data from FLUXNET and plant trait databases can be a good step to bring 

insight in to which plant traits are better linked to which fluxes or processes in order to 

necessitate their collection at field campaigns (discussed in section 1.6 and extensively in section 

2). Using plant trait databases means that one should generalize the trait values for a given 

species i.e. using average values. However, it is not investigated whether it is acceptable to 
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ignore intra-specific variability of traits for the analyses of plant imprint on ecosystem functions 

like GPP, TER or NPP. This will be further discussed in section 2.  

1.4.2 Plant trait database 

The plant trait database TRY used in this thesis is a data platform, which has put together 

different databases to make one common curated database (Kattge et al., 2011). The underlying 

mission is: “TRY is a network of vegetation scientists headed by Future Earth and the Max 

Planck Institute for Biogeochemistry, providing a global archive of curated plant traits. The TRY 

database is a research platform of iDiv.” (https://www.try-db.org/TryWeb/Home.php) 

In the past scientist who collected data either published it alongside their study or the data was 

lost and forgotten. Some datasets were deposited in archives like DRYAD but not curated. The 

idea behind TRY was to make one big database providing plant trait records standardized to be 

fit for purpose that could be used free of charge while still acknowledging the people who 

collected and shared the data. In this way it is easier for people in other disciplines to access 

plant trait data even though plant traits might be not their field of expertise or they might not 

know all the small and local databases that have the data they need. It also facilitates the 

understanding in which area data collection is missing so that new studies could focus on them. 

Since they are many different formats for different databases, like the way meta data are reported 

or the units of the traits or the way the traits are measured or named, every time a database is 

added to TRY, it is first verified, reformatted and integrated with previous information in TRY 

and only afterwards it is published on the web to be available for everyone. Harmonizing all the 

different databases, TRY made it easy to find data on specific traits with specific condition. 

Now TRY is highly disseminated and used. The data describes plant traits from throughout the 

globe and includes 1,800 traits. It has now 6.9 million trait records for 148,000 plant taxa (mostly 

species).  

1.5. Objectives and structure 

The overall aim of this thesis is to better understand the link between ecosystem functioning and 

plant traits. The introduction continues with the description of the research topics that are the 

focus of this thesis and are presented in three peer-reviewed papers in sections 2, 3 and 4. After 
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the introduction, section 2 follows with a general description of the methods applied throughout 

the thesis. The main conclusions of the thesis as a whole are summarized with respect to the 

research topics in section 3.1, 3.2, and 3.3. Figure 3 shows how the papers are linked together. In 

addition it demonstrates how each was a consequence of the previous one regarding the 

questions that were arising in every step and tested in the subsequent one.  

 

Figure 3: Framework demonstrating the link between the articles resulting from this dissertation. Upper black and 
bold boxes show the different topics and links studied in this dissertation. Colored boxes in the middle indicate 
articles included in this dissertation (i.e. Paper 1 – Musavi et al., 2015, International Journal of Applied Earth 
Observation and Geoinformation; Paper 2 – Musavi et al., 2016, Ecology and Evolution; Paper 3 – Musavi et al., 
2017, Nature Ecology and Evolution). Black boxes in the bottom row indicate different data types and 
methodologies applied in the different papers. The lines show the different topics, data and methodological 
applications that were used in each paper. Arrows between the middle boxes, indicate the influence of each paper on 
the next one. Others presents the topic related articles that I co-authored; Migliavacca et al., 2017, New Phytologist 
(contributed data analysis, edited and discussed paper), Thonike et al., in preparation (contributed in writing and 
editing paper) and Mahecha et al., in preparation (contributed data, discussed and edited paper). EFP: ecosystem 
functional property, TRY: plant trait database, FLUXNET: micrometeorological database network. 

At first in Paper 1, which is a conceptual article, I formally introduce the role of plant traits in the 

context of ecosystem functional properties and discuss concepts of using the two global data-

base FLUXNET and TRY in order to understand the effects of plant traits on ecosystem 

functional properties. In Paper 2 I analyzed the relevance of spatial and temporal synchronization 

of flux and trait measurements. I executed a study using plant traits from TRY and plant traits 

from leaf samples at the FLUXNET sites and compare them in relation to GPPsat derived from 

FLUXNET eddy covariance data. Paper 3 is then further examining the IAV of GPPsat which 
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was shown to be a significant part of the GPPsat property in relation to plant traits. Please see 

Figure 3 for an abstract introduction of the link between the papers. 

1.5.1. Paper 1 - Plant traits in the context of ecosystem functional properties (EFPs)  

In the past, many attempts were made to identify plant traits that could have strong effects on 

ecosystem functioning, e.g. classifying them by traits that control the acquisition and use of 

resources, those that are important for structuring the food web and the ones that have an 

influence on how disturbances (e.g. fire) can affect the ecosystems (Chapin et al., 1997) or 

classifying them into effect and response traits (Lavorel &  Garnier, 2002, Suding et al., 2008). 

These studies mostly focus on the plant traits and do state links to ecosystem properties are only 

in qualitative term, which is in contrary to flux studies that mostly focus on fluxes, 

environmental variables and vegetation structural properties as a proxy for biotic influences. In 

this Paper I integrate traits-based research into the concept of ecosystem functional properties to 

establish a framework how empirically analyze the impact of plants on ecosystem functioning.  I 

aim bring to the attention of both communities that fluxes and functional biodiversity need to be 

studied in concert. In this paper I aim to highlight opportunities – so far not fully explored in 

ecology – realized by consolidated information on plant species characteristics (in-situ and 

remotely) and ecosystem fluxes at local to global scale. Although many studies exist on the link 

between ecosystem processes and functions with environmental factors the role of the vegetation 

is still not fully understood. This is due to the fact that monitoring fluxes is done mostly by geo-

ecologists and micro-meteorologists, while studies on biodiversity and plants are done by 

biologists, ecologists, community ecologist etc. and the subjects needs a more interdisciplinary 

approach. In addition, sampling of plants at the flux sites in order to have a representative 

measure of the whole ecosystem has also its complications. Most of the research done on the link 

between plants and fluxes or function and processes derived from them were on limited number 

of sites. (See Figure 4) 
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Figure 4: Framework demonstrating topics covered and data sources employed in the conception of paper 1 of this 
dissertation (Musavi et al. (2015), International Journal of Applied Earth Observation and Geoinformation). 

 

Measurements of plant traits with biweekly frequency at two sites for several years have shown a 

strong association between seasonal and inter-annual variability (IAV) in ecosystem 

photosynthesis with the dynamics of leaf traits (Ma et al., 2010). Another study conducted at 12 

sites confirms the known relationship between leaf photosynthesis and leaf nitrogen 

concentration at forest canopy scale (Ollinger et al., 2008). Also, ecosystem level light use 

efficiency which is the ratio between photosynthesis and light capture has been shown to be 

strongly linked to the leaf nitrogen concentration of the dominant species at the sites (Kergoat et 

al., 2008).  

In all studies in this direction either the study was done on a few sites with many plant traits or 

on many sites but one or two plant traits. One of the first times that the link between plants and 

ecosystem functions derived from fluxes is formally recommended is in Reichstein et al. (2014). 

They introduce Ecosystem Functional Properties (EFP) “as quantities that characterize 

ecosystem processes and responses in an integrated and comparable manner” and as comparable 

to ecophysiological leaf-level characteristics. In Paper I, I expand the definition of EFPs and 
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provide two extensive tables with examples on EFPs derived using eddy covariance fluxes or 

retrieved from remote sensing. 

Next, I introduce top-down and bottom-up scaling approaches to match the temporal and spatial 

scales of plant traits and EFPs. In addition, I discuss how recent advances in remote sensing 

information can be used in linking EFPs and biotic factors related to them. Here, I also discuss 

how recent efforts in collecting plant trait data has created a global database of plant traits that 

can be used to take a first glimpse of what plant traits are important for ecosystem functioning 

and, in this way, overcome the limited trait information that are present at the sites. By this 

means it is possible to also identify the plant traits important for different EFPs and to provide 

suggestions for plant sampling protocols at the sites. Especially that more than 100 plant traits 

are collected in TRY and we might identify significant links between EFPs and plant traits that 

were never considered to be important in the EFP-plant relationship. Overall, I propose a way to 

empirically explore the intrinsic biotic controls of terrestrial ecosystems on ecosystem 

functioning. These new pathways can potentially increase our understanding of which plant traits 

or plant trait combinations control spatio-temporal variations of functions occurring at the 

ecosystem scale, in interaction with climate and environmental factors. 

1.5.2. Paper 2 - Spatial and temporal synchronization of plant trait and EFP 

measurements 

Following paper 1, here I conduct a case study realizing the idea to use species averaged plant 

trait data from TRY to identify important plant traits explaining between-site variations of EFPs 

(See Figure 5). One of the constrains for testing the links between plant traits and EFPs is that on 

the one hand measurements of plant functional traits have not yet been carried out systematically 

at FLUXNET sites. On the other hand where measurements of plant traits were systematically 

done, fluxes and EFPs were not sufficiently estimated. Therefore, studies linking EFPs and plant 

traits across a wide range of ecosystems are rare (e.g. Kergoat et al., 2008). In the previous paper 

I suggested using the global database of plant traits - TRY (Kattge et al., 2011) to facilitate the 

identification of different traits for plant species present at FLUXNET sites to overcome the 

limited plant trait information that exists at FLUXNET sites. However, it is possible for trait 

values of particular site to deviate from those reported in broad scale databases. Therefore, here I 

test the potentials and limitations of using plant functional traits derived from a global database 
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(e.g. TRY) versus traits obtained directly from the FLUXNET sites. In this paper I systematically 

explore the uncertainties introduced to the relationship between EFPs and plant functional traits 

that are related to the spatial and temporal dynamics of both ecosystem functioning and traits and 

the relevance of synchronized observations. Using ecosystem photosynthetic capacity as an 

example, I first provide an objective approach to derive robust estimates of the EFP ecosystem 

potential photosynthetic capacity (GPPsat) from gross primary productivity (GPP) obtained from 

eddy covariance flux measurements. Thereafter, I evaluate the EFP-plant trait relationship by 

investigating the impact of synchronizing EFPs and plant functional traits in time and space. I 

use this analysis to understand to which extent we can benefit from global plant trait databases to 

explain the variability of ecosystem GPPsat and to obtain a first indication which plant traits can 

be important to provide this link. In addition, using the in-situ plant traits and a pure data driven 

approach I identify a set of plant functional traits that control ecosystem GPPsat at the selected 

sites.  

 

Figure 5: Framework demonstrating topics covered, data sources, methodological approaches and previous study 
(Paper 1) employed in the development of paper 2 of this dissertation (Musavi (2016), Ecology and Evolution). 
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1.5.3. Paper 3 - Impact of stand age and species richness on inter-annual variability 

(IAV) of EFPs 

With successional time forests experience disturbances or single tree fall that allow different tree 

species or individuals in different sizes occupy the gaps, which results in temporal (e.g. 

phenology) or spatial heterogeneity of plant traits. Also, diversity often increases in addition to 

spatial complexity with stand age (Wirth, 2009). Thus the coexistence of species and their 

interaction with each other like resource use complementarity might make forests more robust to 

environmental changes. Generally, the idea that plant diversity has a positive effect on the 

stability or resilience of ecosystems has a long history and has been the subject of many studies 

(Bengtsson et al., 1997, McGradySteed et al., 1997, Mcnaughton, 1993, Naeem &  Li, 1997). 

Since the impact of forest on the atmospheric carbon dioxide (Malhi et al., 1999) is relevant in 

the context of climate change mitigation (Schulze et al., 2000), it is very relevant to understand 

how forest could be more resilient. Is it structural, taxonomic or ontogenetic diversity of forests 

lending them resilience?  

Following the results of the second paper, in this paper I investigate the cause of the differences 

of magnitude of the IAV of ecosystem GPPsat at the FLUXNET sites. The IAV of ecosystem 

GPPsat is still not well understood. This can hamper the predictability of the global carbon cycle, 

since the total uptake of CO2 by ecosystems via photosynthesis (i.e. GPP) is one of the most 

important fluxes in the global carbon cycle.   

Since there are only a few sites that collected plant traits over several years, it was not possible to 

study the IAV of ecosystem functional properties such as GPPsat in relation to plant traits. 

Therefore, I used stand age and species richness of the sites as means to have a clue whether the 

vegetation at the sites is also influencing the differences in the IAV existing between the forest 

sites. 

In this study (See Figure 6), I explore the link of the inter-annual magnitude of ecosystem 

GPPsat as a proxy for ecosystem stability with the properties of the vegetation at the site; here 

stand age, species richness, LAI, canopy height and cover. In the study I use a variety of data 

sources, from remote sensing information to ecosystem level CO2 fluxes, and also consider and 

discuss a series of potential confounding factors (air temperature, precipitation, soil water and 
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nutrient availability), in particular the role of climate and structural differences of the different 

forest sites as potential drivers as well. 

 

Figure 6: Framework demonstrating topics covered, data sources, methodological approaches and previous study 
(Paper 1 and Paper 2) employed in the development of paper 3 of this dissertation (Musavi et al. (2017), Nature 
Ecology and Evolution). 

2 General methods 

For the purpose of this thesis I did a lot of data collection and treatment. Data for species 

composition at the sites and plant traits were collected from TRY, FLUXNET, and additional 

literature search and by request from site principle investigators (PIs). For the estimation of EFPs 

I used micrometeorological data (flux) from FLUXNET and FAPAR and LAI from online 

available remote sensing products that were available at the institute. Detailed explanations are 

given in the following sections; 

2.1 Collection of species cover and ancillary data 

First, the ancillary database of FLUXNET was downloaded. A preliminary analysis of the 

database showed that there were inconsistencies in the way principle investigators (PIs) of the 

different sites reported the ancillary data. Especially for the abundance of the species, some 

reported cover based on litter collection, biomass, good guess or tree count and some reported 

the overstory and understory cover adding up to 100% and some estimated the cover separately 

for each layer.  
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Therefore, I checked all papers published about the sites for additional information. Still there 

were gaps and inconsistencies. Gaps were filled using PFT categories from the FLUXNET 

ancillary database. In the ancillary database the cover of understory and overstory vegetation is 

given at the PFT level. For sites with no cover information I divided the total cover which was 

defined for the understory of a given PFT equally between species relating to understory and did 

the same for overstory. In some cases that PIs were contacted, they replied and confirmed the 

information on the species and cover. 

In the last paper I use species richness information. I sorted the plant species according to their 

cover, from the one with highest cover to the lowest and considered only the number of species 

that had a cumulative cover of 90%. 

2.2 Site selection 

Sites were included in the study, which had information on species occurrence and their 

abundance at the sites and did not experience disturbances for the time scale of the data. In case 

there was a disturbance in a year at a site, I removed that year of data. In case of Paper 2 I used 

sites that replied to the leaf sampling request (see 2.6) and also had the GPP and (global solar 

radiation) Rg data of the year of sampling and were not disturbed. Sites and individual years 

were also removed if the quality of estimates for ecosystem of GPPsat was insufficient (see 

below). 

2.3 Micrometeorological data 

I used the half hourly flux data from eddy-covariance sites. The GPP values used in my study are 

computed using the commonly used algorithm of Reichstein et al. (2005) as method for 

partitioning NEE into TER and GPP. The algorithm computes GPP by extrapolating night time 

NEE data (night time TER) using a respiration model based on air temperature data. Moreover, 

the GPP data used in this analysis are the ones for half hours with high quality measurements of 

NEE, and therefore not gap-filled. 

2. 4 EFP – Ecosystem photosynthesis capacity 

To study the relationship between EFPs and plant traits, one should consider exploring the link 

between each EFP and plant traits individually. This is due to the fact that ecosystem properties 
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correlation. The remaining gaps are filled with a spatiotemporal gap filling approach (v. Buttlar 

et al., 2014). Then to move from 16 days periods sequence data to daily time series, I use a 

smoothing spline approach (Filippa et al., 2016, Migliavacca et al., 2011). FAPAR is the fraction 

of photo synthetic active radiation (PAR) that is absorbed by the plants. Thus APAR time series 

are derived by multiplying FAPAR by PAR (Rg is converted to PAR).  

2.6 Leaf sampling for plant trait estimation 

In 2012 we started to collaborate with a group of scientist from Vrije Univeristy of Amsterdam. 

They had started a quest for in-situ plant samples from the FLUXNET sites to measure different 

plant traits. They wanted to compare the in-situ plant traits to different fluxes at the sites. We 

shared our data and knowledge on the topic and also the suggestion of using EFPs instead of 

fluxes directly from our side. I assisted in contacting PIs for ancillary data and also in collecting 

leaf samples from a site located in Hainich forest. To ensure high data quality, it was very 

important that the samples were collected as standardized as possible. Therefore a sampling 

protocol was sent to the PIs of the sites while considering minimum effort required from the PIs 

in order to maximize the reply rates. The leaf sampling protocol was based on the TCO 

“Protocols for Vegetation Sampling and Data Submission” from Law et al. (2008) and the paper 

from Cornelissen et al. (2003). For the selection of plants, PIs were asked to only sample from 

trees, shrubs and herbaceous species that are present in the footprint of the flux tower and 

ideally, they were asked to obtain samples from the 5-10 most abundant species. If the whole 

canopy of the site was accessible to the samplers (for example small trees for which the top can 

be reached with pruners), samples from 10 different individuals per species were asked. In 

practice, the number of trees that were going to be sampled was dependent on the accessibility of 

the canopy, which for forests is probably limited to the position of the flux tower.  In this case, 

PIs were asked to sample for as many as possible individual trees that can be reached from the 

tower (e.g. using elongated pruners/clippers if available).  

Sampling was preferred to be done at the peak of the growing season. Only fully developed and, 

non-damaged leaves that were not in senescence should have been sampled. No understory was 

included in the sampling of forests, as the understory has no fully sunlit leaves. For grasslands, 

as well as for crops, or sites with a very low vegetation cover, only fully sunlit leaves were asked 

to be sampled. When there were shrubs or trees intermixed with grassland (like a savanna), trees 
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2.8 Other auxiliary data 

Data from climate, environmental and ecosystem structure variables where collected from 

different sources. Canopy cover was extracted from the MODIS vegetation continues fields 

product (DiMiceli et al., 2011). Canopy height was extracted from Simard et al. (2011) study. 

Soil nutrient availability classes were derived from Fernandez-Martinez et al., 2014. Air 

temperature, water availability index and cumulative precipitation were ERA-Interim climate 

data downscaled at the FLUXNET sites (http://www.bgc-

jena.mpg.de/~MDIwork/meteo/index.php). In addition, average stand age was extracted from the 

auxiliary database of FLUXNET. 

2.9 Data analysis 

Description of the statistical methods used in this dissertation is given in more detail in each of 

the peer-reviewed articles in section 3 (original contributions). The analyses were conducted in R 

platform (R Core Team 2014) and the scripts were written by me, with occasional support from 

co-authors. In case of the peer-review article 3 the whole script is also available online. 
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a  b  s  t  r  a  c  t

Terrestrial  ecosystems  strongly  determine  the exchange  of  carbon,  water  and  energy  between  the
biosphere  and  atmosphere.  These  exchanges  are  in�uenced  by environmental  conditions  (e.g.,  local
meteorology,  soils),  but  generally  mediated  by  organisms.  Often,  mathematical  descriptions  of these
processes  are  implemented  in  terrestrial  biosphere  models.  Model  implementations  of this  kind  should
be  evaluated  by  empirical  analyses  of relationships  between  observed  patterns  of ecosystem  function-
ing,  vegetation  structure,  plant  traits,  and  environmental  conditions.  However,  the  question  of  how  to
describe  the  imprint  of  plants  on ecosystem  functioning  based  on  observations  has  not  yet  been  systemat-
ically  investigated.  One  approach  might  be  to identify  and  quantify  functional  attributes  or  responsiveness
of  ecosystems  (often  very  short-term  in nature)  that  contribute  to the  long-term  (i.e., annual  but  also
seasonal  or  daily)  metrics  commonly  in use. Here  we  de�ne  these  patterns  as  �ecosystem  functional  prop-
erties�,  or  EFPs.  Such  as the ecosystem  capacity  of  carbon  assimilation  or  the  maximum  light  use  ef�ciency
of  an  ecosystem.  While  EFPs  should  be  directly  derivable  from  �ux  measurements  at  the  ecosystem  level,

we  posit  that  these  inherently  include  the in�uence  of  speci�c  plant  traits  and  their  local  heterogeneity.
We  present  different  options  of upscaling  in situ  measured  plant  traits  to the  ecosystem  level  (ecosystem
vegetation  properties  � EVPs)  and  provide  examples  of empirical  analyses  on plants�  imprint  on ecosys-
tem  functioning  by combining  in  situ measured  plant  traits  and  ecosystem  �ux measurements.  Finally,
we  discuss  how  recent  advances  in  remote  sensing  contribute  to this  framework.
. Introduction

The structure and functioning of terrestrial ecosystems are
ormed by environmental (e.g., climatic and edaphic) constraints, as
ell as the legacy of ecosystem development. Historical processes

uch as evolution, migration, and disturbances are encoded in the
ommunity structure of biota (i.e., plant or soil organism communi-
ies, their horizontal and vertical structure and temporal dynamics).

n turn, the biotic structure shapes the biogeochemical functioning
f ecosystems, i.e., nutrient turnover, water cycling, and carbon
torage potential amongst others (Field et al., 1992; Friend and
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Cox 1995; Schlesinger 1997; Chapin et al., 1998). To put it in other
words: responses of biogeochemical processes to environmental
conditions are modulated by the local properties of organismic
communities (Field et al., 1992). The interacting effects of organ-
ismic responses and biophysics at the ecosystem level ultimately
shape ecosystem feedbacks to the climate system as manifested
in the exchange of energy and greenhouse gases and cycling of
chemical compounds (Bonan, 2008).

Commonly used terrestrial biosphere models implement
biogeochemical and biophysical processes according to our

understanding derived, in large part, from plant organ level obser-
vations, and use parameters that are often based on observable
plant traits. Plant traits are measurable features at the individual
organ or organism level such as morphological, anatomical, phys-
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De�nitions used throughout the manuscript

Ecosystem functional property (EFP) Indicators of ecosys-
tem functional state. Quantities that characterize
ecosystem  processes and responses in an integrated
and  comparable manner (Reichstein et al. 2014).

Ecosystem vegetation property (EVP) Indicators, character-
izing the properties of the vegetation in the context
of an ecosystem.

Eddy covariance (EC) A micrometeorological method to
measure exchanges of heat, mass, and momentum
between  a surface and the overlying atmosphere
(Baldocchi  et al., 2001), based on the covariance
between  turbulent �uctuations of the vertical wind
and the scalar �uctuation, of the quantity of trace
gases of interest (Baldocchi et al., 1988; Foken and
Wichura, 1996; Aubinet et al., 2000; Baldocchi,
2008).

Ecosystem  �ux The exchange of matter and energy between
an ecosystem and the atmosphere per unit time
measured with the eddy covariance technique
(Luyssaert  et al., 2009; Reshef et al., 2011).

FLUXNET A network of regional networks, which coordi-
nates regional and global analysis of observations
from  EC tower sites. (http://�uxnet.ornl.gov/).

TRY  A network of vegetation scientists, which provides
a global archive of plant traits (http://www.try-db.
org).

Plant  functional type (PFT) Plant functional type is a term
that groups plants according to a limited number of
plant attributes of life form, phylogeny, or morphol-
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ogy (Box, 1996).

ological or phenological traits (Violle et al., 2007). Measurements
f plant traits have frequently been used for model develop-
ent and parameterization, such as leaf carboxylation capacity

Vcmax), maximum CO2 assimilation rates (Amax), and nitrogen con-
ent per leaf area (e.g., White et al., 2000; Kattge et al., 2009;
oll et al., 2012). However, the representation of plant biodiver-
ity in common terrestrial biosphere models is very limited and
arely goes beyond differentiating ten to �fteen (depending on the
odel) plant functional types (PFTs). This approach largely ignores

ariability of characteristics within individual PFTs (but see van
odegom et al., 2012; Reich et al., 2014; Reichstein et al., 2014).
he increasing availability of relevant information on plant traits
ffers unprecedented opportunities for introducing more detailed
unctional diversity in global models of the terrestrial biosphere
Brovkin et al., 2012; van Bodegom et al., 2012; Wang et al., 2012;
avlick et al., 2013; Verheijen et al., 2013). Functional diversity is
e�ned herein as the variability within and among locations of
oth the trait mean and trait variance due to differences among
rgans, individuals, or species; or through time. Models that explic-
tly represent functional diversity will provide even more detailed
redictions of plants� imprint on ecosystem processes (Scheiter
t al., 2013).

Advancing model structures should be accompanied by devel-
ping a sound independent model-benchmarking system (Luo
t al., 2012). However, even if the next generation of models
ntegrate trait diversity and their effects on biogeochemical and
iogeophysical processes (Reu et al., 2011; Scheiter et al., 2013;

avlick et al., 2013), we anticipate that the biodiversity feedbacks
ill be particularly dif�cult to evaluate. We therefore assume that

ndependent empirical analyses on the linkage of plant traits to
mergent ecosystem scale properties will be needed and should
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remain  independent from the model assumptions. Therefore, moti-
vation for data driven, empirical analyses of plant characteristics in
combination with ecosystem level exchanges of carbon, water, and
energy are twofold.

First,  the identi�cation of robust empirically derived biodiver-
sity effects on ecosystem functioning can become valuable for
model benchmarking, and allow for testing whether the assumed
relationships between plant traits and ecosystem functions in mod-
els are comparable to those observed (e.g., Luo et al., 2012). Second,
it is important to identify key characteristics of plants that in�u-
ence ecosystem functions, which might not have been considered
yet. These are bene�cial, both to facilitate a better understanding
of the sensitivity of ecosystem exchanges of matter and energy to
long-term environmental changes (including feedbacks to vegeta-
tion, soil and climate), while also being applicable to quantifying
and understanding ecosystem services that are linked to ecosystem
functions and processes (de Bello et al., 2010). Soil biota also has
an important role in ecosystem processes (Neher 1999; Wall and
Moore, 1999). However, information about soil biota is dif�cult to
access via in situ measurements and hardly available via remote
sensing (hereafter RS, but see Fisher et al., submitted), hence here
we focus on plants.

The  topic of how plants in�uence ecosystem functioning and
how to predict ecosystem functions from �effect traits� (sensu
Lavorel and Garnier, 2002) has been discussed for several decades
in the literature and is sometimes considered a �holy grail� in ecol-
ogy (Grime 1979; Southwood 1988; Chapin et al., 2000; Lavorel and
Garnier, 2002). Conceptual studies in this direction usually empha-
size the relationships existing between plant traits and ecosystem
processes or functions, but often are not explicit about the ecosys-
tem functions and processes, nor how they could be estimated
from ecosystem level observations and ultimately linked with
plant traits. Moreover, in these literatures, the ecosystem func-
tions are heavily dominated by snap-shot or annually integrated
measurements of state variables or component processes, such as
net primary production (NPP), leaf area index (LAI), or standing
biomass, which are integrated over numerous component pro-
cesses (see Hooper et al., 2005). Standing biomass, as an example,
is the result of the physiological balance of the �uxes of photosyn-
thesis and respiration, carbon allocation, organ-level growth and
mortality, and biotic and abiotic losses, such as herbivory and storm
breakage respectively. Trait in�uences on these component pro-
cesses � typically �uxes of matter and energy � may  be strong,
but may  remain hidden when relating traits to only state vari-
ables. A group of plant traits might in�uence changes of standing
biomass, but it is also important to understand their in�uence on
the processes resulting in the standing biomass. To overcome such
limitations, we  propose to link plant traits with essential features
of ecosystem functioning, which can be derived from observations
of ecosystem energy and matter �uxes � the direct result of rele-
vant ecosystem processes like e.g., photosynthesis, respiration, or
evapotranspiration.

In this conceptual paper, we highlight opportunities � so far
not fully explored in ecology � arising by consolidating infor-
mation on plant species characteristics (in situ and remotely
sensed) and ecosystem �uxes at local to global scale. First, we
introduce a conceptual framework that de�nes ecosystem func-
tional properties (EFPs) as variables of ecosystem functioning
that include physiological processes and their responses to the
environment (Section 2). Then, we  introduce top-down (Sec-
tion 3.1) and bottom-up (Section 3.2 and 3.3) scaling approaches
to match the temporal and spatial scales of observed plant

traits and EFPs. In the �nal part, we will discuss how remotely
sensed information can be effectively used in this context
(Section 4). Overall, we will propose pathways to empirically
analyze the intrinsic biotic controls of terrestrial ecosystems and

http://fluxnet.ornl.gov/
http://fluxnet.ornl.gov/
http://fluxnet.ornl.gov/
http://fluxnet.ornl.gov/
http://fluxnet.ornl.gov/
http://www.try-db.org
http://www.try-db.org
http://www.try-db.org
http://www.try-db.org
http://www.try-db.org
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Fig. 1. Concept for mapping plant traits via ecosystem functional properties onto
ecosystem �uxes, separating slow and fast changing environmental conditions. The
concept is based on the hypothesis that plant traits adapt to long term, slowly
changing  environmental conditions, like seasonal or annual mean or extreme condi-
tions. Together with vegetation quantity (e.g., biomass or LAI) plant traits determine
ecosystem  functional properties (EFPs). Fast changing environmental conditions,
like  diurnal or seasonal variation, determine ecosystem �uxes of matter and energy
via the EFPs. Ecosystem �uxes determine changes of vegetation quantity, and may
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Fig. 2. The number of FLUXNET sites with traits in TRY. Bottom: Number of sites
with  available �ux data in the FLUXNET La Thuile database. The second bar provides
the number of sites with information of dominant plant species available in the
FLUXNET ancillary database. The arrow indicates that we could use plant traits at

3.1.  Top-down
eedback on long term environmental conditions. We propose that the concept can
e generalized, replacing vegetation quantity and plant traits by organisms quantity
nd organisms traits.

ts effect on ecosystem functioning. We  expect these new path-
ays to contribute to our understanding of which plant traits or
lant trait combinations control spatiotemporal variations of func-
ions occurring at the ecosystem scale, in interaction with climate
nd environmental factors.

.  The imprint of plants on ecosystem functioning: a
onceptual basis for a data driven approach

Ecosystem functional properties (hereafter EFPs) should cap-
ure process attributes or responsiveness of ecosystems (often
ery short-term in nature) that contribute to the long-term (i.e.,
nnual but also seasonal or daily) metrics commonly in use.
eichstein et al. (2014) de�ned EFPs �as quantities that charac-
erize ecosystem processes and responses in an integrated and
omparable manner� (page 13698). Thus EFPs are both concep-
ual in nature and quanti�able from ecosystem processes, and
re analogous to ecophysiological leaf-level characteristics or
elate to physical and ecohydrological characteristics important
or land surface�atmosphere interactions (Reichstein et al., 2014).
ollowing this de�nition, EFPs should provide relevant process
haracteristics, for instance maximum �ux rate, �ux rates under
tandardized environmental conditions (base rate), or the slope of
hanging rates given changes in environmental drivers (e.g., light
esponse or temperature responses; sensitivities), or the fraction of
uch characteristics. EFPs can consequently be used to character-
ze variations in key processes, like photosynthesis, respiration, or
vapotranspiration, or their relationship, like water use ef�ciency
f photosynthesis (the amount of carbon gained by water tran-
pired). As they characterize speci�c ecosystem processes, EFPs can
e derived from observable ecosystem �uxes (the observable com-
onents of the processes), from the quantity (e.g., abundance) and
haracteristics (plant traits) of the organisms (the operators of the
rocesses), or potentially inferred via RS at ecosystem level (Fig. 1).

n general terms, EFPs can be understood as empirically derived

quivalents at the ecosystem scale to parameters (at ecosystem
cale) in terrestrial biosphere models. In relation to aggregated
lant trait observations, EFPs thus enable us to examine the in�u-
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the sites only by knowing which species exist at these sites. The remaining numbers
on  each bar are showing the number of FLUXNET sites for which the plant trait on
the left side is available from TRY database for at least one of the site-species. (Traits
from Table 1 are shown here).

ence of biotic and abiotic controls on the various components of
the processes (Fig. 1).

So  far, empirical analyses of the relationships between plant
traits and ecosystem functions have been primarily limited to
ecosystems or regional scales (Pierce et al., 1994; Kergoat et al.,
2008; Ollinger et al., 2008; Cleveland et al., 2011; Reich 2012), or to
whatever is available from the literature (e.g., Green et al., 2003).
This is, in part, due to limited measures in biomes, but also because
the relevant data (e.g., plant traits and ecosystem level �uxes) were
not always measured simultaneously and have largely not been
curated via central repositories. Nowadays, more data for primary
ecosystem functions and organism traits are becoming available
through RS data and initiatives like FLUXNET (the global network of
ecosystem level observations of carbon, water, and energy �uxes on
terrestrial ecosystems, Baldocchi, 2008) and TRY (a global archive
of plant traits, Kattge et al., 2011). A �rst intersection of the plant
species data from FLUXNET and TRY shows that, for more than 100
sites belonging to FLUXNET, we can gather information on a speci�c
plant trait (e.g., speci�c leaf area, SLA) of the dominant species at the
sites from TRY (Fig. 2). Moreover, the data reported in FLUXNET and
TRY cover a variety of climatic conditions, as shown Fig. 3, which
makes these empirical analyses possible at a global scale.

Ground-based measurements of plant traits are commonly con-
ducted in ecological studies, but are usually limited in space and
in time because of resource constraints (i.e., laborious and time
consuming measurements). Moreover, plant traits are usually mea-
sured at the leaf or plant level, so in order for them to represent the
vegetation of an ecosystem, they need to be upscaled to ecosys-
tem vegetation properties (hereafter referred to as EVP). Here we
introduce potential upscaling schemes for in situ measured plant
traits to provide the information about biotic controls correspond-
ing to EFPs (see Section 3.2). The developments in the �eld of RS
over the last few decades allows us to retrieve plant traits, which
in most cases are integrated at the ecosystem level (EVP) and in
some cases continuous in time (HomolovÆ et al., 2013). This is par-
ticularly important where the temporal variability of plant traits
is relevant. In addition EFPs can as well be retrieved from RS (see
Section 4).

3.  Matching scales
One of the challenges of the proposed methodology is that
ecosystem �uxes measured with eddy covariance techniques are
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Fig. 3. The distribution of (a) FLUXNET sites, (b) measurement locations from TRY
(of various plant traits) in climate space spanned by mean annual temperature and
mean annual precipitation. Kernel density estimation was  used to show the density
of land surface pixels at 0.5� × 0.5� resolution for the two variables.

not directly comparable with plant traits because they do not vary
at the same time scale. To grasp the relationship between plant
traits, �uxes, environmental drivers (climate) and soil pools we
need to carefully consider the time-scale.

While many plant traits (e.g., leaf mass per leaf area (LMA), gram
leaf nitrogen to 100 gram leaf mass (%N)) typically vary mostly at
weekly, seasonal, or longer time scales (Ma et al., 2010), ecosys-
tem �uxes measure short-term responses (<1 h) but respond to
meteorological and environmental conditions at time scales rang-
ing from minutes to seasonal, interannual, and longer and can be
integrated at those time scales (Richardson et al., 2007; Stoy et al.,
2009). Meteorological drivers such as temperature, precipitation,
solar radiation, and snow-cover explain a substantial part of the
temporal (in particular daily to seasonal) and spatial variability
of observed �uxes (e.g., Dunn et al., 2007; Urbanski et al., 2007).
On longer time scales (seasonal, annual) �uxes might lag behind
the meteorological factors (Stoy et al., 2009; see also Ogle et al.,
2015 for memory effect in ecosystem processes) and for time scales
longer than two weeks, �uxes of net ecosystem exchange (NEE)
and gross primary production (GPP) are relatively less variable
than the meteorological factors (Stoy et al., 2009). This has been
attributed to the fact that �uxes are processed by plants, with plant
traits changing on longer time scales (e.g., Ordo�nez et al., 2009;
van Ommen  Kloeke et al., 2012; Verheijen et al., 2013). At seasonal
and inter-annual scales, it therefore becomes more complicated to
attribute multi-scale variability in ecosystem-atmosphere �uxes
to hydrometeorological conditions only (Mahecha et al., 2007,
2010; Stoy et al., 2009; Reich, 2010). Thus, in addition to the
dominant control of plants and pools on spatial variability of
�uxes (e.g., between �ux tower variability, e.g., Reichstein et al.,
2003), they can possibly also in�uence the temporal variability of
�uxes.

While �uxes of physiological properties such as NEE, GPP,
ecosystem respiration, or evapotranspiration are measured with
eddy covariance techniques and are readily available in half-hourly
time scales, we can use them to derive EFPs that vary over longer
time scales (Reichstein et al., 2014), comparable to plant traits.
Proposed EFPs in Table 1 can be considered as an integrator of
ecosystem functioning less variable in time than the �uxes them-
selves. By using the concept of EFPs, it is possible to eliminate

the  high temporal �ux variations related to the short term cli-
mate variability (e.g., temperature and global radiation) and to
standardize for environmental conditions. This approach to con-
trol for short-term variation of environmental conditions would be
in analogy to suggestions for standardized trait measurements (e.g.,
Grime 1988; Cornelissen et al., 2003a; Perez-Harguindeguy et al.,
2013).

An example for an EFP is optimum light use ef�ciency (LUE)
derived from GPP and normalized by the fraction of absorbed pho-
tosynthetic active radiation (fPAR) (Kergoat et al., 2008). LUE  is
correlated to mean annual temperature at FLUXNET sites, but the
correlation fades when this EFP is compared with the tempera-
ture corresponding to the time when the GPP �ux was retained
to compute LUE (Kergoat et al., 2008), because physiological char-
acteristics of the EFP (here LUE) cancel short-term environmental
variability. This kind of behavior is expected for other EFPs as well
(Table 1). Therefore, EFPs provide empirical estimates of long-term
changes of ecosystem functional states, and allow the link with
plant traits and the comparison across sites.

Another example for an EFP is the photosynthetic capacity of
an ecosystem, which is the potential maximum photosynthesis of
the ecosystem over a given period. We  suggest the use of GPP1000,
which is the GPP or assimilated CO2 of the ecosystem at 1000 W/m2

of global incoming radiation (Rg) (e.g., Ruimy et al., 1995; Falge
et al., 2001). GPP1000 can be derived by �tting non-rectangular
hyperbolic light response curves (e.g., Gilmanov et al., 2003) using
half-hourly GPP values and Rg data. Quanti�ed on an annual basis
(i.e., 90th percentile of the GPP1000 � to exclude outliers), this
EFP characterizes the photosynthetic capacity of an ecosystem
(comparable to Amax at leaf scale), which typically occurs at the
peak of the growing season, with favorable temperatures and the
absence of severe water stress, while it ignores the diurnal and
seasonal variability of the �uxes related to irradiance and other
environmental conditions. It enables analyses of the inter-annual
variability of the photosynthetic capacity and facilitates compar-
isons across sites. GPP1000 can as well be characterized at shorter
time scales, e.g., seasonally, which would then allow monitoring
seasonal variation of the ecosystem functional state. However, the
seasonal variation of environmental properties � temperatures may
be unfavorable, water may  be limiting � complicates these analy-
ses.

A third example is water use ef�ciency (WUE, the ratio between
GPP and evapotranspiration) that can be considered as an EFP that
links carbon and water cycling. However, WUE  instantaneously
declines with water vapor pressure de�cit (VPD) in the atmosphere;
therefore inherent or intrinsic WUE  � standardized for VPD � would
be a more appropriate EFP (e.g., Beer et al., 2009). But still the
exact form of the in�uence of VPD remains unclear, because VPD
in�uences leaf parameters such as stomatal conductance (Mott and
Parkhurst, 1991; Buckley, 2005; Shope et al., 2008) and photosyn-
thetic carbon uptake (Shirke and Pathre, 2004), differently.

We  have provided examples of how EFPs can be derived
from observed ecosystem �uxes to provide empirical estimates
of ecosystem functional states. EFPs facilitate monitoring of sea-
sonal to long-term changes of ecosystem functional states and
allow comparisons across sites. EFPs provide the opportunity to
link ecosystem functional states to information of the state of the
biota, e.g., via plant traits. However, we also point out that one
has to critically examine whether an EFP is indeed independent of
short-term environmental �uctuations. In Table 1 we provide fur-
ther examples of EFPs and from which data streams they can be
derived.

In the following section we  introduce in situ plant trait mea-
surements, and describe how they can be used to derive vegetation
properties at the ecosystem level (EVPs) and be directly comparable
to EFPs.
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