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Abstract

C. van der Tol, 2006. ”Climatic constraints on carbon assimilation and tran-
spiration of sub-Mediterranean forests” Doctoral thesis, Vrije Universiteit Am-
sterdam, The Netherlands

Vegetation has a strong influence on the surface fluxes of energy, water and
carbon. Although the physiological processes that govern these fluxes at a
small scale are reasonably well understood, the estimation of fluxes from field
to global scale remains difficult: vegetation parameters are variable in both
space and time and interact with the geology and climate by fast responses and
long-term adaptation. For weather prediction, agriculture, climate change sce-
narios and the study of ecosystem vulnerability it is important to understand
the interactions between vegetation, climate and geology at various spatial and
temporal scales. Today, these interactions are usually modelled by simulating
the competition between plant functional types which have specific, fixed char-
acteristics. Although this approach has been used successfully to reproduce
existing vegetation patterns, it does not explain why vegetation characteristics
take specific values.

This study focusses on explaining the response of vegetation characteris-
tics to climate. A short time scale, certain vegetation characteristics are fixed
and the fluxes respond to weather conditions. At a long time scale, vegeta-
tion characteristics are flexible, and the vegetation responds to variations in
climate. This thesis has two aims: first to separate the effects of vegetation
characteristics and weather conditions on the fluxes of energy, water and car-
bon, and second to predict optimum vegetation characteristics from climatic
constraints. By doing so, the short and long time scales are covered, and it
is possible to possible to predict the energy and mass exchange rates between
vegetation and the atmosphere at a short time scale (hours) from climatic and
geologic constraints at a long time scale (years to decades).

Data for this study were collected at four experimental plots in natural
broadleaf forests in sub-Mediterranean Slovenia. These plots were selected
for their topography induced differences in climate (mainly aspect), local hy-
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drology and contrasting vegetation characteristics. Experiments were carried
out during an average (2004) and an exceptionally dry year (2003). Vegeta-
tion characteristics (species composition, leaf area index, leaf nitrogen content,
13C isotope discrimination and leaf photosynthesis) were measured, as well as
synoptic weather data, throughfall, transpiration and soil moisture content.

A sun-shade soil-vegetation-atmosphere model was used to calculate the
fluxes of energy, water and carbon dioxide from vegetation characteristics (leaf
nitrogen content, leaf area index and 13C isotope discrimination of leaf ma-
terial) and climate conditions (radiation, precipitation, temperature and hu-
midity). The model accurately reproduced independently measured diurnal
cycles of transpiration, and explained differences in afternoon stomatal clo-
sure between the experimental plots. A sensitivity analysis showed that the
diurnal cycles were more strongly affected by spatial variations in vegetation
parameters than by meteorological variables. This result emphasises the rel-
ative importance of spatial variations in vegetation parameters compared to
spatial variations in radiation, humidity and temperature for the fluxes. This
implies that the diurnal cycles of the fluxes of energy and mass are in the first
place governed by long-term climatic constraints and in the second place by
weather conditions.

Optimum vegetation characteristics were calculated from climatic constraints
by combining models for hydraulic architecture, photosynthesis and gas ex-
change. The hypothesis that vegetation develops towards maximum expected
growth was used to predict optimum values of photosynthetic capacity and the
intrinsic water use efficiency. The concept was applied to a stationary climate
and to periods of drought, in which soil water availability is variable. In the
model, the vegetation deals with two trade-offs: between an efficient use of
water and an efficient use of photosynthetic capacity, and between fast growth
and avoidance of drought stress. The optimal strategy is determined by the
availability of water, air humidity and the ratio of night time respiration to
daytime net photosynthesis.

With the modelled optimum vegetation characteristics, differences among
plots and between the dry and the wet year of seasonal cycles of transpiration
could reasonably well be explained. In the study area, precipitation during
the winter preceding the growing season and vapour pressure deficit during
the growing season have a strong effect on the seasonal cycles of transpiration.
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Preface

In dit proefschrift kunt u lezen over wisselwerkingen tussen het klimaat, bossen
en de kringloop van het water. Door naar de eigenschappen van een boom te
kijken zult u dingen over het klimaat te weten komen, en misschien als u dat in
een park doet ziet u ook dat hij is gesnoeid om hem beter bij het karakter van
het park te passen. Toch heeft de boom ook authentieke eigenaardigheden, die
niet direct aan een duidelijke oorzaak toe te schrijven zijn. Ook is de boom
niet niet helemaal lijdzaam: samen met miljoenen andere bëınvloedt hij het
klimaat.

Op dezelfde wijze als de eik kunt u ook dit proefschrift bekijken. Dit werk
is ingebed in eeuwenlang onderzoek door talloze hardwerkende, nieuwschierige
mensen die het pad (’het klimaat’) hebben aangelegd waarover ik gelopen heb.
Het werk dat nu voor u ligt (’de eik’) is echter niet alleen een product van
het onderzoek van de afgelopen eeuwen, maar weerspiegelt ook persoonlijke
voorkeuren en keuzes. Die persoonlijke keuzes vinden al in een vroeg stadium
van het onderzoek plaats. De moeilijkste vraag waar elke promovendus en elke
onderzoeker mee geconfronteerd wordt, is welke richting je op gaat wanneer je
het einde van het gebaande pad bereikt. Of moet je het pad misschien eerder
verlaten? Hoewel het denkwerk de stricte regels van de logica volgt, is die
keuze onmogelijk met zulke regels te maken. De eerste stap naar een nieuw
model om onze observaties te beschrijven komt altijd voort uit intüıtie. Deze
stap kan niet puur rationeel zijn, is persoonlijk en houdt een risico in.

Het mandaat om zo’n stapje te zetten kreeg ik in februari 2002 van mijn
promotor Han Dolman en copromotor Maarten Waterloo, en indirect van de
maatschappij en van u. Hoewel er één naam op de voorkant van dit boekje
staat, was het er niet geweest zonder de vaak belangeloze inzet van velen. Een
aantal van die mensen wil ik daar bijzonder voor bedanken. Welke volgorde ik
ook kies, ik zal altijd beginnen bij degenen aan wie dit boekje is opgedragen,
mijn ouders. Zij hebben mij de bagage meegegeven om dit te kunnen doen en
zijn daarna nooit opgehouden mij te steunen. Ook mijn promotor Han Dolman
en copromotor Maarten Waterloo ben ik erg dankbaar voor het vertrouwen
dat ze in mij hebben gehad, zelfs op spannende momenten, voor de gedegen
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begeleiding en de aanmoediging.
Ik ben zeker niet de eerste promovendus die Michel Groen bedankt voor

zijn inzet, oprechte belangstelling, de interessante gesprekken en zijn hulp in
het veld. Het project in Slovenië is opgezet door Sampurno Bruijnzeel, en
zonder hem was dit boekje er niet geweest. Hij heeft de meeste meetlocaties
uitgekozen en een deel van de meetopstellingen ontworpen. Saskia Keesstra,
Jaap Schellekens en Aline ter Linde hebben bergen verzet in het veld, en dit
heeft mijn onderzoek mogelijk gemaakt. Harry Visch, Hans Bakker, Nico van
Harlingen, Jan Vink, Johan de Lange, Ron Lootens, Martin Koonert, Koos
de Bruine, Maurice Hooijen, Suzan Verdergaal, Hubert Vonhof, Nel Slimmen,
Richard van Logtestijn en Rob Stoevelaar van de Vrije Universiteit hebben in-
strumenten ontwikkeld en getest en experimenten gedaan in het laboratorium.

Peter van Bodegom and Franc Batic allowed me to use their equipment, and
ADC BioScientific Ltd. has been very supportive. Other people helped me in
the field as well: Kristina Raspor, my father Gerard van der Tol, Edith de Boer,
Allessandro Araujo, Matej Padenik, Luka Štravs, Mojca Sraj, Thomas Holmes
and Vesna Zupanc. Peter did an amazing job climbing even the tallest of trees.
Lidija Globevnik and Mitja Brilly have provided organizational support. The
then Ambassador of The Netherlands in Slovenia, Mr. Jan Henneman and his
wife Mrs. Lydia Henneman have helped me establish a network in Slovenia.

The members of the reading committee, Andrew Friend, Franco Miglietta,
Karin Rebel, Sampurno Bruijnzeel and Marc Bierkens, have contributed to
this book by providing comments on the manuscript which have enhanced the
overall quality. Other people have commented on parts of the thesis as well,
in particular Antoon Meesters, Richard de Jeu and Michiel van der Molen.

Finally I wish to thank all people who have never seized to support and
encourage me without asking anything in return. This holds for all of my
colleagues at the Vrije Universiteit and particulary for my fellow promoven-
dus Ronald Vernimmen, with whom I shared the office, but also Margriet
Groenendijk, Guido van der Werff, Albert van Dijk, Lieselotte Tolk, Matthias
Zeeman, Reinder Ronda, Jennifer Grant, Arnoud Frumau, Dimmie Hendriks
and Friso Holwerda. I am grateful to the people who provided me a home in
the country and among the people I have started to love like my own. Tomi,
Kristina, Izet in Ida, gospod in gospa Raspor, Gašper, Alja, Dušan in Polona,
hvala za vse skrb, spodbudne besede, prijateljstvo, kavice, kosila, večerje in
pogovore! En ook vrienden en broers en zussen Bas, Jan, Mieke, Geert en
Lenneke, bedankt!

Christiaan van der Tol, december 2006
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Chapter 1

Introduction

1.1 Historical background

Water plays an important role in many physical and chemical processes on

earth owing to three unique features: it occurs on the earth in three phases,

it forms strong bonds and it has a high specific heat. Water is involved in the

transport of energy from the equator towards the poles, both via the oceans and

via phase transitions in the atmosphere, in geomorphologic processes, transport

of nutrients and trace elements, and it is a major constituent of living cells. Not

surprisingly, life strongly depends on the presence of water. Spatial patterns of

vegetation and the presence of specific ecosystems often correlate with patterns

of precipitation or the presence of streams, lakes and groundwater.

Besides water, solar energy is another important boundary condition for

life. Energy in the form of radiation is chemically fixed in ecosystems via the

process of photosynthesis, and is then available for metabolic processes and

reproduction. Solar radiation also causes temperatures on earth to be such

that liquid water is available and biochemical reactions possible.

The question how terrestrial biomes respond to climate, and specifically to

water and solar energy, has long been a matter of research (von Humboldt,

1805; Grisebach, 1838). This study aims to contribute to the understanding of

the relation between climate and vegetation, and specifically the exchange of

carbon dioxide and water between vegetation and the atmosphere. The study

taps into a long history of research, which has accelerated in the last 50 years,

due to the development of increasingly better measurement techniques.
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Chapter 1

Until the 1940’s, most meteorological measurement stations only recorded

precipitation and air temperature, and consequently, climate classification sys-

tems used until then were based on these two variables only: the climate clas-

sification systems of Köppen (1918, 1923) and Holdridge (1947) are based on

monthly and annual mean temperatures and precipitation. These two variables

indeed qualitatively explain the spatial patterns of ecosystems at a global scale.

Research of the effect of temperature on vegetation first mainly focussed on

the effect of temperature on germination, the length of the growing season and

the speed of growth (Edwards & Colin, 1834; Livingston, 1916). Later, the

significance of temporal variability of precipitation was recognised. Munger

(1916) and later Andrews & Maze (1933) used the duration of drought as a

key factor affecting the spatial distribution of vegetation.

The climate classification system of Köppen clearly shows that climate

indeed sets boundary conditions for vegetation. On the other hand vegetation

also affects climate. Vegetation affects the amount of available energy via the

reflection coefficient (albedo), extracts water by roots, creates a storage for

intercepted water, affects the roughness of the surface, controls transpiration by

stomatal regulation and forms soils. In this way, vegetation plays a central role

in the energy and water balance of the surface, which may affect convection,

cloud formation and eventually climate (Pielke, 2001).

On the one hand climate sets boundary conditions for vegetation, on the

other hand vegetation affects climate. In order to identify and understand

these interactions, it is necessary to describe the energy balance of the surface

mathematically in a physically based way. The understanding of the surface

energy balance greatly improved when Penman and later Monteith published

a model for the relation of the surface energy balance and characteristics of

the surface (Penman, 1948; Monteith, 1965). Their model, usually called the

Penman-Monteith equation, describes the gradient driven fluxes of water and

heat in analogy to Ohm’s law. The unknown surface temperature is elimi-

nated by relating it to the vapour pressure gradient using the slope of the

saturated humidity curve. Because the Penman-Monteith equation is concep-

tually clear and physically based, it is still widely used for the calculation of

evaporation and transpiration today. The Penman-Monteith equation requires

input of meteorological variables that were not always measured at meteoro-

logical stations: wind speed, radiation and humidity. The improved process
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Introduction

understanding catalized by Penman-Monteith equation and, earlier, the need

of armies for good weather predictions during the second world war led to

an enhancement of the quality and quantity of measurements of meteorologi-

cal variables in general, and near surface measurements in particular (Bullard

et al., 1975).

Another effect of the Penman-Monteith equation was that plant physiology

became of interest to climatologists. One of the surface characteristics used in

the Penman-Monteith equation for dry vegetation is the stomatal conductance:

the conductance of water vapour diffusion from the stomatal cavities past the

guard cells to the leaf surface. At canopy level, the term surface conductance

is often used. The surface conductance is a physical parameter: it can be

understood as the effective conductance of all stomata, each of which may be

open, partly open or closed. To find values for the surface conductance is a

challenging task, because it is not only site-specific, but also changes rapidly

with time as a function of meteorological conditions such as radiation, humidity

and soil water potential. The spatial variability of surface conductance is

mainly caused by the heterogeneity of vegetation, and the temporal variability

caused by the strategy of the vegetation to open and close stomata in order

to regulate carbon uptake, water loss and vegetation temperature. Stomatal

or surface conductance has been intensely studied since the publication of

the Penman-Monteith equation. For example, Jarvis (1976) described the

temporal variability of stomatal conductance using an empirical model with

site-specific parameters to relate stomatal conductance to weather conditions.

In the late 1970’s and early 1980’s, the understanding of the relation be-

tween vegetation, surface conductance and the surface energy balance improved

as a result of several discoveries made by plant physiologists. Wong et al.

(1979) discovered a constant ratio between the rate of photosynthesis and sur-

face conductance if air humidity is kept constant, which implies that surface

conductance operates such as to allow just the amount of carbon dioxide into

the stomata that is required for the photosynthesis apparatus. It also implies

that, at constant humidity, the ratio of carbon fixation to water loss by tran-

spiration (the water use efficiency) is constant. When humidity changes, the

ratio between photosynthesis and surface conductance also changes. Cowan

(1977) and Cowan & Farquhar (1977) successfully explained the dependence

of surface conductance on humidity by assuming that stomatal regulation is

3
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such that during the day, the maximum amount of carbon is fixed for a given

amount of transpiration. Later, alternative empirical relations between stom-

atal conductance, photosynthesis and humidity were derived by Ball et al.

(1987) and Leuning (1995). A comprehensive model for photosynthesis in C3

vegetation was compiled by Farquhar et al. (1980) and Von Caemmerer & Far-

quhar (1981), using existing and new knowledge of the biochemical reactions

in the Calvin cycle. Collatz et al. (1992) developed a photosynthesis model for

C4 vegetation.

Most of today’s climate models integrate descriptions of photosynthesis,

transpiration and the energy balance. Not only the increased process under-

standing, but also the awareness that the carbon cycle is a potentially impor-

tant factor affecting climate, have stimulated this development. As a result of

these developments, the disciplines of meteorology, plant physiology and ecol-

ogy now increasingly overlap: climate models improve the representation of

biochemical processes, and ecological models that of the boundary layer and

the energy balance. Ecologists and meteorologists now often use similar mod-

els, despite the fact that historically, the spatial scale and processes they are

interested in are different. Table 1.1 shows examples of combined photosyn-

thesis and energy balance models published in meteorological journals such as

Agricultural and Forest Meteorology and physiological journals such as Plant,

Cell and Environment in the last decade, the modules used for photosynthe-

sis, surface conductance, the energy balance, and number of leaf layers used to

scale from leaf to canopy. Most of these studies use the photosynthesis model

of Farquhar et al. (1980). The few exceptions use similar but simpler model

descriptions for photosynthesis. For surface conductance, most studies use the

empirical model of Ball et al. (1987) or the more comprehensive version of

Leuning (1995). The concepts on which present photosynthesis-transpiration

models are based, were all developed in the 1970’s and 1980’s.

1.2 Problem definition

The physical processes of photosynthesis and the exchange of water and car-

bon dioxide between vegetation and the atmosphere are now reasonably well

understood. When applying this process knowledge in climate models, it is

still difficult to find appropriate values for the parameters at the required tem-
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Table 1.1: Modules used in combined photosynthesis-transpiration-energy bal-
ance models published between 1995 and 2005. A: photosynthesis, gs: surface
conductance, Fq: model of Farquhar et al. (1980), o: other, Jv: Jarvis (1976)
Co: Cowan (1977), BB: Ball et al. (1987), Le: Leuning (1995), EB: full energy
balance calculation, PM: Penman-Monteith equation.

A gs #leaf
study fq o Jv Co BB Le o EB PM layers
Friend (1995) x x x 2
Harley and Baldocchi (1995) x x x 2
Sala and Tenhunen (1996) x x 2
De Pury and Farquhar (1997) x x x 1,2,>2
Cox et al. (1998) x x x x >2
Wang and Leuning (1998) x x x 2
Verhoef and Allen (2000) x x x 2
Arneth et al. (2002) x x 1
Sinoquet et al. (2001) x x x >2
Tuzet et al. (2003) x x x 1
Dai et al. (2004) x x x 2
Daly et al. (2004) x x x x 1
Dufrêne et al. (2005) x x >2

poral and spatial scales. Models are often overparameterised for the amount of

available data, which results in equifinality of parameter combinations (Franks

et al., 1997). Although nowadays, airborne and space borne sensors can supply

spatial information about vegetation parameters, the temporal variability and

especially the interactions between vegetation parameters and environment

remain largely unknown.

Although surface exchange models are quantitative, explicit and detailed,

the understanding of the effects of climate on vegetation parameters is still

qualitative and intuitive. With the current knowledge of physical processes

and the availability of global data, we would like to go beyond the intuitive

level of understanding and predict parameter values of physically based SVAT

models based on physical constraints, without using a-priori knowledge of the

present vegetation. In such an approach, the vegetation parameters are no

longer fixed but become part of the model output. It is important to define

the time scales at which interactions between vegetation and environment take

place.

Including an additional level of interaction may enhance our understanding

of the physiology of plants, the behaviour of ecosystems and the balances

of energy, carbon and water at the surface. Farquhar et al. (1980) already
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pointed out that the variability of the parameters in their model, especially

the maximum carboxylation capacity and the maximum electron transport

rate, can be ”a key to our understanding of the ecophysiology of plants”.

Tables of parameter values for different ecosystems have been published in the

literature. For example, Wullschleger (1993) published values of the maximum

carboxylation capacity and maximum electron transport rate for the model

of Farquhar for a large number of species, and Lloyd & Farquhar (1994) the

intrinsic water use efficiency for a number of ecosystems. However, a general

theory of these parameter values as functions of climate is still lacking.

The interactions between vegetation and environment form the theme of

a new discipline called ecohydrology, which has emerged at the interface of

hydrology, meteorology and ecology (Porporato & Rodriguez-Iturbe, 2002).

The term ecohydrology is associated with the work of Eagleson et al. (1978a-

g, 1982a,b, 2002) , , , who described vegetation cover, structure and growth

using a set of assumptions of how the vegetation in equilibrium behaves. The

central idea in his approach is that as a result of competition, vegetation

reaches some optimum state, in which a goal function is satisfied. The goal

function is called an ecological optimality hypotheses (EOH). This approach

is based on the idea of self organisation: vegetation characteristics emerge

from environmental conditions, and can in turn affect their environment. The

concept of self organisation has been applied in many disciplines. The use

of optimality hypotheses is attractive, because it is intuitively plausible and

mathematically easy to apply. However, there are several complicating issues

related to the use of EOH’s.

First, it is unknown whether an optimum situation exists, and what the

goal function should be. Different and sometimes conflicting EOH’s have been

used in literature. Eagleson assumed that on the long term, vegetation changes

soil conditions such that soil moisture content is maximised. Porporato et al.

(2002) used the hypothesis that vegetation adjusts rooting depth to maximise

transpiration. The two hypotheses seem contradictory at first glance, and can

only be reconciled by acknowledging the different time scales at which they

are supposed to be valid.

Second, the definition of the time scale is not trivial. The time scales at

which vegetation affects climate and vice versa are likely to overlap. The effect

of climate on vegetation and vice versa are then difficult to entangle, and thus,
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it is questionable whether one can speak of stationary conditions at any time.

Moreover, vegetation may respond differently to variations of the same climatic

variables at high and low frequency, depending on the time vegetation needs

to adapt and the costs involved. It is therefore necessary to carefully define

the conditions and time scale for which the EOH is believed to be valid.

Third, EOH’s are difficult to validate. Field validation requires measure-

ment of the fluxes and vegetation and soil characteristics over long time pe-

riods. Stable isotopes (13C and 15N) can be used in combination with eddy

covariance measurements over several years to provide the necessary data.

Despite these limitations, ecological optimality hypotheses have been used

successfully to model the diurnal (Cowan, 1977) and seasonal Mäkelä et al.

(1996) cycles of stomatal conductance, shoot/root ratios (Givnish, 1986), the

distribution of leaf nitrogen in the canopy (Field, 1983; Hirose & Werger, 1987),

leaf area index (Hirose et al., 1997), the distribution of roots in the soil and

canopy cover (Eagleson et al., 1978a-f).

1.3 Research questions

This study aims to take another step towards the understanding of interac-

tions between vegetation and climate, by proposing conceptual models and

presenting experimental data to support them. A number of issues concerning

the relation between climate and vegetation are addressed: the parameteri-

sation of surface conductance, scaling of physiological processes from leaf to

canopy, and empirical validation of an ecological optimality hypothesis. Two

main objectives are distinguished: first to quantify the effects of vegetation

characteristics on the one hand and weather conditions on the other hand on

the fluxes of carbon, water and energy, and second, to predict vegetation char-

acteristics from environmental constraints. These objectives are reached by

addressing the following research questions:

• How can vegetation parameters at leaf level be translated into diurnal

cycles of photosynthesis and transpiration at canopy level (Chapter 4)?

• How much are the contributions of weather conditions and vegetation

parameters to the spatial and temporal variations in the diurnal cycles

of surface conductance, photosynthesis and transpiration (Chapter 4)?

7
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• How can vegetation parameters and the seasonal cycles of assimilation

and transpiration be predicted from climatic constraints in a water lim-

ited environment (Chapter 5)?

• Is there empirical evidence for an ecological optimality hypothesis in

water limited conditions (Chapter 6)?

1.4 Structure of the thesis

The experimental data were collected during a measurement campaign in nat-

ural broadleaf forests in a sub-Mediterranean climate in Southwest Slovenia

during two years. Chapter 2 describes the study area and the selection of

the measurement sites, and Chapter 3 the measurement techniques and other

technical aspects of the study. Measurements of soil characteristics, hydrology

and plant physiology were carried out.

Chapter 4 focuses on the diurnal cycles of transpiration and latent heat. A

sun-shade model for photosynthesis and transpiration of the canopy is used to

calculate the fluxes of carbon dioxide and water at the surface from weather

conditions and vegetation characteristics. Both weather conditions and vege-

tation characteristics vary among the plots, and both affect the diurnal cycles

of the fluxes. Contrary to most studies, vegetation parameters were not cal-

ibrated from observed fluxes, but derived from independent measurements at

leaf level. The model was validated using independent measurements of sap

flux density. This approach made it possible to evaluate the sensitivity of the

model to weather conditions and vegetation parameters. The effect of spatial

variability in weather conditions on the fluxes is considered a direct effect of

climate, whereas the effect of spatial variations in vegetation characteristics is

considered an indirect effect, i.e. via the adaptation of vegetation to climate.

Chapter 5 is a theoretical study, in which a simple model is presented

to predict two important parameters for the calculation of the fluxes of car-

bon dioxide and water from long-term climate constraints: the photosynthetic

capacity and the carbon dioxide concentration in the stomata. This model de-

scribes two tradeoffs: between rapid growth and avoidance of water stress, and

between an efficient use of the photosynthetic machinery and an efficient use

of water. The optimum strategy is derived by using the assumption that adap-

tation of vegetation leads to maximised growth, and that a limited amount of

8
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water is available for transpiration during the growing season.

In Chapter 6 the model is validated using experimental data. Climatic data

of the two years (water availability and vapour pressure deficit) are used to

predict photosynthetic capacity, the carbon dioxide concentration in the stom-

ata, and the fluxes of carbon dioxide and water. Physiological measurements

(leaf area index, leaf nitrogen content and 13C isotope discrimination in leaf

material) and measured transpiration were used for validation.

9
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Site description

2.1 Introduction

The experiments used in this study were all carried out in the catchment of the

Dragonja River (92 km2) in sub-Mediterranean Slovenia (N45◦28’ E13◦46’), at

the west coast of the peninsula of Istria (Fig. 2.1). The catchment has some

unique features, which make it an excellent location for geomorphological,

hydrological and ecological studies. During the last 50 years land cover has

changed spectacularly: forest cover increased from 30% in 1950 to over 60% in

2000 (Globevnik, 2001; Keesstra, 2006). The new forests were not planted, but

developed naturally after farmers had left their fields (Figs. 2.2 and 2.3) for

social-economic and political reasons. Measurements of river discharge showed

a decline of summer and winter discharge by a factor two simultaneously with

the land cover change. Although reforestation occurred in large areas of the

peninsula of Istria, the Dragonja River is unique because it is largely undis-

turbed, and a long record of discharge data is available.

The Vrije Universiteit Amsterdam and the University of Ljubljana carried

out a research project in the catchment between 2000 and 2004, with the

aim to understand the hydrological and geomorphological processes that have

occurred during the land cover change. One study focused on the effects of land

cover change on river runoff (Globevnik, 2001), another on geomorphological

changes (Keesstra, 2006). The present study focusses on the relation between

vegetation characteristics, topography and hydrology.
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Figure 2.1: Map showing the location of the four forest plots and meteorological
stations
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Figure 2.2: Population density (number of inhabitants per km2) between 1860
and 1995 (Globevnik, 2001), and land cover (percent per class) between 1954
and 2002 (Keesstra & van Dam, 2002).

2.2 Topography, geology and soils

The parent material in the Dragonja catchment is flysch: a sequence of cal-

careous shales and thin sandstone banks (Fig. 2.4). In the upper part of

the catchment, broad plateaus are intersected with narrow, steep river valleys

of two contributing streams. In the lower part, the valley is broad and the

plateaus narrow. The elevation ranges between 0 and 330 m above sea level.

Soils in the whole catchment are Rendzina soils (Keesstra, 2006) and consist of

clay loam (30 percent sand, 50 percent silt, 20 percent clay). Soil depth ranges

from a few decimeters on the slopes to several meters of alluvial deposits in

the valley.

2.3 Climate

The Dragonja catchment is located within a 30 km wide band along the Adri-

atic coast of the peninsula of Istria which has a Sub-Mediterranean climate.

The Julian Alps and up to 1500 m high Karst plateaus form sharp orographic

boundaries at the north and the east with a more continental climate, with

lower temperatures and higher precipitation. The sub-Mediterranean climate

is classified as Caf (mild winter, hot summer, no dry season) in the Köppen

system. Mean annual precipitation varies from 1300 mm at the source to 1000
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Figure 2.3: An abandoned field is
the remains of past agricultural ac-
tivity.

Figure 2.4: Cross section of the fly-
sch parent material at an incision
of the Dragonja river. The flysch
consists of a sequence of shale and
sandstone layers.

mm at the outlet of the Dragonja. (Fig. 2.5).

Fig. 2.6 shows monthly incoming solar radiation, temperature, wind direc-

tion and wind speed measured at the meteorological station in the catchment

during the field campaign (between 2001 and 2004), and 20 to 30-year averages

measured between 1958 and 1987 (Ogrin, 1995). During the field campaign,

incoming radiation in the summer was higher than the 20-year average between

1960 and 1980. Precipitation is rather evenly distributed over the year. De-

spite the warm and dry summer of 2003, mean temperature and precipitation

between 2001 and 2004 were similar to the 30-year averages of 1960-1990, be-

cause the other three years were relatively cool and wet. Two wind directions

prevail: north-west and east. The east wind is a local orographic wind, called

bora. The bora is caused by the sharp divide between the continental and the

Sub-Mediterranean climate along the orographic boundary, combined with a

land-sea breeze (Jurcec, 1980).

2.4 Changes in climate and hydrology

Measurements during the last 40 years indicate that both precipitation and

river discharge have declined. Fig. 2.7 shows annual precipitation and dis-

charge to the Adriatic Sea measured near the outlet between 1960 and 2000

(upper panel), evaporation calculated as the difference between precipitation

13
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Figure 2.5: Spatial distribution of annual precipitation in Slovene Istria (after
Ogrin, 1995)

and discharge (middle panel), and the ratio of discharge over precipitation

(lower panel). This figure suggests a decreasing trend in precipitation and

runoff, and an increase in evaporation. The significance of these trends can

be evaluated using an F -test of the hypothesis that there is no trend versus

the alternative that there is a linear relationship with time. The test showed

that the trends for precipitation, discharge and evaporation are all significant

(α = 0.01). Precipitation is responsible for 50% of the decrease in discharge,

evaporation for the other 50%.

It is a question whether the increase in evaporation is caused by land cover

change or by an increased potential evaporation as a result of higher temper-

atures and radiation. Brunetti et al. (2000) showed for stations in Northern

Italy, including a station in Trieste 15 km north of the Dragonja, that pre-

cipitation and temperature anomalies of the last 150 years are all negatively

correlated, and thus, the negative anomaly of precipitation of the last 40 years

correlates with a positive anomaly of temperature and potential evaporation.

Their data also show that the precipitation anomaly of the last 40 years was

not unprecedented. Moreover, wine records and other historical chronicles

also show that droughts were common in Slovene Istria in the mid 16th, early

18th and the early 19th century (Ogrin, 2002). A reconstruction of tempera-

ture and precipitation of the Alpsfrom historical data between 1500 and 2003

shows that precipitation anomalies such as those of the last 40 years are quite

common (Casti et al., 2005). On the time scale of centuries, precipitation

14



Site description

J F M A M J J A S O N D
0

200

400

600

800

R
 (M

J 
m

−2
 m

on
th

−1
)

0 90 180 270 360
0

0.05

0.1

wind direction (degrees)

pd
f

J F M A M J J A S O N D
0

50

100

150

200

250

P
 (m

m
)

J F M A M J J A S O N D
−20

−10

0

10

20

30

T 
(o C

)

J F M A M J J A S O N D
0

2

4

6

8

u 
(m

 s
−1

)

u
max

u
mean

Figure 2.6: Meteorological variables as measured at Boršt meteorological sta-
tion in the Dragonja catchment between October 2000 and October 2004, and
long-term averages (Ogrin, 1995). Upper left: monthly incoming shortwave
radiation (solid line) and 20-year mean values measured at a nearby meteo-
rological station in Koper (+). Upper right: monthly precipitation (closed
bars) and 30-year mean values measured at a nearby station in Koštabona
(open bars), mean monthly temperature (solid line), and mean daily minimum
and maximum (dashed lines), and 30-year average measured at a nearby sta-
tion in Kubed (+). Lower left: probability density function of wind direction.
Lower right: monthly mean wind speed (solid line), and monthly mean 30-min
maximum wind speed (dashed line).
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Figure 2.7: Annual precipitation measured at station Portorož and discharge
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bublished data Min. of Environm. Slovenia, pers. comm. Globevnik).

16



Site description

anomalies do not show any trend and the long-term mean annual precipitation

has not changed since 1500. This is different for temperature: the temper-

ature anomaly of the last century is unprecedented. The year 2003 was the

warmest and one of the three driest in the 500 year record. The anomalies in

precipitation and temperature can to some extend be related to the North At-

lantic Oscillation, but other atmospheric circulation modes controlled Alpine

temperature and precipitation variability in the recent past (Casti et al., 2005).

2.5 Experimental sites

The experimental sites used in this study are four forest plots, one meteoro-

logical station and eight precipitation stations distributed over the catchment

(Fig. 2.1). The forest plots were chosen such that radiation, temperature and

vapour pressure deficit contrasted among them, and at locations where the veg-

etation is representative for the area, the forests are not managed frequently,

and soil chemistry and texture are similar.

One plot was located on a north and one on a south facing slope (north

and south plot, Fig. 2.8), and one at the foot of a converging west facing slope

(west plot) and one on a diverging south facing slope (east plot). Although

the east plot has a south facing aspect, it was named east plot to distinguish

it from the south plot, and because it is located the most to the east. It

was expected that the north and the south plot would contrast in radiation,

temperature and vapour pressure deficit, and the west and the east plot in soil

water availability: the west plot had a thicker soil than the east plot, and was

located at the foot of a converging slope, whereas the east plot was located on

a diverging slope. Contrary to what was expected, the east plot had a higher

water availability at the west plot. This may be explained by differences in

drainage and evaporation of intercepted water in winter time.

The differences in water availability, light, temperature and vapour pres-

sure deficit among the plots are presented schematically in Fig. 2.9. Two plots

are predominantly sunlit and experience a high vapour pressure deficit, tem-

perature and radiation input (south and east), and two plots predominantly

shaded and experience a low vapour pressure deficit, temperature and radi-

ation input (north and west). Two plots experience a high (north and east)

and two plots a low (south and west) water availability. In this way, all four
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combinations of high and low vapour pressure deficit and water availability are

present. Later soil water availability and vapour pressure deficit are used as

key variables affecting vegetation parameters (Chapter 5).

Figure 2.8: Photograph of the for-
est at the north and the south plot
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Figure 2.9: Schematic representa-
tion of vapour pressure deficit and
soil water availability the four for-
est plots: north (N), south (S), west
(W) and east (E)

The plots not only contrasted in micro-environment, but also in species

composition (Fig. 2.10), stem density and forest structure (Table 2.1). The

dominant species was Carpinus betulus at the two shaded plots (north and

west), and Quercus pubescens at the two exposed plots (south and east). Trees

at the shaded plots were taller than at the sunlit plots. The forest at the east

plot was younger, and pioneer vegetation was present (Juniperus communis).

Soil texture was similar at the four plots: 30 percent sand, 50 percent silt,

20 percent clay (Fig. 2.11). The hydraulic retention curves of the individual

plots could not be distinguished from each other. For this reason, one curve

was calibrated for all plots (Fig. 2.12), using the parameterisation of Van

Genuchten (1978). The curve was extrapolated for low values of soil water

potential, for which no measurements were available. The chemical composi-

tion is somewhat different among the plots. Fig. 2.13 shows vertical profiles

of carbon concentration (organic material), nitrogen and acidity. The nitrogen

concentration in the soil is a relevant for this study, because large differences

in soil nitrogen content may imply that spatial differences in vegetation char-

acteristics are caused by nutrient availability rather than by water availability
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Figure 2.10: Distribution of sap wood area over different species at the four
forest plots

Table 2.1: Characteristics of the four experimental forest plots in the Dragonja
catchment

north south west east

elevation (m) 180 190 120 150
slope 30◦ 30◦ 30◦ 30◦

aspect 330◦ 210◦ 270◦ 210◦

plot size (m2) 625 313 250 100
soil depth (m) 1.0 1.0 1.0 0.8
soil type clay loam clay loam clay loam clay loam
no of stems ha−1(103) 2.3 7.2 3.4 14.4
average diameter (cm) 12.8 7.3 8.6 4.0
average height (m) 16 8 14 4
mid-season LAI 4.0 5.2 4.5 2.7
age (y) >100 >100 >100 60
management (1900) wood cattle wood crop field

gathering grazing gathering
management (current) wood wood wood wood

gathering gathering gathering gathering
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or weather conditions. The total amount of soil nitrogen content is similar,

although the distribution over depth is different: at the south plot, nitrogen is

concentrated in the upper 20 cm of the soil. None of the plots has a soil that

is so acid that growth is limited (Roem et al., 2002). The soil at the east plot

is alkalic due to the presence of 30% calcium carbonate.

Figure 2.11: Vertical profiles of soil
texture at the four forest plots.
Clay: < 2µm, Silt: 2 to 50 µm,
Sand: 50 µm to 2 mm
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Figure 2.12: Hydraulic retention
curve for the soils at the forest
plots. Bars indicate 95% confidence
intervals of measurement means.

Table 2.2 shows the water balance at the plots in over the growing season

(19 May to 6 September) of 2004. At the end of the growing season, almost all

available water had evaporated at all plots (pF was between 4 and 4.2). The

fact that the change in water storage (∆S) varied among the plots, was caused

by differences in water availability at the start of the growing season. These

differences may be caused by variations in net precipitation during the winter,

drainage, soil evaporation and transpiration of the undergrowth before leaf bud

break. Measurements between 2000 and 2004 indicate that net precipitation

at the north plot is slightly higher than that at the south (Fig. 2.14). Soil

evaporation was not measured, but it was found that mainly the upper 20 cm

of the soil was responsible for a difference in soil moisture content between

the north and the south plot before bud break in 2004. This suggests that

the topsoil had dried out at the south plot before measurements started in

the spring. The relatively low initial soil moisture content at the west plot is

explained by the presence of a course gravel deposit at 1.0 to 1.5 m depth,

draining to a stream incised in the rock, while the soils at the other plots were
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Figure 2.13: Carbon and nitrogen content and acidity of the soils versus depth
at the four forest plots

located on bedrock.

Water availability was calculated by multiplying a weighed mean of the

initial soil moisture content measured at five depths by the depth of the root

zone. The fact that soil depth may be spatially variable and the fact that roots

may penetrate the rock underneath, creates some uncertainty in the estimates

of soil water availability (Chapter 3). A coarse estimate of root activity was

made by inverting a model for soil water flow which uses a discrete version of

Richard’s equation. The model calculated hydraulic conductivity in the soil as

a function of soil moisture content with the equation of Mualem (1976), using

a measured (with ring infiltrometer) saturated hydraulic conductivity of 6.4

mm d−1 and a literature value for silt of Woesten et al. (1994) for the shape

parameter. Measured half hourly precipitation and soil moisture content were

used as input, and root water uptake was the residual of the water balance.

Figure 2.15 shows measured soil moisture, pF, and downward soil water flux

and root water uptake calculated with this model versus depth (between 0

and 70 cm) and day of the year for the south plot in 2004. The figure clearly

shows the drying of the soil during the season and the effect of rainstorms.

It should be noted that the estimates of root activity obtained in this way
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Figure 2.14: Mean daily gross precipitation and throughfall (mm d−1) at the
north and the south plot, between 2001 and 2004. Values for each year are
averages from 1 November of the previous year to 31 October.

Table 2.2: Water balance of the four forest plots, for a 100 day period during
the growing season of 2004 (between 29 May and 6 September 2004): Pg

gross precipitation, Ei evaporation of intercepted water, Et transpiration, ∆S
change of soil water storage, and Pn −E − ∆S the water balance error, all in
mm.

North East West South

Pg 178 178 178 178
Ei 54 28 22 54
Et 316 293 265 249
∆S -169 -131 -109 -124

Pn − E − ∆S -23 -12 0 -31
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Figure 2.15: Measured soil moisture, modelled pF, downward soil water flux
and root water uptake versus depth (between 0 and 70 cm) and day of the year
for the south plot in 2004. Contours are interpolations between measurement
depths and times. Measurement were carried out at half hourly intervals at 5
depths.

are uncertain due to the fact that they are sensitive to hydraulic conductance

(e.g. water uptake near the surface at high pF at the end of the season is

unrealistic). The figure suggests a downward pointing flux at the top, and a

relatively small upward pointing flux in the middle of the profile, and a small

downward pointing flux at the bottom. Root activity decreases with depth and

with time. Because water uptake takes place even at the bottom of the profile,

it is assumed that water from the whole profile up to the bedrock is accessible

for the vegetation. Similar figures were made for the other plots (not shown),

leading to identical conclusions.
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Measurements and

instrumentation

This chapter presents the measurements carried out in the Dragonja catchment

during the field campaign between 2000 and 2004. The chapter serves as

background for the following chapters, in which the results are discussed and

measurements are used to validate models. Three groups of measurements are

distinguished: (1) meteorological variables, (2) the forest water balance and

(3) vegetation characteristics.

Measurements were carried out at the four experimental forest plots, at a

meteorological station and at eight precipitation stations. The meteorological

station was equipped with a 9 meter tall measurement tower. In 2004, a 9

meter tall scaffolding tower for measurements of radiation and photosynthesis

was erected at the south plot (Figure 3.5).

3.1 Meteorology

Basic meteorological variables were measured at a meteorological station lo-

cated 3 km east of the forest plots: incoming direct and diffuse shortwave

radiation, temperature and relative humidity, precipitation, air pressure and

wind speed and direction. Incoming shortwave radiation was measured with

a CM5 short wave radiometer (Kipp and Zonen B.V., Netherlands). The dif-

fuse fraction of incoming radiation was calculated from measurements with a
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CM3 short wave radiometer (Kipp and Zonen B.V., Netherlands) equipped

with a shadow band (Vrije Universiteit Amsterdam, VUA) which blocked 100

percent of direct radiation and 20 percent of diffuse radiation. Temperature

and relative humidity were measured at 2 m height with a shielded humicap

(HMP45AC, Vaisala Oyj, Finland), precipitation with a tipping bucket system

(Casella London Ltd.) and a totalisor (VUA), air pressure with a barometer

(VUA), wind speed with a cup anemometer A100R (Vector Instruments Ltd.,

UK) and wind direction with a windvane W200P (Vector Instruments Ltd.,

UK). All measurements were carried out at 1-min intervals, and 30-min mean

values stored on a datalogger (21X, Campbell Scientific Inc., USA).

Precipitation was measured at 8 stations in the Dragonja catchment with a

tipping bucket system, 3 of which were located within 500 metres of the forest

plots. For the precipitation at the forest plots, the mean of these three stations

was used.

At each forest plot, temperature and relative humidity were measured with

an aspirated, shielded humicap (HMP45AC, Vaisala Oyj, Finland). The hum-

icaps were calibrated against wet and dry bulb Chromel-Constantan thermo-

couples (VUA). It was technically not feasible to measure at canopy height,

and for this reason, the measurements were carried out at two meters above

the forest floor. Only at the east plot, this corresponds to the canopy height.

At the other plots, the canopy was higher. To test whether temperature and

relative humidity significantly changed with height, the humicap at the south

plot was relocated to a height of 9 meters on the measurement tower in August

2004. Measurements before and after relocation were compared to measure-

ments at the west plot. Figure 3.1 shows regression of vapour pressure deficit

at the south versus that at the west plot, before (fine line) and after (bold

line) relocation of the instrument at the south plot. This figure indicates that

vapour pressure deficit at the south plot is approximately 1 hPa higher above

than below the canopy. However, a Kolmogorov-Smirnov test showed that the

difference between vapour pressure deficit at the south and the west plot did

not change significantly after relocation (α = 0.05). The forest is apparently

sufficiently open and well-coupled with the atmosphere, such that the mea-

surement height is not critical. There is no evidence that this also holds for

the forests at the north and the west plot, which are denser are taller. For this

reason, a rather large uncertainty in the vapour pressure deficit was used in a
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Figure 3.1: Linear regression of vapour pressure deficit at the south and west
plot, measured both at 2 m height (fine line), and after relocating the instru-
ment at the south plot to 9 m height (1 m above the canopy) (bold line) in
2004. Bars indicate standard deviation of measurements before (fine) and after
(bold) relocation of the instrument at the south plot.

sensitivity study of our model in Chapter 4.

Incoming and outgoing long wave and short wave radiation were measured

with a CNR1 radiometer (Kipp and Zonen BV., Netherlands) at 9 m height at

the south plot between April and October 2004. All data were measured every

minute, and 30-min averages recorded using dataloggers (Campbell Scientific

Inc. USA).

3.2 Water balance

Several components of the forest water balance were measured: net precipita-

tion, soil moisture content and transpiration. Net precipitation consists of two

components: throughfall and stemflow. Measurements of both components

were carried out at the north and south plot from October 2000 to October

2004, at the west and the east plot in 2004. Storage of water in the soil profile

was calculated by integrating measurements of soil moisture content along a

vertical profile over the depth of the root zone. The depth of the root zone

was measured by measuring the depth to the solid rock. The depth to the rock

was measured with a drill at the locations of the soil moisture measurements,

and the spatial heterogeneity of the depth of the soil was unknown. Moreover,
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it is not known whether roots penetrated the rock and tapped into deeper

resources of water. It was assumed that the accuracy of the measurement of

the rooting depth was 20%. Transpiration was calculated from measurements

of heat dissipation sap flux density probes.

3.2.1 Net precipitation

Throughfall was measured at each plot with 10 manual gauges of each 100

cm2, which were emptied and relocated to random positions within the plots

weekly. Stem flow was measured on 4 (west and east) or 8 (north and south)

trees per plot. Each sampled tree was equipped with a rubber collar (made of

plastic hose with internal diameter of 3.8 cm) connected to a tipping bucket

system (north and south) or a plastic container, which was emptied weekly

(west and east). Stem flow is only a minor component of the water balance

(5% of gross precipitation), and the number of sampled trees was insufficient

to study differences in stem flow among the plots. For this reason, an average

value for the fraction stem flow to gross precipitation was calculated for all

plots. This approximation does not seriously affect the water balance, because

stem flow is small compared to throughfall.

3.2.2 Soil moisture content

Soil moisture content in the root zone was measured at 30-minute intervals

with 5 FDR CS616 sensors (Campbell Scientific Inc., USA) at 5, 11, 25, 40

and 70 cm depth at the south plot, FDR CS615 sensors at the same depths

at the north plot, 1 CS615 sensor and 4 CS616 sensors at 5, 15, 30, 60, and

85 cm depth at the west plot and TRIME P2Z TDR sensors (IMCO GmbH,

Germany) connected to a TRIME MUX6 system at 20, 40 and 60 cm depth

at the east plot (Figure 3.2). The sensors were calibrated in the laboratory in

large undisturbed samples of the forest soil.

3.2.3 Transpiration

In the last decades, several techniques to measure transpiration have been

developed (Ward & Robinson, 2000). A widely used method today is the

eddy-covariance technique. This technique is not preferred in this study area
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Figure 3.2: Installation of FDR soil moisture sensors (CS616, Campbell Sci-
entific Inc., USA) at the south plot, April 2003

for three reasons. First, an appropriate fetch could not be found due to the

patchy land cover and small, heterogeneous forests. Second, topography in

our study area is steep. The accuracy of the eddy-covariance technique is

seriously reduced in terrains with steep topography (Massman & Lee, 2002;

Finnegan et al., 2003). Third, the construction of towers of sufficient height

was technically not feasible. For this reason, transpiration was derived from

sap flux density measurements. Advantages of the sap flux technique are that

measurements are stable and reliable on short temporal scales, and can be used

in any terrain (Wilson et al., 2002). This makes the technique especially suited

for physiological studies at plant level (Barrett et al., 1996; Wullschleger et al.,

2000). Disadvantages are that sap flux may lag behind transpiration (Meinzer

et al., 2004), that scaling is necessary to calculate transpiration at canopy scale

(Wilson et al., 2002), and that the carbon dioxide flux is not measured.

Sap flux density was measured with thermal dissipation probes, following

the method of (Granier, 1987a,b) in 6 trees per plot. The trees were selected

such that they best represented the distribution of species and stem diameters

(Figure 2.10). From each of the three most abundant species at each plot, at
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least one tree was sampled. Two species, Fraxinus ornus and Quercus, were

sampled at all four plots because they were present at all plots. Both ring

porous (Quercus and Fraxinus ornus) and diffuse porous species (Carpinus

betulus, Juniperus communis and Acer campestre) were sampled. In each of

the selected trees, sap flux density was measured at two opposite sides of the

stem (west and east side) at breast height to evaluate whether radiation on

the stems affected the measurement (Figure 3.3). The sensors (Vrije Univer-

siteit Amsterdam, VUA) consisted of two 22 mm long needles with a Copper-

Constantan thermocouple at 12 mm from the tip. The heating needle had a

stripped copper wire tightly twisted around the last 20 mm of the needle end

for heating. Power was supplied continuously by a supply system that allowed

for adjustment of the power for each sensor separately (VUA). The sensors

were gently pressed into a 20 mm long aluminium cylinder of 2 mm diameter,

filled with heat conducting silicon paste (WAPA-Z, Tribolub, Netherlands),

which was installed in the outer rim of the stem of the tree, perpendicular to

the growth rings. The heated sensors were installed 10 cm above the reference

sensors. The stem and sensors were covered with a reflecting wrap from 20 cm

below to 20 cm above the sensors to prevent radiation induced temperature

gradients. There was virtually no difference in the signals between the sensors

installed a the east and the west side, which indicates that the radiation shield

was appropriate.

The estimated weighed mean and variance of sap flux density measurements

were calculated as:

m̂ = Σfimi (3.1)

σ2 = Σf2
i σ

2
i (3.2)

where fi the relative contribution of species i to total sapwood area, m̂i and

σi the estimated mean and variance of sap flux density of species i. A 95%

confidence interval for the mean sap flux density at a plot was calculated as:

m = m̂± s0.95
σ√
n− 1

(3.3)

where s0.95 the Student-t statistic for p = 0.95 and n the number of sensors.

Latent heat flux, λE (W m−2), was calculated by multiplying sap flux density

by the area of sapwood per unit forest floor fA and by the latent heat of
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Figure 3.3: Two Granier type heat dissipation sap flux density sensors installed
in a Fraxinus ornus tree at the south plot.

vaporization of water λ (2.5 MJ kg−1):

λE = λfAm (3.4)

The area of sapwood per unit forest floor, fA, was calculated in the following

way. Because the sensors had a length of 20 mm and were inserted in heat-

conducting material, it was assumed that the measured sap flux density is

the effective sap flux density of the outer 20 mm of the stem. However, for

most trees the sapwood area extended deeper than 20 mm into the stem. The

actual sapwood area was inferred from microscopic analysis of tree cores taken

perpendicular to the tree rings of all sampled trees at the end of the growing

season of 2004. A film of approximately 0.1 mm thickness was planed off the

tree cores with a razor blade and examined visually under a microscope for the

presence of active xylem vessels. Figure 3.4 shows an example of an image of

active xylem vessels in Carpinus betulus. The majority of xylem vessels were

present in the outer 20 mm, and few extended up to 40 mm depth. Because

10 to 30% of xylem vessels were present at depths greater than 20 mm, a value

of 25 mm ± 10% was used for the sapwood depths for all trees at all plots.

The total sapwood area per unit forest floor was calculated by measuring the

diameters of all trees in each plot.
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Figure 3.4: Microscopic image of wood of Carpinus betulus, showing active
xylem vessels.

3.3 Vegetation characteristics

An investigation of the stem density, diameters and tree species was made at

all plots. Light distribution in the canopy was measured with a ceptometer.

These light measurements were used to validate a light interception model and

to calculate leaf area index (L). For a number of leaves, light response curves of

photosynthesis and stomatal conductance were measured with a leaf chamber

and gas analyser. These measurements were used to calibrate parameters of

a biochemical model for photosynthesis. Leaf samples were collected at all

plots and nitrogen content and 13C isotope discrimination measured in the

laboratory.

3.3.1 Light distribution and leaf area index

Photosynthetic active radiation (PAR) was measured at the forest plots with

a ceptometer (Decagon Devices Inc., USA) along both horizontal and vertical

transects, on days with various weather conditions and at different times of

the day. Measurements at 1.0 m above the forest floor on completely overcast

days were used to calculate leaf area index.

Measurements along a horizontal transect consisted of 144 readings along a

transect of 20 m at a height of 1.0 m above the forest floor. A longer transect

(50 m, 300 readings) was chosen for the north plot because of the larger trees

and more irregular structure of the forest. The average of all readings was

taken as the intensity of PAR at 1.0 m height at time of measurement. Before
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and after each measurement along a transect, PAR was measured outside the

forest. The mean of the values before and after the measurements in the

forest was used as the ambient intensity of PAR above the forest at time of

measurement. The measurements were repeated for different days with either

clear sky or overcast conditions, at different times of the day between 6:30

and 19:00, on different days between May and September 2003 and May and

September 2004.

Measurements along a vertical profile were only carried out at the south

plot between May and September 2004, using plateaus of a measurement tower.

PAR was measured at 1.0 m height intervals between the forest floor and 8 m

height. At each 1.0 m interval, 8 readings were taken. The measurements are

used to validate a light distribution model (Chapter 4).

Leaf area index was calculated using the PAR measurements for shadowing

by stems and branches. On hemispherical canopy photos (Canon Coolpix with

fish-eye) taken at different days during the growing season, brown pixels were

distinguished from green pixels. Brown pixels could clearly be distinguished

from green ones by looking a the RGB composition of the pixels. The ratio of

green to brown pixels was used to calculated the green leaf area index derived

from PAR measurements.

3.3.2 Leaf photosynthesis

Light response curves of photosynthesis and transpiration of leaves of Quercus

pubescens and Fraxinus ornus were measured using a broadleaf leaf chamber

with portable light unit connected to an LCA3 gas analyser (ADC BioScientific

Lt., UK) at the east and the south plot. At the east plot, the trees were so

small that measurements could be carried out at breast height. At the south

plot, measurements were carried out on a scaffolding tower of 9 m height.

The two species sampled are the most abundant species at the south and the

east plot. The measurements were carried out between 14 and 21 July 2004,

when soil moisture was relatively high, and between 17 and 26 August 2005,

when soil moisture content was relatively low. Comparing the data of July

and August enabled us to study the effects of drought stress. Nineteen leaves

were sampled in July and 15 in August.
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Figure 3.5: Scaffolding tower for measurements at the south plot

3.3.3 Leaf sample analysis

Leaf samples for analysis of carbon and nitrogen content and 13C isotope dis-

crimination were collected by a professional tree climber at the start (a few

weeks after bud break) and the end (four weeks before the onset of senescence)

of the growing season at all four plots. The total number of leaf samples was

83 (15 at the north, 31 at the south, 16 at the west and 21 at the east plot).

One third of the samples was collected between 5 May and 8 June 2004, and

two third between 8 and 10 September 2004. Each sample consisted of a 4 to

15 leaves of different size of neighbouring branches of a tree. The number of

samples of a species was chosen such that it approximated the relative con-

tribution to the total sapwood area of that species at the plot. Species which

contributed less than 5 percent to the total sapwood area were not sampled.

At all plots, the sampled species represented over 85 percent of the sapwood

area. Both predominantly sunlit and predominantly shaded leaves were col-

lected. Samples were classified by plot, species, sunlit or shaded, and young

or old leaves.

The leaves were air dried, oven dried at 50 ◦C, minced in a mincing machine

and grounded in centrifugal ball mill and used for analysis of 13C discrimina-

33



Chapter 3

tion, and carbon and nitrogen content. Carbon and nitrogen content (g g

dry matter−1) and discrimination of 13C were determined using an elemental

CHNO-analyzer Flash EA 1112 (Finnegan MAT, Bremen, Germany).

The 13C discrimination against ambient air was calculated as (Farquhar &

Richards, 1984):

∆13Cl =
δ13Ca − δ13Cl

1 + ∆13Cl
(3.5)

where δ13C the isotope ratio per mil compared to the PDB standard, subscript

a and l indicate air and leaf, respectively, and δ13Ca = −8 ppm. The long-term

internal carbon dioxide concentration is calculated as (Farquhar et al., 1989):

Ci

Ca
=

∆13Cl − c1
c2 − c1

(3.6)

where c1 = 4.4 per mil the discrimination by diffusion in air and c2 = 27 per

mil the discrimination by Rubisco.

The leaf samples were used to calculate effective values for leaf nitrogen

content and 13C isotope discrimination for each plot. First, a Kolmogorov-

Smirnov test showed that the measurements of leaf nitrogen and 13C within

each plot had normal distributions, and a Levene test showed the variances

within the plots were not different from each other. Next, the estimated mean

values m̂ and variances ŝ2 for each plot were calculated as:

m̂ =
∑

ns

Fim (3.7)

ŝ2 =
∑

ns

F 2
i ŝ

2
i (3.8)

where Fi the contribution of species i to total sapwood area, and ns the

number of sampled trees of species i. A 95% confidence interval for the mean

was calculated as:

m = m̂± s0.95

√

ŝ2

np
(3.9)

where s0.95 the Student-t statistic for p = 0.95 and np the number of samples

at each plot.
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3.4 Soil characteristics

Both physical characteristics and chemical composition of the soil were anal-

ysed: colour, texture, water retention, carbon, nitrogen and carbonate con-

centration and acidity. The soil profiles were qualitatively described for colour

(Munsell), texture and presence of roots and cracks. Saturated hydraulic con-

ductivity was measured with a ring infiltrometer. Soil depth was measured by

drilling a borehole to the depth of the bedrock. For the hydraulic retention

curve, a total of 27 undisturbed core samples was collected at the plots in

April and October 2004 and analysed in the laboratory. The data were used

to calibrate parameters of the equation of Van Genuchten (1978). A total of

46 soil samples for chemical analysis and texture were taken at approximately

10 cm depth intervals between 5 and 85 cm depth at the north, south and west

plot and between 5 and 65 cm at the east plot. Soil texture was measured with

a laser particle size analyser (Fritsch Analysette 22, Fritsch GmbH, Germany).

Soil carbon, nitrogen and carbonate concentration were measured with an ele-

mental CHNO-analyzer Flash EA 1112 (Finnegan MAT, Bremen, Germany).

Acidity was measured with a common pH-meter in water and KCl solution.
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Separating the effects of

vegetation characteristics and

weather conditions on the diurnal

cycles of assimilation and latent

heat

Abstract

The aim of this study is to explain topography induced spatial variations in the diur-

nal cycles of assimilation and latent heat of Mediterranean forest. Spatial variations

of the fluxes are caused by variations in weather conditions and variations in the

vegetation characteristics. Weather conditions reflect short-term effects of climate,

whereas vegetation characteristics, through adaptation and acclimation, long-term

effects of climate. In this study measurements of plant physiology and weather con-

ditions are used to explain observed differences in the fluxes. A model is used to

study which part of the differences in the fluxes is caused by weather conditions and

which part by vegetation characteristics. Data were collected at four experimental

sub-Mediterranean deciduous forest plots in a heterogeneous terrain with contrasting

slopes and aspect, soil water availability, humidity and temperature. A sun-shade
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layer model was used to scale fluxes from leaf to canopy, and to calculate the canopy

energy balance. Parameter values were derived from measurements of light intercep-

tion, leaf chamber photosynthesis, leaf nitrogen content and 13C isotope discrimina-

tion in leaf material. Leaf nitrogen content is a measure of photosynthetic capacity,

and 13C isotope discrimination of water use efficiency. For validation, sap-flux based

measurements of transpiration were used. The model accurately predicted diurnal

cycles of transpiration and stomatal conductance, both their magnitudes and differ-

ences in afternoon stomatal closure between slopes of different aspect. The diurnal

cycles were more strongly affected by spatial variations in vegetation parameters

than by meteorological variables. This indicates that topography induced variations

in vegetation parameters are of at least equal importance to the fluxes as topogra-

phy induced variations in radiation, humidity and temperature. Weather conditions

mainly affect the shape of the diurnal cycles, and vegetation parameters the magni-

tude of the fluxes.

4.1 Introduction

Surface exchange models for water and carbon dioxide have developed in the

last 30 years from simple conceptual models towards more accurate descrip-

tions of the soil-vegetation-atmosphere system. This development is driven

by an increasing emphasis on the carbon balance as a focal point of atmo-

spheric modelling beside the energy and water balance (Sellers et al., 1997). A

great improvement has been the discovery of a close relation between stomatal

conductance and photosynthesis rate (Wong et al., 1979), and the consequent

integration of the descriptions of transpiration and photosynthesis (Lloyd et al.,

1995; Harley & Baldocchi, 1995; Tuzet et al., 2003).

Two important processes in these integrated models are carboxylation of

carbon dioxide in leaves, and transport of carbon dioxide from the air into

leaves. Transport of carbon inevitably involves loss of water by transpiration,

which travels along the same path as carbon but in opposite direction. The

uptake of carbon dioxide and the loss of water by transpiration is regulated by

stomatal conductance. The two most important characteristics of vegetation

to describe these processes are unquestionably the photosynthetic capacity

and the way in which vegetation regulates stomatal conductance (Farquhar &

Sharkey, 1982).
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Both weather conditions and vegetation characteristics affect the fluxes of

water and carbon. The effect of vegetation is in fact an indirect effect of cli-

mate: the evolution of vegetation depends on long-term climate (Hetherington

& Woodward, 2003). Thus, short term (or direct) are distinguished from long-

term (or indirect) effects of climate. Short term effects are those of radiation,

temperature and vapour pressure deficit, and long term effects those of pho-

tosynthetic capacity and regulation of stomatal conductance. Both weather

conditions and vegetation characteristics vary spatially, and are most likely

correlated in some way.

This study focuses on estimating the relative contribution of long term

(vegetation characteristics) and short term (weather conditions) effects of cli-

mate on the diurnal cycle of latent heat flux. The two aims of the study are

(1) to translate vegetation characteristics into diurnal cycles of photosynthesis

and transpiration, and (2) to separate the effects of weather conditions and

vegetation characteristics on the diurnal cycles of assimilation and latent heat

flux using a sensitivity analysis.

A sun-shade model for photosynthesis and the energy balance was used to

calculate the fluxes of carbon dioxide and water from leaf parameters. This

model is similar to existing models for scaling of fluxes from leaf to canopy

(Leuning et al., 1995). The novelty of the approach is in the data used for pa-

rameterisation and validation of the model. Data were collected during a field

campaign at four experimental plots in natural broadleaf sub-Mediterranean

forests in Slovenia, which contrast in local hydrological and climate conditions,

aspect and vegetation composition. Contrary to studies which calibrate vege-

tation parameters from measured fluxes, independent measurements were used

at leaf level for parameterisation, and sap flux density measurements for vali-

dation. For parameterisation leaf nitrogen content, 13C isotope discrimination

of leaf material, and leaf chamber photosynthesis measurements were used. In

this way, it is tested whether canopy scale fluxes can be predicted from leaf pa-

rameters. Spatial patterns in vegetation parameters and fluxes give an idea of

how adaptation works. Next, a sensitivity analysis of the model is performed

to separate the effects of vegetation parameters and weather conditions on

surface conductance and the fluxes of carbon dioxide and water.
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4.2 Method and materials

4.2.1 Model description

The model to calculate the fluxes of water and carbon dioxide consists of three

components: photosynthesis and transpiration at leaf level as a function of

biochemical parameters, scaling of the fluxes to canopy level, and an energy

balance of the canopy. At leaf level, diffusion equations, a biochemical model

for photosynthesis (Farquhar et al., 1980) and the model for optimal stom-

atal control of Cowan (1977) are used. Scaling from leaf to canopy is carried

out with a sun-shade model that distinguishes between a sunlit and a shaded

fraction of leaves. An energy balance of the canopy is used to solve canopy

temperature, which in turn affects the processes in the leaves. Fig. 4.1 shows

the structure of the model. In what follows, the three components of the model

are presented.

Water and carbon dioxide move by diffusion in opposite directions between

the stomata and the air. Water evaporates from the cell walls, and travels

from the stomata to the air, whereas carbon dioxide travels from the air, via

the stomata into the mesophyll, where it is reduced to sugars by the chemical

reactions in the Calvin cycle. If the resistance for transport of carbon dioxide

from the stomata to the mesophyll is neglected, then the diffusion equations

can be written as:

E = 1.6g
ρa

Ma

ei − ea

p
= 1.6gD (4.1)

A = g (Ca − Ci) (4.2)

where E is evaporation and A assimilation (mol m−2s−1), g the effective aero-

dynamic and stomatal conductance (m s−1), ei and ea the vapour pressure in

the intercellular spaces and in the ambient air (Pa), respectively, p atmospheric

pressure (Pa), ρa specific mass of air (kg m−3), Ma the molar mass of air (kg

mol−1), D = ρa

Ma

ei−ea

p the molar vapour concentration gradient between the

intercellular space and the air (mol m−3), and Ca and Ci the molar carbon

dioxide concentration in the ambient air and in the stomata (mol m−3), re-

spectively. The process of photosynthesis is described with the biochemical

model of Farquhar et al. (1980):
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A =
ν (Ci − Γ∗)

Ci + γ
−Rd (4.3)

ν = Vcm and γ = Kc

(

1 + O
Ko

)

for Rubisco limited photosynthesis and ν =
qIJm

4(I+2.1Jm) and γ = 2Γ∗ for photon limited photosynthesis, Vcm is the maxi-

mum carboxylation capacity of Rubisco (mol m−2s−1), Γ∗ the compensation

point for carbon dioxide in absence of dark respiration (mol m−3), O the oxy-

gen concentration (mol m−3), Ko and Kc the Michaelis-Menten constants for

carbon dioxide and oxygen (mol m−3), Rd dark respiration (mol m−2s−1), q

the quantum yield efficiency, Jm the maximum potential electron transport

rate (mol m−2s−1) and I the irradiance by photosynthetically active radiation

(PAR) (mol m−2s−1).

Once values for the biochemical parameters are known, the diffusion equa-

tions (Eqs 4.1 and 4.2) and the biochemical model (Eq 4.3) form a set of three

equations containing four unknowns (A, E, g and Ci). A fourth equation, de-

scribing the stomatal behaviour, is required to yield a unique solution. Cowan

(1977) and Cowan & Farquhar (1977) suggested that stomata operate such as

to minimize the evaporative cost of plant carbon gain. This condition is met

if the marginal water cost of assimilation Λ, is constant with time:

δE/δg

δA/δg
= Λ = constant (4.4)

This model does not explain how stomatal regulation works physiologically,

but only describes the stomatal behaviour that yields the highest mean assim-

ilation rate over a time period with variable environmental conditions, during

which a certain positive amount of water evaporates. The parameter Λ is a

measure for the intrinsic water use (Lloyd & Farquhar, 1994). Low values of Λ

refer to more water efficient vegetation than high values. The advantage of this

model for stomatal behaviour compared to empirical relations between stom-

atal conductance and humidity deficit, is that only one parameter, which has

a conceptually clear meaning, is used. The model works best for the diurnal

cycle, although it has also been applied to longer time periods, including dry

conditions (Cowan, 1986). A problem with longer time scales and dry periods

is that Λ does not remain constant (Makela et al., 1996; Arneth et al., 2002),
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because of hydraulic limitation of transport of water (Tyree & Sperry, 1988;

Jones, 1998; Mencuccini, 2003) and because stomata respond to abscisic acid

transmitted by roots (Zhang & Davies, 1989).

With Eqs 4.1 to 4.4, the variables A, E, g and Ci are uniquely defined.

Solving Eqs 4.1 to 4.4 results in a Ci that is a function of the vapour gradient

D between the intercellular space and the air (Appendix A). The solution is

different for the case in which assimilation is enzyme limited and for the case in

which assimilation is electron limited. Because it is not known a-priori whether

assimilation is enzyme or electron limited, Ci is solved by iteration of Eqs A.1

to A.3 and the biochemical model (Eq 4.3).

Climate variables in this model are photosynthetically active radiation

(PAR), vapour pressure deficit and carbon dioxide concentration. Biochemical

parameters are maximum carboxylation capacity Vcm and maximum electron

transport Jm, quantum yield efficiency q, marginal cost of assimilation Λ and

Michaelis-Menten coefficients for the chemical reactions in the Calvin cycle.

The approach used to scale from leaf to canopy level (Appendix B) is

similar to that of DePury & Farquhar (1997). Lambert-Beer’s equation is

used to calculate the vertical distribution of light in the canopy, discriminat-

ing between indirect (diffuse) and direct light, which have different extinction

coefficients. Because the experimental sites were located on steep slopes, a

coordinate rotation was used to correct for the effect of topography on the

extinction coefficients for direct light (Appendix B). The model calculates the

exposed and shaded fraction of leaves (fe and fs), and the intensities of PAR

on the exposed and shaded leaves (Ie and Is), which are variable over the

day. The fluxes and the surface conductance at canopy level are calculated by

adding the contributions of the two fractions:

V = L (feve + fsvs) (4.5)

where V and v refer to any of the variables A, E and g at canopy and leaf

level, respectively, the index e to exposed and s to shaded, and L is leaf area

index. The effective internal carbon dioxide concentration for the canopy is:

Ci = Ca − A

Gc
(4.6)
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where A is canopy assimilation and Gc the canopy-scale equivalent of g, cal-

culated with Eq. 4.5.

For the calculation of E with Eq 4.1, an estimate of the internal vapour

pressure ei is needed, which cannot be measured directly. The intercellular

vapour pressure is in equilibrium with leaf water potential and leaf tempera-

ture. Because air in stomata is always close to saturation, it is assumed that

ei is the saturated vapour pressure es at surface temperature Ts:

ei = es(Ts) (4.7)

Surface temperature is solved from the energy balance. Neglecting soil heat

flux and changes in heat storage, the energy balance is:

Rn = H + λE (4.8)

where Rn is net radiation, H sensible and λE latent heat flux (all in W m−2).

Latent heat flux is calculated by converting E from units of mol m−2s−1 to kg

m−2s−1 and multiplying by the latent heat of vaporisation of water, λ (=2.501

- 0.0024T (◦C) MJ kg−1).

λE = 1.6λρaGc
MH2O

Ma

ei − ea

p
(4.9)

where MH2O the molar mass of water (kg mol−1). Sensible heat flux is calcu-

lated as:

H = ρacpGa(Ts − Ta) (4.10)

where cp is the specific heat of dry air (J kg−1 K−1) and Ga the aerodynamic

conductance (m s−1). Net radiation is calculated from incoming and outgoing

shortwave and longwave radiation:

Rn = (1 − α)Rsi +Rli −Rlo (4.11)

where Rsi, Rli and Rlo incoming shortwave, incoming longwave and outgoing

longwave radiation, respectively, and α the reflection coefficient for shortwave

radiation (albedo). Outgoing longwave radiation is calculated with Stefan-

Boltzman’s equation:
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Rlo = εσT 4
s (4.12)

where ε = 0.98 the emissivity of the canopy and σ Stefan-Boltzman constant

(= 5.67 · 10−8 W m−2 K−4).

From the biochemical model (Eq 4.1 to 4.4), A, E, Ci and g can be solved,

provided that ei is known. Eq 4.5 is used to scale from leaf to canopy, and

from the energy balance (Eq 4.7 to Eq 4.12), ei, Tl, Rlo, Rn, H and λE can

be solved, provided that Gc and Ga are known. Both sub-models should be

solved simultaneously. An analytical solution is not possible due to the non-

linearity of the interactions between the sub-models. For this reason, surface

temperature is adjusted iteratively in order to force energy balance closure.

The aerodynamic conductance Ga is calculated with a wind function:

Ga = Ga0 +Bu (4.13)

where Ga0 is a convective term, u wind speed measured at the meteorological

station (m s−1), and B an empirical wind function. The terms Ga0 and B are

calibrated by optimising calculated surface temperatures Ts with measured

ones. Because Ts is measured only at the south plot, the parameters Ga0 and

B of the south plot are also used at the other three plots.

4.2.2 Site description

Measurements were carried out at four experimental plots in Mediterranean

deciduous forests in Slovenia (N45◦28’ E13◦46’), which were selected for their

contrasting aspect, local hydrological and climate conditions and vegetation

composition. The plots were named north, south, west and east plot, referring

to their aspect and location (Chapter 2). Each plot had either a high (south

and east) or a low (north and west) vapour pressure deficit, and either a high

(north and east) or a low (south and west) soil moisture content. The four

plots were selected such, that each of the four combinations of high and low

vapour pressure deficit and high and low soil moisture content was present

(Fig. 2.9). Both texture and chemical composition of the soils at the plots

were similar (Chapter 2).
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Figure 4.1: Flow chart of the combined photosynthesis-transpiration model.
The enlargement at the left represents the biochemical model at leaf level.

4.2.3 Measurements

At each plot, vegetation and soil parameters, meteorological variables and the

water balance were measured between May and September 2004. Only those

data for which vegetation was not limited by water availability were selected.

The reason for doing so is that we are interested in the diurnal cycle during

a period in which biochemical parameters remain constant, and water stress

causes biochemical parameters to change in time (Lambers et al., 2000). Those

temporal variations of biochemical parameters in a changing environment are

discussed in Chapters 5 and 6.

Basic meteorological variables (wind speed, diffuse and direct incoming

shortwave radiation and reflected shortwave radiation) were measured at a

meteorological station 3 km east of the experimental plots. Parameters for the

biochemical model at leaf level were derived from leaf chamber photosynthesis

44



Diurnal cycles of assimilation and latent heat

measurements carried out on two species at the south and the east plot, and

leaf nitrogen content and 13C isotope discrimination at all four plots.

Light response curves of photosynthesis and transpiration of leaves of Quer-

cus pubescens and Fraxinus ornus were measured using a broadleaf leaf cham-

ber with portable light unit connected to an LCA3 gas analyser (ADC Bio-

Scientific Lt., UK) at the east and the south plot between 14 and 21 July

2004. At the east plot, the trees were so small that measurements could be

carried out at breast height. At the south plot, measurements were carried out

on a scaffolding tower of 9 m height. The two species sampled are the most

abundant species at the south and the east plot.

The parameters for the model of Farquhar and internal carbon dioxide con-

centration for each plot were derived in the following way. First, maximum

carboxylation capacity and electron transport capacity for each plot were cal-

ibrated from the leaf chamber photosynthesis measurements. Next, a linear

relationship between maximum carboxylation capacity and leaf nitrogen con-

tent was calibrated for the leaves for which measurements of both leaf nitrogen

content and maximum carboxylation capacity were available. Finally, this lin-

ear relationship was used to derive values for the maximum carboxylation

capacity at all four plots from measurements of leaf nitrogen content.

The average values of internal carbon dioxide concentration C̄i from the

isotope analysis were used to calibrate the model parameter Λ for each plot, by

minimising the absolute difference between measured and calculated internal

carbon dioxide concentration. Modelled internal carbon dioxide concentration

changes during the day. An average was calculated by weighing Ci with the

instantaneous rate of photosynthesis (Farquhar et al., 1982):

C̄i =

∫

A(t)Ci(t)

Ā
dt (4.14)

The sun-shade model for light interception was validated using PAR mea-

surements along horizontal transects at the forest floor of the north and the

south plot, and along vertical transects at the south plot, at different weather

conditions, times of the day and days of the year. Leaf area index L was

derived from PAR measurements on completely overcast days.
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Table 4.1: A-priori parameter values for the biochemical model (Farquhar
et al., 1980)
Kc (mmol m−3) Ko (mbar) O (mbar) Γ∗ (mmol m−3) Jm/Vcm

18.7 330 210 1.22 2.5

4.3 Results

This section presents the derivation of the parameters for the biochemical

model at leaf level from leaf chamber photosynthesis measurements and leaf

samples, the validation of the sun-shade model, the model predictions of di-

urnal cycles of the fluxes. The discussion section is dedicated to a sensitivity

analysis of the model.

4.3.1 Biochemical model

Fig. 4.2 shows leaf chamber photosynthesis measurements used for parame-

terisation of the biochemical model, and model predictions (solid lines). The

upper panels show net assimilation as a function of photosynthetically active

radiation (PAR), the lower panels Ci/Ca versus PAR. The parameters Vcm,

Rd and q of the photosynthesis model were calibrated (Table 4.2) using these

data, whereas a-priori values were used for other parameters (Table 4.1).

The measurements were carried out at similar vapour pressure deficit (10

hPa) and temperature (28 ◦C). If the hypothesis of Cowan (1977) holds, then

Ci should be independent of PAR. However, Fig. 4.2 shows a sharp increase of

Ci/Ca when PAR decreases to low values. This is either caused by a minimum

stomatal conductance that prevents the stomata to fully close, or by the fact

that the time interval of 2 minutes between the measurements was too short

for the stomata to reach an equilibrium. It is realistic to assume that gas

exchange does not stop entirely when stomata close (i.e. that a minimum

stomatal conductance exists). This implies that the model of Cowan (1977)

is incomplete. The solid line in Fig. 4.2 was derived by assuming a relation

between assimilation and stomatal conductance as proposed by Leuning (1995).

In the analysis that follow the model of Cowan (1977) is used, because its

parameter Λ has a conceptually clear meaning.

The values for Vcm for the two sampled species (Table 4.2) were used to

46



Diurnal cycles of assimilation and latent heat

Table 4.2: Calibrated values of maximum carboxylation capacity Vcm, dark
respiration rate Rd and quantum yield efficiency q with 0.95-confidence inter-
vals, calibrated for measurements on 13 leaves of Quercus pubescens and 6
leaves of Fraxinus ornus at the south and the east plot between 14 and 21 July
2004

Vcm (µmol m−2s−1) Rd (µmol m−2s−1) q

Quercus pubescens 54 ± 9 1.0 ± 0.2 0.46 ± 0.15
Fraxinus ornus 44 ± 7 1.1 ± 0.0 0.39 ± 0.09

calibrate the linear relationship between leaf nitrogen content and Vcm. Fig.

4.3 shows leaf nitrogen versus Vcm for the two sampled species at the south

and the east plot, with 0.95 confidence intervals for both nitrogen content and

Vcm. A linear relation of Field & Mooney (1986) was adopted to relate Vcm to

nitrogen content:

V = x(N −N0) (4.15)

where N0 the residual leaf nitrogen content (= 25 mmol m−2 or 0.5%), and x

an empirical coefficient. Parameter x was calibrated for the two measurement

points (solid line in Fig. 4.3), acknowledging the ambiguousness to use this

relationship based on two data points for all plots. The fixed literature value

of N0 = 0.5% is used because this value was based on a much larger num-

ber of measurements of different species. Dispite the coarse relationship, our

data agree with literature data (dots in Fig. 4.3), calculated from values of

maximum photosynthesis by Reich et al. (1999) for different vegetation types

in North and South America. Our data are in the same order of magnitude

and the relation between leaf nitrogen content and photosynthetic capacity is

similar.

Table 4.3 shows the biochemical parameters as derived from the leaf sample

analysis and leaf photosynthesis measurements, and leaf area index for the four

plots. For Rd and q, equal values were used for all plots. Differences in nitrogen

content between sunlit and shaded leaves were not significant, perhaps due to

the open structure of the canopy. It is remarkable that the two plots with

the lowest vapour pressure deficit (north and west) have higher carboxylation

capacity Vcm than the two plots with the highest vapour pressure deficit (south

and east), and that the two plots with the lowest soil moisture content (south

and west) have a higher intrinsic water use efficiency (lower Λ) than the two
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Figure 4.2: Rates of net photosynthesis (µmol m−2 s−1) (upper panels),
and Ci/Cs versus intensity of photosynthetically active radiation PAR (mmol
m−2s−1) (lower panels) for Quercus pubescens and Fraxinus ornus. Measure-
ments were carried out at the south and the east plot between 14 and 21 July
2004. The solid line is a prediction of the calibrated biochemical model. For
the lines in the lower panels, the model of Leuning (1995) was used.

plots with a higher soil moisture content. This topic will be discussed in

detail in a separate study which focuses on the relation between climate and

biochemical parameters.

4.3.2 Sun-shade model

Fig. 4.4 shows the modelled versus the measured fraction of direct light that

reaches the forest floor I/I0 at the north and the south plot. The model

prediction is reasonable for the south plot (r2 = 0.77), and poor for the north

plot (r2 = 0.31), which can be attributed to the high spatial variability of

sunfleck distribution at the north plot due to the heterogeneous structure of

the forest. The values in the circle correspond to low light conditions in the late
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Figure 4.3: Mean maximum carboxylation capacity Vcm, with 0.95-confidence
intervals for Quercus pubescens and Fraxinus ornus, versus mean leaf nitrogen
with 0.95-confidence intervals, measured at the south and the east plot, and a
linear regression line through the two data points, forced through Vcm(0.5) = 0.
Dots refer measurements by Reich et al. (1999), and were calculated with Eq
4.3 from light saturated photosynthesis, assuming Ci = 0.7Ca and using the
constants of Table 4.1.

afternoon. Fig. 4.5 shows vertical profiles of measured (x) and modelled (line)

light distribution in the canopy at the south plot, measured at different times of

the day and for different weather conditions. The depth is in units of leaf area

index, assuming a homogeneous leaf distribution over depth. From left to right

and from top to bottom, the fraction of diffuse ambient irradiance increases

from 13 to 100%. The curves are similar in shape, and the model performs

well in all conditions except for low solar angles and low light intensity (lower

left and lower middle panel). Although the shape of the curves are similar,

large differences exist in the irradiance on sunlit and shaded leaves depending

on light conditions and time of the day. The insets show calculated values for

the fractions of sunlit (open boxes) and shaded (shaded boxes) leaves, and the

mean intensities of PAR on sunlit and shaded leaves. With increasing fraction

of indirect radiation, the difference in irradiance between sunlit and shaded

49



Chapter 4

Table 4.3: Mean values of leaf nitrogen concentration [N] and 13C isotope dis-
crimination with 95% confidence intervals, maximum carboxylation capacity
Vcm, dark respiration Rd, marginal cost of assimilation Λ, quantum yield effi-
ciency q, and leaf area index L at the north, south, west and east plot. Vcm

was derived from leaf nitrogen concentration and leaf chamber measurements,
Λ from 13C isotope discrimination, q and Rd from leaf chamber measurements
and L from PAR measurements.

north south west east

[N ] (g 100g−1) 1.61 ± .08 1.33 ± 0.03 1.74 ± 0.16 1.34 ± 0.04
∆ 13C (ppm) 21.20 ± 0.24 19.95 ± 0.31 19.76 ± 0.21 20.73 ± 0.22
Vcm (µmol m−2s−1) 68 51 70 52
Λ 1233 622 507 1030
Rd (µmol m−2s−1) 1.0 1.0 1.0 1.0
q 0.45 0.45 0.45 0.45
L 3.9 4.4 4.2 2.5

leaves decreases.

4.3.3 Diurnal cycle of assimilation and latent heat

Fig. 4.6 shows the mean diurnal cycles of A, λE and Gs for all 20 clear days

between 29 May and 8 July 2004. During this period, the time of sunrise

and sunset shifted by approximately 14 minutes. Because this is smaller than

the time resolution of the data (30 minutes), no correction was made for this.

The lines are model predictions, the bars 0.95 confidence intervals for latent

heat flux estimated from sap flux measurements (from now on referred to

as measured latent heat), and surface conductance calculated from measured

latent heat using the inverse Penman-Monteith equation.

The diurnal cycles of assimilation show some typical features which can

be explained from biochemical properties and environmental conditions. The

increase of assimilation in the morning and the decrease in the evening are

slower at the north and the west than at the south and the east plot. This

can be attributed to the lower fraction of sunlit leaves at the north and the

west plot than at the south and the east plot, and consequently a greater

contribution of leaves that assimilate at a light limited rate, even late in the

morning. Although assimilation reaches its peak later at the north and the

west plot than at the south and the east plot, the peak values are higher due
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Figure 4.4: Modelled versus measured fraction of ambient PAR that reaches
the forest floor, for different weather conditions and different times of the day
(6 to 19 hrs) at the north and the south plot, for different days between May
and September 2004. The values in the circle refer to low-light conditions in
the late afternoon.

to a higher value of maximum carboxylation capacity Vcm.

The modelled diurnal cycles of latent heat closely match the measured

latent heat. This is remarkable, because the measured latent heat is entirely

independent of the data used for deriving model parameters. The biochemical

parameters Vcm (the maximum carboxylation rate) and Λ (the marginal cost

of assimilation) affect latent heat flux in the following way. The north plot

has the highest latent heat flux, because it has both a relatively high Vcm and

a relatively high Λ, i.e. a high photosynthetic capacity and a high marginal

cost of assimilation. The west plot also has a relatively high Vcm, but a low Λ,

and therefore a lower latent heat flux than the north plot. The south and the

east plot both have a relatively low Vcm, but the east plot has a higher Λ and

therefore a higher latent heat flux than the south plot.

The model accurately reproduces the diurnal cycles of surface conductance.

The north plot does not show afternoon stomatal closure, whereas the other

three plots show a typical pattern of stomatal closure in the late morning and
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Figure 4.5: Measured (x) and modelled (lines) vertical profiles of light intensity
relative to ambient light (I/I0) for different weather conditions at the south
plot on different days in May and June 2004. The insets indicate the difference
between sunlit and shaded leaves: the open boxes refer to the sunlit fraction,
the shaded boxes to the shaded fraction. The width of the boxes denotes the
size of the fraction, and the height the intensity of PAR. From left to right and
from top to bottom, the fraction of diffuse ambient irradiance increases from
13 to 100%.

afternoon. This can be explained by the combined effects of vapour pressure

deficit and the parameter Λ. Low values of Λ (low marginal cost of assimilation)

indicate early stomatal closure in response to vapour pressure deficit, whereas

high values of Λ indicate that stomata remain open relatively long. The values

for Λ are lower at the two plots with low water availability (south and west

plot) than at the two plots with high water availability (north and east plot).

Whether afternoon stomatal closure occurs is then indicated by the schematic

representation of the plots in Fig. 2.9. At the north plot, stomata remain

open because both Λ is high and vapour pressure deficit low, whereas at all

other plots, Λ is low, stomatal deficits are high, or both. At south plot, Λ

is low and vapour pressure deficit high, at the west plot, Λ is low, and at

the east plot, vapour pressure deficit high. For all four plots, the modelled

diurnal cycles agree with measurements, which shows that measurements of
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Figure 4.6: Modelled rates of net photosynthesis (µmol m−2 s−1), latent heat
flux λE (W m−2), and surface conductance Gs (mm s−1) at the north, south,
west and east plot for 20 clear days between 29 May and 8 July 2004. Lines
are model predictions, and bars latent heat flux and surface conductance de-
rived from independent sap flux measurements, and 95 % confidence intervals,
derived from measurements of 12 sap flux sensors per plot. Bars for surface
conductance were derived by inverting the Penman-Monteith equation, using
the sap-flux based estimates of latent heat flux.

leaf biochemistry and climate conditions together can be used successfully

to reproduce the diurnal cycles of stomatal conductance, and to distinguish

between the effects of biochemistry and climate.

In Fig. 4.7, the data are presented in a different way. This figure shows

modelled versus measured latent heat flux for all half-hourly data between

29 May and 8 July 2004. The solid lines are 1:1 lines. For all plots, the

squared correlation coefficients are above 0.90. Latent heat flux at the north

plot is slightly underestimated, and maximum latent heat flux at the south and

east plot overestimated. The significance of this difference between measured

and modelled latent heat flux is discussed in the next section using an error

propagation analysis of the model. The relationship between modelled and

measured latent heat flux is slightly convex, especially at the north and south

slope. A closer look at the diurnal cycles shows that this effect is caused by
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Figure 4.7: Modelled versus sap-flux based latent heat flux at the north, south,
west and east plot for half hourly data between 29 May and 8 July 2004

the fact that sap flux continues for some time after sunset, and most likely lags

behind latent heat flux in the afternoon. This aspect is discussed in the next

section as well.

The model also predicts surface temperature. Modelled surface temper-

ature is not independent of the measurements, because surface temperature

was used to calibrate aerodynamic conductance at the south plot. Fig. 4.8

shows for 27 June 2004, the measured and modelled difference between sur-

face temperature and air temperature at the south plot (left panel), and the

modelled temperature difference versus the measured temperature difference

for all half hourly values between 19 May and 8 July 2004 (right panel). The

correlation between modelled and measured surface temperature is lower than

that for latent heat. This is a minor problem, because Ts − Ta is relatively

small compared to the diurnal cycle of Ta, and the model prediction of latent

heat is not very sensitive to errors in Ts − Ta.
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Figure 4.8: Diurnal cycle of the measured (x) and modelled (line) difference
between surface and air temperature at the south plot on 27 June 2004 (left),
and the modelled versus the measured difference between surface and air tem-
perature for half hourly values between 29 May and 8 July 2004 (right)

4.4 Discussion

The agreement between modelled and measured fluxes depends on the accuracy

of four components: (1) measurements used for validation, (2) input variables,

(3) parameter values and (4) the model description itself.

The uncertainty in the measurements for validation includes the variation

of sap flux density measurements among sensors and the sapwood-surface area

ratio. An additional error is that the time lag that exists between transpiration

and sap flux due to storage of water in stems was ignored(Schulze et al., 1985).

The data indicate that indeed for some time after sunset, sap flow continues.

However, there is no reason why storage in stems and the time lag would be

equal for all four plots (tree heights vary from 3 m at the east plot to 18 m at

the north plot). To account for the time lag requires at least four additional

parameters to be estimated (one for each plot). To calibrate these parameters

against modelled latent heat would compromise our aim to use independent

data for validation of the model. An alternative would be to use radiation data

to estimate the time lag, but doing so also creates a dependence between the

model and the validation data, because the same radiation data are also used

as input in the model. Any other parameterisation would be highly subjective.

For this reason, we did not account for the time lag.

The sensitivity of the model to the most relevant input variables and pa-
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rameters was calculated with an error propagation analysis, assuming all errors

are uncorrelated. The variance of the model prediction σ2
y of an output vari-

able y can be calculated from the variances of the variables and parameters x

as:

σ2
y =

∑

i

σ2
x

(

δy

δx

)2

(4.16)

The greatest uncertainty in the input variables is the vapour pressure deficit,

which was measured at 2 m height rather than in or above the canopy. For four

weeks at the end of the growing season in 2004, the instrument for temperature

and relative humidity was moved to just above the canopy at 9 m height at the

south plot. A comparison with measurements before and after relocation of

the instrument with data of the other plots showed that both temperature and

relative humidity are lower above than below the canopy. The net effect was

that vapour pressure deficit was <2 hPa higher above than below the canopy.

At the north and the west plot, the effect might have been larger because of

the taller trees and the denser canopy. In the sensitivity study, it was assumed

that σes−e = 3 hPa. The greatest uncertainty in the biochemical parameters

is the maximum carboxylation capacity Vcm. The accuracy of Vcm depends

on the accuracy of nitrogen measurements and the relation with leaf chamber

photosynthesis measurements. Based on the confidence intervals of nitrogen

and leaf chamber photosynthesis measurements and the coarse relationship

between nitrogen content and Vcm, is was assumed that σVcm
= 10 µmol m−2

s−1, which is about 20% of the actual values.

Table 4.4 shows the sensitivity of the mean value of the fluxes of water

and carbon dioxide to variations in es − e, Vcm, Λ and L, absolute and as a

percentage of the actual values. The table presents standard deviations instead

of variances. The difference between modelled and measured latent heat flux

(Fig. 4.6) is smaller than the standard deviation of the error of the model

prediction, i.e. the difference between modelled and measured latent heat falls

within the accuracy of the parameter values and input variables. Thus, there is

no reason to improve the accuracy of the physical model description itself. The

uncertainty of the vapour pressure alone is insufficient to explain the difference

between measured and modelled latent heat flux.

The direct effect of climate and the effect of biochemical parameters on the

fluxes can be separated by the following modelling experiment. The north and
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Table 4.4: Sensitivity of assimilation A and latent heat λE to parameter or
variable x with standard deviation σx, calculated with Eq 4.16. Standard
deviation are also expressed as percentage of the mean values of assimilation
and latent heat.
x σx σA σλE

µmol m−2s−1 % W m−2 %

D 3 hPa 0.30 5 4.0 5
Vcm 10 µmol m−2s−1 0.72 12 7.2 10
Λ 100 0.27 4 5.8 8
L 0.5 0.64 11 6.5 9

total 1.05 13 12 11

the south slope have different climate conditions, and also different biochemi-

cal parameters. In one experiment, the meteorological variables at the north

and the south plot are reversed while leaving the biochemical parameters the

same, and in another experiment, the leaves of the north and the south plot

are reversed while leaving the weather conditions the same. Fig. 4.9 shows

the result of these model experiments for the surface conductance. The bold

curve is the reference scenario, as in Fig. 4.6, the fine line is the model where

vapour pressure deficit, temperature, incoming radiation and aspect have been

reversed, and the dashed line the model where parameters Vcm, Jm and Λ have

been reversed. Reversing the parameters has a greater effect on surface conduc-

tance than reversing the meteorological variables. Reversing the biochemical

parameters results in a large change of the magnitude of surface conductance,

but a similar shape of the diurnal cycle. Reversing the meteorological variables

also changes the shape of the diurnal cycle, especially the hour of the peak.

Wilson et al. (2003) studied the time lag between the peaks of radiation

and the fluxes of carbon and latent heat for different climates. The time lag

between the peak of radiation and surface conductance is for the south plot

similar to what they found for Mediterranean forests, and for the north plot

similar to what they found for boreal forests. Our results indicate that this

difference is mainly caused by the diurnal cycles of radiation, temperature and

vapour pressure deficit.

The large effect of the spatial variations of biochemical parameters on the

fluxes suggests that models which use uniform biochemical parameters would

not predict the observed spatial variability of the fluxes. If average biochemical
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Figure 4.9: Modelled and measured surface conductance for the north and
the south plot, as in Fig. 4.6 (bold line), modelled surface conductance after
reversing aspect, radiation, temperature and vapour pressure deficit of the
north and south plot (fine line), and after reversing Vcm, Jm and Λ of the
north and south plot (dashed line)

parameters are used for the north and the south plot, then surface conductance

is overestimated at the south plot and underestimated at the north plot.

Although we demonstrated that spatial variations in biochemical parame-

ters are important, we did not address the questions why biochemical param-

eters vary among the plots the way they do, and whether spatial patterns can

be predicted. Biochemical parameters are functions of environmental condi-

tions: water potentials in soil and air, the availability of water and nutrients

and temporal variations therein, and stand age, succession, pests and diseases

and anthropogenic influence. A model to explain biochemical parameters from

long term climate is presented in Chapter 5.

4.5 Conclusions

This study showed that both the magnitude and the shape of the diurnal

cycle of transpiration and stomatal conductance can be calculated from mea-

surements of leaf nitrogen, 13C isotope discrimination and leaf photosynthe-

sis measurements. The diurnal cycles were more strongly affected by spatial

variations in vegetation parameters than by meteorological variables. This

indicates that topography induced variations in vegetation parameters are of

58



Diurnal cycles of assimilation and latent heat

at least equal importance for the fluxes as topography induced variations in

radiation, humidity and temperature.
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Optimum vegetation

characteristics, assimilation and

transpiration during a dry season.

Part I. Model description

Abstract

This chapter presents a conceptual model for optimum seasonal cycles of photosynthe-

sis and transpiration in water limited conditions. The seasonal cycles are calculated

by combining equations for hydraulic architecture, photosynthesis and gas exchange.

The ecohydrological optimality hypothesis (EOH) is used that growth on the long

term is maximised. The two most important parameters in the model are photosyn-

thetic capacity and carbon dioxide concentration in the stomata. Optimum values

for these two parameters were calculated. The concept was applied to stationary

weather and vegetation characteristics and to periods of drought, in which soil water

availability is limited and variable. The model predicts that optimum photosynthetic

capacity depends on the ratio of available water over vapour pressure deficit, and in

case of drought also on the duration of drought and the ratio of net photosynthesis to

non-recycled night-time respiration. Optimum internal carbon dioxide concentration

depends on the ambient carbon and oxygen concentrations and temperature. The

relationship between optimum internal carbon dioxide concentrations and environ-
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ment agrees qualitatively with data from literature. The validity of the EOH and

the use of growth models as an alternative approach are discussed. Growth models

may explain the difference in growth speed and water consumption between pioneer

and secondary vegetation and the decrease of internal carbon dioxide concentration

with increasing water limitation. In Chapter 6 the theory is validated using a data

set collected in sub-Mediterranean vegetation.

5.1 Introduction

Most climate models today calculate photosynthesis and the carbon balance

beside the water and energy balance (Sellers et al., 1997). The current interest

of climatologists in photosynthesis has two reasons. First, the insight has

grown that carbon dioxide plays an important role in the climate system,

and second, studies of the physiology of plants have led to the understanding

that the process of photosynthesis and transpiration are so closely connected,

that the fluxes of water and energy can only really be understood if by also

describing photosynthesis.

Carbon dioxide is transported by diffusion from the air into the mesophyll,

where photosynthesis takes place. The transport process normally involves

loss of water vapour, which travels along the same path in opposite direc-

tion between vegetation and air. Models usually first calculate the rate of net

photosynthesis, and second the rate of transpiration as a function of photo-

synthesis.

Photosynthesis is a function of the biochemistry of the vegetation, light,

carbon dioxide concentration and temperature. At high light and carbon diox-

ide concentration, the rate of photosynthesis reaches some maximum, limited

by either the maximum rate of carboxylation, Vcm, or the maximum electron

transport rate, Jm (Farquhar et al., 1980). In this study, the term photosyn-

thetic capacity is used for either Vcm or its equivalent in the electron transport

limited conditions. At leaf level, photosynthetic capacity is primarily a function

of the enzyme concentration (Farquhar et al., 1980), and is well correlated with

leaf nitrogen content (Evans, 1989). At canopy level, photosynthetic capacity

is also a function of leaf area index (Reich et al., 1999; Wright et al., 2004). The

relation between photosynthetic capacity and environment has been a topic of

research: Reich et al. (1999) studied global relations between specific leaf area
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and leaf nitrogen, temperature, precipitation and photosynthesis.

Transport of carbon dioxide depends on the concentration gradient between

the air and the mesophyll and the conductance for gas diffusion on this trajec-

tory. An important parameter is the stomatal conductance between the leaf

surface and the stomata. The way in which stomatal control and photosynthe-

sis work together, determines the equilibrium concentration of carbon dioxide

in the stomata, the so called internal carbon dioxide concentration. The inter-

nal carbon dioxide concentration is an important characteristic of vegetation,

because it is a measure for the way the vegetation deals with the trade-off be-

tween carbon uptake and water conservation (Farquhar et al., 1989). For this

reason, many studies have focussed on variations of internal carbon dioxide

concentration: for example among biomes (Lloyd & Farquhar, 1994), over lat-

itudinal and altitudinal gradients (Körner et al., 1991; Sparks and Ehleringer,

1997) with height in a tree (Koch et al., 2004), and with time during a growing

season (Barbour et al., 2002).

The biochemical processes involved in photosynthesis, transpiration and

growth at organelle to canopy scale are now reasonably well understood, at

least at the level of detail relevant for climate modellers (Chapter 1). Coupling

of the biochemical and surface exchange processes in physically based models

makes it possible to predict changes of the earth surface cover as a result

of climate change, or, conversely, changes in climate as a result of surface

cover changes. Despite the increased process knowledge, two important, almost

classic questions concerning spatial modelling of surface exchange processes

have remained: how to apply process understanding at the desired spatial and

temporal scale, and how to attribute values to the biochemical parameters of

the surface that are highly variable both in space and time.

An approach to deal with these questions has been by ordering the vege-

tation on earth into so called plant functional types (PFTs). Each individual

plant belongs to a specific PFT, and each PFT has different parameter val-

ues that are best suited for a specific environment (Smith et al., 1997). The

definition of the PFTs is based on existing ecosystems. Although the PFTs

themselves are static, they may co-exist in grid cells or replace one another

as a result of competition, for example after a climate change. The concept

is attractive and has recently been applied in large models, which successfully

reproduced spatial patterns of ecosystems (eg. Kucharik et al., 2000). A limi-
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tation of such models is that parameters of functional types have fixed, a-priori

values. The concept is therefore not suitable to explain why PFT’s exist and

how the differences among them have evolved.

An alternative approach is to make vegetation parameters part of the model

output, and allow vegetation parameters to evolve freely as functions of the

environment (geology, topography and climate). Such approach requires a re-

definition of variables, parameters and boundary conditions. It also requires

careful consideration of interactions between vegetation parameters, climate

and soil, and the time scales at which they take place. One should be cautious

with generalizing the results of such studies.

This study was carried out with the idea in mind, that vegetation parame-

ters affecting the fluxes of water and carbon on the short term can be predicted

from physical constraints of climate, geology and topography on the long term.

The aim of this study is to predict the most relevant vegetation parameters

from climatic constraints. This is obviously an ambitious aim, since making

general statements about a system in which numerous interactions take place

at a range of spatial and temporal scales covering several orders of magnitude

is always ambitious. This study focuses only on parameters of vegetation of

the C3 photosynthetic pathway in a water limited environment.

The starting point is to combine the model descriptions of three impor-

tant processes: transport of water from the soil via the vegetation to the air,

transport of carbon dioxide from the air to the mesophyll and carboxylation

of carbon dioxide by photosynthesis. By combining these three processes, re-

lationships are derived between soil water potential, water availability, humid-

ity and two relevant vegetation parameters which characterise the processes:

photosynthetic capacity and internal carbon dioxide concentration. This al-

ready provides insight in the climatic constraints on vegetation parameters

and growth. The values of photosynthetic capacity and internal carbon diox-

ide concentration can be considered as representing a strategy. At the same

carbon dioxide concentration in the stomata, vegetation with a high photo-

synthetic capacity has a higher rate of photosynthesis than vegetation with

a low photosynthetic capacity. In order to maintain the equilibrium between

photosynthesis and the diffusion of carbon dioxide into stomata, stomatal con-

ductance and thus also transpiration should be higher. A higher transpiration

rate involves a higher risk of water stress than vegetation. Thus, the value
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of photosynthetic capacity (at constant internal carbon dioxide concentration)

can be seen as the result of a trade-off between a high rate of photosynthesis

(high photosynthetic capacity) and a low risk of water stress (low photosyn-

thetic capacity). The diffusion of carbon dioxide into the stomata can also be

increased by increasing the difference in carbon dioxide concentration between

the air and the stomata, i.e. by lowering internal carbon dioxide concentration.

A consequence of a lower internal carbon dioxide concentration is a lower ratio

of the concentration of carbon dioxide over oxygen, which results in increased

photorespiration. Thus, the value of internal carbon dioxide concentration (at

constant photosynthetic capacity) can be seen as the result of a trade-off be-

tween a high water use efficiency (low internal carbon dioxide concentration)

and a high efficiency of the use of the photosynthetic machinery (high internal

carbon dioxide concentration).

The aim of the study is to predict values for photosynthetic capacity, in-

ternal carbon dioxide concentration and the seasonal cycle of the fluxes of

carbon dioxide and water a-priori from climatic constraints, i.e. to predict the

strategy. In order to do so, the ecological optimality hypothesis (EOH) is used,

that the two parameters develop towards values for which growth is maximised.

The optimality hypothesis is applied first to steady state conditions in which

neither weather nor vegetation parameters vary in time, and second to a dry

season in which soil moisture content changes in time as drought progresses.

The environmental conditions change so rapidly, that non-optimal conditions

cannot always be avoided. In that case, it is assumed that vegetation charac-

teristics are such that cumulative growth over the whole season is maximised.

A similar approach has been used by Mäkelä et al. (1996), although they did

not calculate photosynthetic capacity but stomatal regulation only. The va-

lidity of the EOH, the scope and the limitations of the model are discussed

qualitatively. The theory is validated against field measurements in Chapter

6.

5.2 Coupling carbon and water transport

Carbon dioxide and water are exchanged between stomata and air via diffusion.

Stomata open and close, both to allow carbon dioxide into the stomata, and

to control transpiration in order to prevent leaf water potential to become too
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low and cells to loose their turgor. In this section, the mechanisms of the

vegetation to control the fluxes of carbon dioxide are discussed qualitatively.

Those mechanisms may be different at different time scales.

Both water flow and gas diffusion in the soil-plant-atmosphere system are

usually described in analogy to Ohm’s law:

F = g∆ψ (5.1)

where F is a flux, g a conductance and ∆ψ a potential gradient for the liquid

phase and a concentration gradient for the vapour phase. Potentials are ex-

pressed on a volume base and have units of Pa, concentrations have units of

mol m−3. Fluxes are in mol m−2s−1, and conductances in mol m−2 s−1 Pa−1

for the liquid phase and m s−1 for the gas phase, unless indicated otherwise.

Fig. 5.1 is a schematic representation of the transport processes of water

and carbon dioxide in a plant. The resistances in this figure are the reciprocals

of the corresponding conductances. Water flows from a relatively high water

potential in the soil through the plant to a relatively low water potential in

the leaf (Dixon & Joly, 1894; Huber, 1928). The water potential in the leaf

is in equilibrium with the partial vapour pressure in the stomata, which is

generally higher than the partial vapour pressure in the ambient air. Conse-

quently, water vapour is lost by diffusion to the air. The conductance of the

path from the stomata to the leaf surface is called the stomatal conductance

gs, and is regulated by the guard cells of the stomata. The conductance over

the path from the leaf surface to the ambient air is called the aerodynamic

conductance ga, and is a function of wind speed and surface roughness (Thom,

1975). Carbon dioxide diffuses from a relatively high partial pressure in the air

to a relatively low partial pressure in the mesophyll. A fundamental difference

between the transport of water and carbon dioxide is that the path of water

passes through the vegetation, whereas the path of carbon dioxide ends in the

vegetation, where it is chemically converted into sugars. For water, the poten-

tials on both sides of the path (soil and air) are governed by the environment,

whereas for carbon dioxide, the internal carbon dioxide pressure is regulated

by the vegetation.

Fig. 5.2 shows schematically the path of water for two scenarios (a and

b) of water potential in soil, ψs, and air humidity, ea. In this figure, the
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path of water is simplified into two steps: conduction from soil to leaf in the

liquid phase, and diffusion from leaf to the air in the gas phase. Although

the potential-driven flow in the liquid phase is a different process than the

diffusion in the gas phase, they can both be described with Eq 5.1. The first

step, from soil to leaf, includes the hydraulic resistances of roots, stems and

leaves. The resistance over this step is called the hydraulic resistance and its

reciprocal the hydraulic conductance K. The second step, from leaf to air,

includes the stomatal and aerodynamic resistance. The conductance over this

step is the surface conductance g. The two steps are linked via the partial

vapour pressure in the intercellular space ei, which is in equilibrium with leaf

water potential. In practice, leaf water potential is always such that ei is near

the saturated vapour pressure at leaf temperature, and thus, the effect of leaf

water potential on ei is negligible in the natural range of leaf water potential

values.

Had the conductances in the vegetation been constant, then leaf water po-

tential would vary proportionally with soil water potential and atmospheric

vapour pressure. However, vegetation actively adjusts conductances to keep

water potentials within certain limits, in order to avoid the expansion of vac-

uum in xylem vessels, so-called embolism or cavitation (Magnani et al., 2000;

Meinzer et al., 2001; Mencuccini, 2003). There is evidence that the adjustment

of conductances results in surprisingly constant values for leaf water potential

ψl, despite large variations of soil water potential and vapour pressure (Zhang

& Davies, 1989; Khalil & Grace, 1993; Whitehead et al., 1996). To maintain

equal leaf water potential, the hydraulic and surface conductance should take

values that are inversely proportional to the difference in potential between soil

and leaf, and the difference between partial vapour pressure between leaf and

air, respectively. If both soil water potential and partial vapour pressure are

low (as in scenario a in Fig. 5.2), the hydraulic conductance is high compared

to the surface conductance. The opposite holds if both soil and air potential

are high (as in b). Then, hydraulic conductance is low compared to surface

conductance.

Vegetation can adjust the two conductances in a number of ways, oper-

ating at different time scales. The hydraulic conductance can be adjusted

by changing the root surface and sapwood area and vessel structure on the

long term (Magnani et al., 2000), and by embolism and repair after embolism
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Figure 5.1: Schematic representation of transport of water from soil to air via
the plant, and of carbon dioxide from air to mesophyll (rr, rt, rm, rs and ra
are the resistances of roots, stems, mesophyll, stomata and air, respectively).

on the short term (Parsons & Kramer, 1974; Meinzer, 2002; Clarkson et al.,

2000). The stomatal conductance can be adjusted by changing the number

of stomata, the stomatal pore length and the guard cell width on the long

term (Franks et al., 1998; Hetherington & Woodward, 2003), and by opening

or closing stomata in response to quick changes of photosynthesis rate and

humidity deficit on the short term (Meidner and Mansfield, 1968; etc.).

The paths of water and carbon dioxide have the trajectory between stom-

ata and air in common (Fig. 5.1). Regulation of stomatal conductance should

primarily be considered as a mechanism to allow carbon dioxide into the stom-

ata and mesophyll for photosynthesis. In this study it is assumed that the

conductance of carbon flow between stomata and mesopyll is infinite, i.e. the

carbon dioxide concentration in the mesophyll equals that in the stomata Ci.

In equilibrium the diffusion rate of carbon dioxide into the mesophyll equals

the rate of net consumption of carbon dioxide by photosynthesis.

Wong et al. (1979) discovered a close relationship between photosynthesis

rate and stomatal conductance under conditions of ample soil moisture and

constant humidity deficit, resulting in a rather constant value of Ci of about

70 percent of the ambient concentration Ca for vegetation of the C3 photo-

synthetic pathway. Apparently, vegetation parameters are such, that internal

carbon dioxide concentration and leaf water potential are relatively constant,
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Figure 5.2: Schematic representation of gravity corrected water potentials in
soil (ψs) and leaves (ψl) and partial vapour pressure in leaves (ei) and air (ea),
and corresponding hydraulic resistances r and conductances g for transport
between the components for two different environmental conditions. Constant
ψl is assumed. Potentials decrease towards the top of the figure.

but the way in which this is achieved is different for different time scales. In

this study, three time scales are distinguished: (1) a short time scale at which

leaf water potential is flexible, but biochemical properties constant (diurnal cy-

cle), (2) an intermediate time scale at which leaf water potential is maintained

above the point of embolism and photosynthetic capacity and internal carbon

dioxide concentration change, but the architecture, biomass and species com-

position remain constant (seasonal cycle), and (3) a long time scale at which

all vegetation characteristics are flexible (multiple years or decades).

During the day, internal carbon dioxide concentration and leaf water poten-

tial cannot both be constant. In the morning, the demand for carbon dioxide

increases while photosynthesis increases with increasing radiation. In order

to maintain a constant internal carbon dioxide concentration, the stomata

should open. At the same time, vapour pressure deficit and thus transpiration

usually increases with increasing temperature. In order to maintain constant

leaf water potential, stomata should close. At this time scale, transpiration

and root water uptake are not necessarily in balance, and leaf water potential

and internal carbon dioxide concentration are flexible (Sperry et al., 2002).
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Cowan (1977) and Cowan & Farquhar (1977) assumed that, at this time scale,

stomatal regulation operates such that net photosynthesis is maximised for a

particular positive amount of transpiration. This concept produces realistic

diurnal cycles of fluxes of carbon dioxide and water (Mäkelä et al., 1996; Ar-

neth et al., 2002). Because the diurnal cycle is a special case, it is discussed in

a separate chapter (Chapter 4).

This study focuses on the intermediate and long time scale. At these time

scales, water uptake necessarily equals transpiration. The more water there

is available, and the lower the demand for water, the higher photosynthetic

capacity can be (at constant Ci). Below the optimum photosynthetic capacity,

water remains unnecessarily unused, and above the optimum, water stress

occurs and photosynthetic capacity is not used efficiently. The internal carbon

dioxide concentration then depends on the trade-off between an efficient use of

the photosynthetic capacity (high Ci), and an efficient use of water (low Ci).

In the next sections, optimum values for photosynthetic capacity and inter-

nal carbon dioxide concentration are first calculated for stationary conditions,

i.e. in which weather conditions do not change and vegetation has reached

some equilibrium (long-term time scale), and second for non-stationary condi-

tions during drought of increasing intensity (intermediate time scale).

5.3 Optimum biochemical properties for stationary con-

ditions

If the water fluxes in the liquid phase from soil to leaf and in the vapour phase

from stomata to air are equal, then transpiration rate E is:

E = K (ψs − ψl) = 1.6gD (5.2)

where D = ρa

Ma

ei−ea

p is the molar vapour gradient between stomata and the air

(mol m−3), ei and ea the vapour pressure in the intercellular spaces and in the

ambient air (Pa), respectively, p atmospheric pressure (Pa), ρa specific mass

of air (kg m−3) and Ma the molar mass of air (kg mol−1), and 1.6 the ratio of

molecular diffusivity of water to that of carbon dioxide. The conductance for

carbon dioxide is used rather than that of water to make a direct comparison

with the carbon dioxide flux possible. Hydraulic and stomatal conductance
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can be related by rearranging Eq 5.2 (Hubbard et al., 2001)):

g =
ψs − ψl

1.6D
K (5.3)

Because the potentials and hydraulic conductivity are usually unknown and

not independent, a simpler expression is introduced which is valid for water-

limited conditions. Suppose the amount of available water supplied by the

soil and by precipitation is such, that long-term mean transpiration rate is

limited to a maximum value Em, then, if all available water transpires, surface

conductance can be expressed as:

g =
Em

1.6D
(5.4)

The maximum transpiration rate is the maximum available water for transpi-

ration divided by time. For growing season, it the initial water storage in the

soil above wilting point plus the amount of precipitation during the growing

season, divided by the length of the growing season. With Eq 5.4, the effective

long term g for water limited conditions can be estimated without knowing

K, ψs and ψl. It is noteworthy that the effective g and D have no explicit

physical meaning at this time scale. Due to the non-linearity of stomatal re-

sponse to D, long-term surface conductance g cannot be translated directly

into instantaneous values of surface conductance during the day. The effective

g is a conceptual parameter.

Transport of carbon A on the trajectory between stomata and the air is:

A = g (Ca − Ci) (5.5)

In Chapter 4, photosynthesis of C3 plants was described with the model of

Farquhar et al. (1980):

A =
ν (Ci − Γ∗)

Ci + γ
−Rdd (5.6)

where is ν photosynthetic capacity and γ a shape factor (mol m−3), Γ∗ the

carbon dioxide compensation point (mol m−3) and Rdd daytime dark respira-

tion (mol m−2s−1). Both ν and γ are different for enzyme and photon limited

photosynthesis (Chapter 4). This model was originally developed for the leaf
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scale. Here, it is applied at a canopy scale. By doing so some non-linear in-

teractions that arise by scaling from leaf to canopy are ignored, some of which

are discussed later. The value of ν at leaf scale correlates positively with leaf

nitrogen content (Field and Mooney, 1986, and references therein). The value

of ν at canopy scale also correlates positively with leaf area index (Reich et al.,

1999). Due to shadowing effects, ν at canopy scale cannot grow unlimited: an

increase in leaf area index reduces the light interception by the lowest leaves,

and so does an increase in ν at leaf level, which requires thicker leaves. Con-

sequently, the value of ν can be limited by light. Dark respiration includes

carbon dioxide produced by maintenance and growth processes which leaves

the canopy via the stomata. Ryan (1991) suggested to express dark respira-

tion as a function of leaf nitrogen content. Indeed, Reich et al. (1998) found

that dark respiration increases with both leaf nitrogen and specific leaf area

for different functional groups in different biomes. Here, it assumed that dark

respiration is proportional to photosynthetic capacity:

Rdd = mdν (5.7)

where md a dimensionless maintenance coefficient. Using this in Eq 5.6:

A = ν

(

Ci − Γ∗

Ci + γ
−md

)

(5.8)

Eq 5.5 describes the transport of carbon dioxide into the stomata, and

Eq 5.8 the consumption of carbon dioxide by photosynthesis. Examples of

transport and photosynthesis calculated with these equations as a function of

internal carbon dioxide concentration are shown in Fig. 5.3. Transport de-

creases and photosynthesis increases with increasing internal carbon dioxide

concentration. At the intersection of the two curves, carbon dioxide concen-

tration is in equilibrium. A higher photosynthetic capacity results in a lower

equilibrium internal carbon dioxide concentration, and higher net assimilation.

The relation between Ci and ν at the intersection can be found by combining

Eqns 5.5 and 5.8:

ν = cg (5.9)
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Figure 5.3: Net photosynthesis A at for photosynthetic capacity ν = 75 µmol
m−2s−1 (low ν) and ν = 125 µmol m−2s−1 (high ν), and transport of carbon
dioxide by diffusion into the stomata, both scaled with gCa, versus Ci/Ca,
using mn = md = 0.07. At the intersection, transport and consumption of
carbon dioxide by potosynthesis are in equilibrium. Equilibrium concentration
of carbon dioxide is negatively correlated with photosynthetic capacity ν.

where

c =
Ca − Ci

Ci−Γ∗

Ci+γ −md

(5.10)

A similar expression, albeit excluding dark respiration, was derived by Katul

et al. (2003).

Equation 5.9 describes the relation between photosynthetic capacity ν, in-

ternal carbon dioxide concentration Ci and surface conductance g. Surface

conductance can be calculated with Eq 5.3 or 5.4. Combining Eqs 5.9 and

5.4 shows that photosynthetic capacity is proportional to the amount of avail-

able water and inversely proportional to the vapour pressure deficit, and that

photosynthetic capacity depends on the internal carbon dioxide concentration

Ci.

From Fig. 5.3 one could conclude that the highest net assimilation rate is

reached if ν approaches infinity and Ci zero. In reality, this does not occur

for two reasons. First, photosynthetic capacity is limited by resources such

as light and nutrients, and second, a higher photosynthetic capacity requires

proportionally higher investment and maintenance costs. Our model does not

account for this, because by using net assimilation of leaves in the transport
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equation (Eq 5.5), other respiration terms are excluded and it is implicitly

assumed that all respired carbon dioxide is recycled within the vegetation, and

directly available for carboxylation. This may be true for respiration in leaves

during the day, but not in non-green tissue and not during the night. It is likely

that part of the respired carbon dioxide is recycled, and part is not (Lloyd &

Farquhar, 1996). It is assumed that an additional, non-recycled, autotrophic

respiration exists (night respiration and respiration of non-green tissue), Rdn,

proportional to photosynthetic capacity ν:

Rdn = mnν (5.11)

Growth Q is assimilation minus night time respiration:

Q = A−Rdn = g(Ca − Ci) − gcmn (5.12)

wheremn a night time canopy respiration coefficient. Parametermn is a coarse

term for the trade-off between daytime growth and night time maintenance of

the photosynthetic apparatus and maintenance of roots and stems. A higher

photosynthetic capacity leads to both higher assimilation rates and higher

respiration costs. It is the question which respiration components mn should

include. If growth of leaves only is considered, then leaf respiration should be

included. If growth of whole individuals is considered, then respiration of all

tissues should be included, of which leaf respiration is only a minor term. The

principle remains the same in both cases, but the interpretation of mn and G

is different. Although it is rather an oversimplification to assume that total

respiration is proportional to photosynthetic capacity, Cannell & Thornley

(2000) argue that on theoretical grounds, maintenance respiration is indeed

closely related to tissue nitrogen content. Later, in the validation (Chapter 6),

only growth of leaves is considered. For practical applications, allocation rules

and parameters to include different respiration terms separately are needed in

addition (Cannell & Thornley, 2000).

The internal carbon dioxide concentration for which growth is maximised,

is found by solving:
dG

dCi
= 0 (5.13)

Solving Eq 5.13 for Ci, while keeping g constant (i.e. constant ψs, ψl, D and
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K), yields a quadratic equation, which positive solution is the optimal internal

carbon dioxide concentration Ciopt at which growth is maximised:

Ciopt =
−a1 +

√

a2
1 − 4a2a0

2a2
(5.14)

where

a0 = mn{(Γ∗ +mdγ)(γ − Ca) − (1 −md)Caγ} + (Γ∗ +mdγ)
2

a1 = 2(Γ∗ +mdγ)(mn − (1 −md))

a2 = mn(md − 1) + (1 −md)
2

The optimum internal carbon dioxide concentration describes the trade-off

between an efficient use of photosynthetic capacity (high Ci), and an efficient

use of water (low Ci). The optimum concentration depends on the maintenance

coefficients, parameters of the photosynthesis model and ambient carbon diox-

ide concentration: Ca, Γ∗, γ, md and mn, but not on vapour pressure deficit,

the potential gradient between soil and leaf and hydraulic conductance. For

common values of the parameters (Ca = 360 ppm, Γ∗ = 30 ppm, γ = 700

ppm, md = mn = 0.05 to 0.07, optimal Ci/Ca is between 0.5 and 0.8, which is

in the range of literature values (Lloyd & Farquhar, 1994). The choice of the

values for parameters md and mn is discussed in Chapter 6.

Optimum internal carbon dioxide concentration is a function of the ambi-

ent concentrations of carbon dioxide and oxygen, temperature and light inten-

sity: the carbon dioxide compensation point Γ∗ and γ are functions of oxygen

concentration, temperature dependent Michaelis-Menten coefficients and light

(Farquhar et al., 1980). It is unknown whether md and mn are temperature

dependent.

Fig. 5.4 shows the dependence of optimal Ci on temperature and ambient

oxygen concentration, calculated with Eq 5.14, in which Γ∗ and γ for enzyme

limited photosynthesis are calculated as functions of temperature and oxygen

concentration according to Farquhar et al. (1980). The values for Ci are slightly

lower than most literature values (Lloyd & Farquhar, 1994). This may be

explained by the fact that only stationary conditions are considered here. It

is shown later that the optimum values of Ci in non-stationary conditions
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Figure 5.4: Modelled optimal internal carbon dioxide concentration versus
temperature at constant ambient oxygen and carbon dioxide concentration,
and versus oxygen concentration for constant temperature and ambient car-
bon dioxide concentration, calculated with Eq 5.14 for enzyme limited condi-
tions, mn = md = 0.06, and using Arrhenius functions for the temperature-
dependent Michaelis-Menten coefficients.

are higher and more realistic. Still, the dependence of Ciopt on temperature

and oxygen concentration qualitatively agrees with observations of Körner et

al. (1991), who found that variations in internal carbon dioxide concentration

along gradients of altitude and latitude could be explained from variations in

temperature and atmospheric pressure. They found that Ci increases while

moving from high altitude at low latitude to low altitude at high latitude

(from low to high pressure at constant temperature), and while moving from

a high to a low latitude at constant altitude (from low to high temperature).

Similarly, Sparks & Ehleringer (1997) observed an increase in Ci while moving

from high to low altitude (from low temperature and low pressure to high

temperature and high pressure). Farquhar & Wong (1984) observed an increase

in Ci/Ca with increasing oxygen concentration at constant ambient carbon

dioxide concentration.

5.4 Optimum biochemical properties during a dry season

Eqs 5.9 and 5.14 predict photosynthetic capacity and internal carbon diox-

ide concentration for stationary, long-term conditions. In practice, soil water
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potential and humidity have seasonal cycles and interannual and random fluc-

tuations. This section focuses on the prediction of photosynthetic capacity,

internal carbon dioxide and the fluxes of carbon dioxide and water during dry

periods that are long enough to affect the biochemical processes in the vege-

tation, but too short for the vegetation to fully adapt to (intermediate time

scale). In practice, these are variations in soil water potential, temperature

and radiation during a season. It is assumed that at this time scale, biochem-

ical properties change, but biomass and maintenance respiration remain the

same. This study specifically focuses on periods of drought and the effects of

water stress on the parameters.

During a dry season, soil water potential may easily vary over two orders

of magnitude. Various ways exist in which vegetation handles conditions of

drought, often classified as measures of avoidance and tolerance. These mea-

sures are not addressed individually, nor discuss how they work physically, but

simply calculate the optimum strategy.

Transpiration and surface conductance in water limited conditions, for con-

stant vapour pressure deficit, are written as:

E = ξE0

g = ξg0 (5.15)

where E0 and g0 the transpiration rate and surface conductance in unstressed

conditions, and ξ a stress factor, defined as:

ξ =
E

E0
=

K (ψs − ψl)

K0 (ψs0 − ψl0)
(5.16)

where K0, ψs0 and ψl0 hydraulic conductivity, soil and leaf potential in un-

stressed conditions. In Eq 5.15 it is implicitly assumed that vapour pressure

deficit is constant during the season. In reality, D is affected by the tran-

spiration rate itself, and is thus not an independent input variable, but this

feedback is neglected. This is not problematic, because in our study area, tem-

poral variations in vapour pressure deficit were small compared to variations

in soil water potential. In the validation of the model, measured vapour pres-

sure deficit is used, and thus any feedback between transpiration and vapour

pressure deficit is already included in the model input.
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If leaf water potential and hydraulic conductivity are assumed constant,

then ξ would be a linear function of soil water potential. However, Eq 5.16

hides a few non-linear interactions: both leaf potential ψl and conductivity

K decrease with decreasing soil water potential ψs. This causes a curvilinear

relationship. At low soil water potential, K drops to zero when embolism

occurs. The value at which this occurs depends on the structure of the xylem.

Often, a trade-off exists between a high K0, i.e. a high transpiration rates

under unstressed conditions, and a low value of ψs at which embolism occurs,

i.e. resistance to drought (Sperry et al., 2002). As a result, the shape of the

function ξ(ψs) varies among species.

Eq 5.16 is rather impractical for climate models, because the functions

K(ψs) and ψl(ψs) are usually not known. In this study it is replaced with

an empirical equation, in which ξ is a function of soil moisture content or soil

water storage. The empirical expression for ξ of Porporato et al. (2002) is

adopted here, in which ξ is a function of soil moisture content θ:

ξ = 1 for θ ≥ θf

ξ = { θ − θr

θf − θr
}α for θ < θf (5.17)

where θr and θf are the soil moisture content at wilting point and at the point

below which transpiration is reduced, respectively, and α an empirical species

and soil dependent shape factor. The soil moisture content is replaced by

amounts of available soil water s in excess of the amount of water at wilting

point:

ξ = min (1, σα) (5.18)

where σ =
(

s−sr

sf−sr

)

and sf the minimum amount of water in the soil in above

that at wilting point at which vegetation is not water stressed.

The effect of ξ on the biochemical parameters ν and Ci is found by com-

bining Eqs 5.15 an 5.9:
ν

c
= ξ

ν0
c0

(5.19)

where ν0 and c0 values for ν and c in unstressed conditions. Thus, in case of

water stress (ξ < 1), the parameters for photosynthesis are forced to change:

either photosynthetic capacity ν or internal carbon dioxide concentration Ci
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decreases. The two options are two fundamentally different mechanisms: de-

creasing photosynthetic capacity implies an inhibition of metabolism (Keck &

Boyer, 1974; Younis et al., 1979; Gimenez et al., 1992; Wilson et al., 2000),

whereas decreasing internal carbon dioxide concentration implies only a re-

duction of diffusion of carbon dioxide into the stomata as a result of partial

stomatal closure (Brestic et al., 1994; Quick et al., 1992; Damesin et al., 1998).

Most evidence points towards an inhibition of metabolism caused by a decrease

of Rubisco regeneration (Gimenez et al., 1992; Gunasekera & Berkowitz, 1993),

Rubisco activity (Castrillo & Calcagno, 1989; Medrano et al., 1997) or ATP

synthesis (Tezara et al., 1999). Medrano et al. (2002) gave evidence that the

stomatal mechanism prevails during moderate water stress, and the inhibi-

tion of metabolism during severe water stress. Experimental data presented in

Chapter 6 also promote the idea that the reduction of photosynthesis during

a season mainly related to the inhibition of metabolism. In this study, it is

assumed that on a seasonal time scale, photosynthetic capacity responses to

drought, while Ci remains constant.

The question is now to find the unstressed photosynthetic capacity ν0 and

c0 (or Ci) for which growth is maximised. It can intuitively be expected, that

the longer the expected duration of the dry period, the lower the initially un-

stressed transpiration rate in order to save water in anticipation of a long dry

period. Mäkelä et al. (1996) used a model for optimal stomatal control during

dry periods of stochastic duration, and the assumption that vegetation aims to

maximise cumulative growth. They indeed found that the initial transpiration

rate decreases with the expected duration of the dry period. The approach

followed here is different because both photosynthetic capacity and internal

carbon dioxide concentration are optimized, whereas in their model, photo-

synthetic capacity had a fixed a-priori value, and only stomatal regulation was

optimised.

The seasonal cycles of surface conductance, assimilation and transpiration

are calculated as functions of photosynthetic capacity and internal carbon diox-

ide concentration. These seasonal cycles are derived by combining the water

balance of the soil with the equation for water stress ξ and the biochemical

model. Next, the cumulative net carbon gain during the season is calculated.

The optimum conditions are those for which cumulative carbon gain is max-

imised with respect to photosynthetic capacity and internal carbon dioxide
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concentration.

The problem can be solved by combining a soil water balance with the

equation for water stress ξ and the biochemical model. Consider the soil during

a dry period as a reservoir which is not recharged:

ds

dt
= −E(t) (5.20)

where t is time. Initially, transpiration and assimilation are unstressed as

sufficient water is available. At time t = tf , water stress starts. Time tf is the

time at which soil water storage s reaches sf :

tf =
s0 − sf

1.6g0D
(5.21)

After tf , assimilation and transpiration are reduced, and then the evolution of

σ can be calculated by using Eq 5.18 in Eq 5.20:

dσ

dt
= − E

sf − sf
= −1.6Dg0σ

α

sf − sr
(5.22)

The solution of this differential equation is:

σ(t) =

(

1 − (1 − α)
1.6Dg0
sf − sr

t+ (1 − α)
s0 − sr

sf − sr

)1/(1−α)

(5.23)

The evolution of the water stress function ξ is this σα, E(t) and g(t) can be

calculated with Eq 5.15 and A(t) with Eq 5.5.

The above set of equations is a general description of the time series of

transpiration, assimilation and surface conductance during a season in which

the soil reservoir is not recharged. The total cumulative growth or carbon

fixation during such a season
∫

Q is found by integrating carbon yield over

the season. It is a assumed that internal carbon dioxide concentration and

respiration remain constant during the season, and respiration is proportional

to the photosynthetic capacity in unstressed conditions ν0. Evidence for the

assumption of a constant respiration rate in is presented Chapter 6. Using
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these assumptions:

∫

Q =

∫ te

0

(A(τ) −Rn(τ)) dτ = (Ca −Ci)

(

s0 − sf

1.6D
+

∫ te

tf

g(τ)dτ

)

−mncg0t

(5.24)

Using the fact that:

g =
E

1.6D
= 1

1

1.6D

ds

dt
=
sf − sr

1.6D

dτ

dt
(5.25)

yields for the integral after tf :

∫ te

tf

g(τ)τ =
sf − sr

1.6D
(1 − τ(t)) (5.26)

Optimizing Eq 5.24 with respect to g0, while keeping Ci constant and t = te,

leads to:
dQ

dg0
= 0 = (Ca − Ci)ξ(te)te −mncte (5.27)

and thus ξ(te) = 1/r with

r =
A

Rdn
=
Ca − Ca

mnc
(5.28)

is the ratio of assimilation to non-recycled respiration. The optimum solution

for g0 is:

g0opt =
sf − sr

1.6Dte

(

1 − r1−1/α

1 − α
+
s0 − sf

sf − sr

)

(5.29)

from which the optimum initial transpiration E0opt, photosynthetic capacity

ν0opt and assimilation rate A0opt can be calculated easily:

E0opt = 1.6Dg0opt

ν0opt = cg0opt

A0opt = (Ca − Ci)g0opt (5.30)

Eqs 5.29 and 5.30 describe relations between ν and Ci for which cumulative

growth is maximised. Optimal photosynthetic capacity is proportional to the

amount of available water and inversely proportional to the duration of the
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dry period and vapour pressure deficit, and also depends on Ci and the ratio

of assimilation to non-recycled autotrophic respiration r.

The decline of transpiration as a result of drought is described by the

term ξ(t). The optimum shape of ξ(t) is a function of internal carbon dioxide

concentration, the duration of the dry period and respiration. This is best

illustrated in the special case in which water stress occurs already at the start

of the growing season (s0 = sf ) and transpiration is linearly proportional to

the amount of available water (α = 1). Then:

ξ(t) = e− ln r t
te (5.31)

This equation shows that the tail of the transpiration curve during the dry

season depends on two parameters: the duration of the dry period te and the

ratio of assimilation to non-recycled respiration r. The effect of 1/ ln r on the

shape of ξ is equivalent to the effect of te. The ratio r increases with increasing

Ci (Eq. 5.28), because at a higher Ci, the photosynthetic capacity is used more

efficiently. A lower Ci has a similar effect on ξ as a higher duration of the dry

period te. Both correspond to a more conservative use of water.

The optimal internal carbon dioxide concentration Ci can be calculated by

solving:
dQ

dCi
= 0 (5.32)

while using ν0 = ν0opt is constant. An analytical solution of Eq 5.32 is rather

complicated, but again, Ci is independent of available water and vapour pres-

sure deficit, and depends on the Michaelis-Menten coefficients in the photo-

synthesis model and the maintenance coefficients. Due to the fact that the

efficiency of photosynthesis is relatively low during drought stress (respiration

is relatively high), the optimum Ci is higher than in the stationary case in

which no water stress occurs.

The above set of equations provides optimum photosynthetic capacity, in-

ternal carbon dioxide concentration and transpiration in conditions of drought.

Optimum Ci depends on temperature and the ambient concentrations of oxy-

gen and carbon dioxide, and can be calculated by solving Eq 5.32 numerically.

The fact that Ci does not depend on the availability of water is contrary to

some studies, which show a positive relation between water availability and
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Ci (Meinzer et al., 1992). In the next section, the EOH will be discussed and

alternatives presented, which explains why this contradiction occurs.

5.5 Biochemical properties in a variable climate

This section addresses the issue of the stochastic nature of environmental con-

ditions and the assumption that vegetation characteristics are such that growth

is maximised. It was assumed that for a dry season, photosynthetic capacity

and internal carbon dioxide concentration can be chosen freely. In reality, con-

ditions during a single season may be too short for the vegetation to adapt

to. The vegetation carries a memory of the climate of previous seasons. The

weather conditions during these seasons are of a stochastic nature. A way to

deal with this stochastic nature of climate variables is by considering expected

growth rates and chances of survival. Expected carbon fixation
∫

Q̂ can be

calculated as:
∫

Q̂ =

∫

∞

τ=0

p(τ)

∫

Q(τ)dτ (5.33)

where p(τ) the probability density function of an environmental variable, such

as the duration of a dry period or the amount of available water. It is pos-

sible to produce a map of expected carbon fixation
∫

Q̂ for any combination

of photosynthetic capacity and internal carbon dioxide concentration for some

climate. Fig. 5.5 shows such a map, for simulations of
∫

Q̂ for many combina-

tions of ν0 and Ci (left), and the probability of negative carbon fixation (right)

for stochastic water availability. The probability of negative carbon fixation

may be used as a measure for mortality. In the simulations, water availability

had a normal distribution with mean 250 mm and standard deviation 100 mm,

and
∫

Q̂ was calculated by numerical integration over the probability density

function (Eq 5.33). It was further assumed that sf = s0, and md = mn = 0.05

and α = 1. The bold solid line is the solution of the partial differential equation
δ
∫

Q̂
δCi

= 0, and the dashed line
δ
∫

Q̂
δν0

= 0. The dashed line gives for any value of

Ci, the value of ν0 for which growth is maximised. Likewise, the solid line gives

for any value of ν0, the value of Ci for which growth is maximised. The opti-

mum combination of carbon dioxide concentration is that at the intersection

of the two lines.

Vegetation characteristics are affected by metabolic processes, competition,
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Figure 5.5: Expected seasonal cumulative carbon fixation
∫

Q̂ for any pair of
ν0 and Ci for a dry season of 150 days with a probability of water availability
that has a normal distribution with mean 350 mm and standard deviation
100 mm, and md = mn = 0.05 (left), and the corresponding probability of a
negative growth (right). The bold solid line gives for any ν0, the corresponding

Ci for which growth is maximised (i.e.
δ ˆ∫ Q
δCi

= 0), and the bold dashed line for

any Ci, the value of ν0 for which growth is maximised (i.e.
δ ˆ∫ Q
δν0

= 0)

mortality and succession, limitation by various resources, pests and diseases,

and carry a history of previous events. It is assumed that the outcome of all

these processes are vegetation characteristics that result in maximum growth,

but without any proof that this is indeed the case. As an alternative, let us

consider a simple growth model, in which parameter ν0 cannot be chosen freely,

but is a function of cumulative growth over the previous years. Assume that

a bare field gets overgrown with vegetation. Initially, leaf area index is low,

resulting in a low canopy photosynthetic capacity ν0 (although photosynthetic

capacity at leaf scale may be higher than for mature vegetation). Each year,

biomass is incremented with a value proportional to carbon fixation
∫

Q of

the previous year. If it is assumed that leaf area index increases proportion-

ally, then ν0 develops from a low to a high value. Because leaf area index

is not so variable in time, it is likely that Ci is lower during dry years than

during wet years. Consequently, the photosynthetic capacity ν0 and internal

carbon dioxide concentration may roughly follow the bold solid line in Fig. 5.5,

while Ci makes excursions to the left of this line during dry and excursions to
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the right during wet years. While vegetation grows, optimum internal carbon

dioxide concentration decreases. Annual growth initially increases until the

intersection of the bold and the dashed line is reached, and then decreases

again. This simple model explains why internal carbon dioxide concentration

in pioneer vegetation is higher than in secondary vegetation, and why pioneer

vegetation has a more rapid growth but is less water efficient than secondary

vegetation (eg. Donovan and Ehleringer, 1994). Let us assume that photosyn-

thetic capacity continues to increase until growth diminishes and vegetation

reaches the climax biomass. If growth of photosynthetic capacity is limited

by other resources than water, such as nutrients, then climax photosynthetic

capacity is lower and internal carbon dioxide concentration higher than can

be expected from figure 5.5. This suggests that the eventual value of Ci at

maximum biomass depends on which resource limits biomass: if it is water,

then Ci is lower than if it is another resource.

This concept is an oversimplification, used only to illustrate the fact that

the ecologic optimality hypothesis used in this study does not take into account

physiologic limitations to the parameters. In reality, the way photosynthetic

capacity and internal carbon dioxide concentration develop in time and respond

to variations between years also depend on their plasticity. For example, the

fact that as vegetation growths taller, the hydraulic conductance reduces for

physiological reasons (Magnani et al., 2000).

5.6 Non-linearity caused by scaling of photosynthesis

A small problem arises with scaling of the photosynthesis model from leaf to

canopy and from hours to seasons, which has hitherto been ignored. Pho-

tosynthesis is either limited by light or by enzyme activity. The response of

assimilation to internal carbon dioxide concentration is different in the two

cases. Leaves which assimilate at a light limited rate use photosynthetic ca-

pacity less efficiently than leaves that assimilate at enzyme limited rate: at the

same maximum carboxylation capacity, light limited leaves have lower assimi-

lation rates than enzyme limited leaves. In the model this was not taken this

into account. The response of the canopy as a whole is different from that of

individual leaves, because in a canopy, some leaves are light limited and others

enzyme limited. Appendix C shows that effective canopy photosynthesis can
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be written as:

A = ν

(

ε(I, Ci)
Ca − Ci

Ci + γ
−md

)

(5.34)

where ε is a factor between 0 and 1, which accounts for the less efficient use

of photosynthetic capacity by light limited leaves, integrated over the canopy.

The factor ε is not only a function of light intensity I, but also of internal

carbon dioxide concentration. This introduces an additional non-linearity in

the relation between internal carbon dioxide concentration and photosynthesis.

As an approximation, a constant ε can be introduced for a specific climate

and vegetation type. Introduction of such constant ε slightly changes ν0opt,

because parameters c and r change (Appendix C). The effect is that optimum

Ci (which can only be calculated numerically), is higher and more realistic than

in the original model. An important implication is that optimum Ci now also

depends on light availability: a trade-off exists between light use efficiency and

water use efficiency, which is in agreement with literature (Smith & Huston,

1989).

5.7 Discussion

In Chapter 4, a model was presented to calculate fluxes of carbon dioxide and

water from vegetation characteristics and weather conditions. In this chapter,

an analytical model was presented to predict optimum vegetation character-

istics. This model was inspired by concepts which have been developed and

published in recent years. Researchers with diverse backgrounds have proposed

models for adaptation of vegetation to climate.

A commonly used starting point to describe vegetation behaviour is the

principle of homeostasis of water flow through the soil-vegetation-atmosphere

continuum. From the idea that xylem embolism must be avoided, allocation

between root and shoot can be derived (Magnani et al., 2000; Sperry et al.,

2002; Mencuccini, 2003). Using the same principle, Katul et al. (2003) derived

a relationship between photosynthetic capacity and hydraulic properties of the

vegetation.

Tradeoffs expressed in terms of cost and benefit have been introduced by

Smith & Huston (1989). Rodriguez-Iturbe et al. (2001) evaluated two coex-

isting strategies: shallow rooted vegetation which transpires intermittent rain
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quickly versus deep rooted vegetation with a more steady transpiration rate.

Later, Laio et al. (2001) modelled the water balance and soil moisture content

as a function of a Poisson distributed radinfall, soil and vegetation characteris-

tics. Daly et al. (2004a,b) used a similar concept to model growth as a function

of intermittent precipitation. In their model, an expression for the integrated

water stress over the growing season is used. Photosynthetic capacity is still a

fixed parameter.

This study presents for the first time a model in which both optimum pho-

tosynthetic capacity and internal carbon dioxide concentration are calculated,

using the concept of homeostasis in water transport. The optimum parameters

reflect a strategy to deal with two tradeoffs: the trade-off between fast growth

and avoidance of drought, and between an efficient use of the photosynthetic

machinery and an efficient use of water. In order to present the concepts

clearly, analytical equations were used. The simplicity of the model also has

a disadvantage: although the parameters have a conceptually clear meaning,

the translation to commonly used parameters is indirect. For example, the

calculated hydraulic and surface conductance do not equal their equivalents at

an hourly time scale. Appendix C illustrated the consequences for scaling the

photosynthesis model from leaf to canopy level: the responses of photosynthe-

sis to light and carbon dioxide concentration change when moving from leaf to

canopy scale and when averaging over a day or longer.

The description of respiration by the model may need further attention

in future studies. Compared to photosynthesis, respiration is modelled in a

rather simple way. Although it is common practice to scale respiration with

leaf nitrogen content or photosynthetic capacity (Thornley & Cannell, 2000),

it is unlikely that the ratio of respiration to photosynthetic capacity is uniform

in space. Moreover, it is unclear how much of the respired carbon is recycled.

The model is sensitive to parameters md and mn, and may thus benefit from

future improvements in the understanding of respiration.

In the transport equations, it was assumed that mesophyll conductance is

infinite. One can model the effect of mesophyll conductance by introducing

a correction factor for the ratio of mesophyll to surface conductance. This

changes the numerical value of optimum photosynthetic capacity, but not the

model structure. However, if the ratio is not constant, as shown by Warren &

Adams (2006) to be the case, then the relations described in this study may
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slightly change.

This study is a first attempt to describe both the productivity and water use

efficiency of vegetation from climatic constraints. Vegetation parameters are

the result of a vast number of processes and non-linear interactions. Parameter

values are not only constrained by the history of availability of resources, but

also by a history of unidentifiable incidents such as fires or diseases. It is

attractive to use an ecological optimality hypothesis, because it is intuitively

plausible and mathematically easy to apply, and has successfully been applied

in many ecohydrological studies (eg. Field, 1983; Hirose and Werger, 1987;

Mäkelä et al., 1996). One should keep the complicating factors in mind when

applying such a model.

5.8 Conclusions

This study describes a method to predict the optimum photosynthetic capacity,

internal carbon dioxide concentration, and the seasonal cycles of assimilation

and transpiration. The hypothesis is used, that vegetation parameters are

such that growth is maximised. In water limited conditions, optimum photo-

synthetic capacity ν is proportional to the ratio of water availability to vapour

pressure deficit, and depends on internal carbon dioxide concentration, the du-

ration of drought and the ratio of non-recycled autotrophic respiration to net

photosynthesis. Optimum internal carbon dioxide concentration is a function

of temperature, the ambient concentrations of carbon dioxide and oxygen, and

the ratio of non-recycled autotrophic respiration to net photosynthesis.

The EOH does not explain why some studies find a structurally lower

internal carbon dioxide concentration Ci at dry locations. This effect can

be understood by assuming that photosynthetic capacity is less plastic than

internal carbon dioxide concentration.
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Optimum vegetation

characteristics, assimilation and

transpiration during a dry season.

Part II. Model validation

Abstract

In Chapter 5, a conceptual model was presented to predict two important vegetation

parameters in water limited conditions, notably photosynthetic capacity and internal

carbon dioxide concentration. In this chapter, the model is validated using data of

four experimental forest plots in sub-Mediterranean Slovenia which were selected for

their topography induced differences in climate and contrasting vegetation charac-

teristics. Data were collected during a regular (2004) and an exceptionally dry year

(2003). Measurements showed that photosynthetic capacity decreases with vapour

pressure deficit, and internal carbon dioxide concentration correlates positively with

available water. The model explained observed differences among sites and years in

photosynthetic capacity and the seasonal cycle of transpiration. Although the mag-

nitude of calculated optimum internal carbon dioxide concentrations agreed with

observations, the model could not explain observed differences in internal carbon

dioxide concentration or the correlation between internal carbon dioxide concentra-

tion and water availability. Variations in soil water storage at the start of the growing
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season and vapour pressure deficit during the growing season are responsible for a

large part of these differences. Winter precipitation has a large effect on the shape

of the seasonal course of transpiration during the following season.

6.1 Introduction

The effect of vegetation characteristics on the fluxes of carbon dioxide and

water is reasonably well understood, at least better than the effect of climatic

variables on the development of vegetation characteristics. Although the effect

of climate on vegetation has long been a matter of research, the prediction

of vegetation parameters from climatic constraints is still qualitative. Most

studies which predict optimum vegetation characteristics for a certain climate,

use some sort of an ecological optimality hypothesis (EOH). However, the

validation of EOHs is extremely difficult (Kerkhoff et al., 2004), because of

the lack of long-term data, variability of climate and vegetation, and the non-

linearity of the interactions.

In Chapter 5, a simple model was presented which uses an EOH to predict

two important vegetation parameters: photosynthetic capacity and internal

carbon dioxide concentration. These two parameters are relevant for the cal-

culation of the surface exchange fluxes of carbon dioxide and water. In this

chapter, the model is applied to forests in a sub-Mediterranean climate and

data collected in a field experiment are used for validation. Data were col-

lected at four experimental forest plots in sub-Mediterranean Slovenia, which

were selected for their contrasting water availability and humidity. A field val-

idation was preferred above a controlled laboratory experiment, because the

vegetation in the field experiment has been allowed to develop naturally in

interaction with climate for at least 50 years. Only soil and climate measure-

ments are used to constrain the biochemical properties and seasonal cycles of

assimilation and transpiration, and independent measurements of biochemistry

and transpiration as validation.

Measurements were carried out during an average (2004) and an exception-

ally dry year (2003). For four plots in 2004 and two plots in 2003, photosyn-

thetic capacity and internal carbon dioxide concentration were calculated with

the model and compared to leaf nitrogen content, leaf photosynthesis measure-

ments and 13C isotope discrimination. The calculated parameter values are
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Table 6.1: A-priori parameter values for the model
Kc (µbar) Ko (mbar) O (mbar) Γ∗ (µbar) Cs (µbar) mn md ε α
460 330 210 30 360 0.05 0.05 0.8 1.0

used to calculate seasonal cycles of transpiration, which are validated using

transpiration measurements.

6.2 Methods and materials

For 2003, data of two the two plots that contrast both in soil water availability

and humidity deficit (north and south plot), and for 2004, data of all four plots

were available. Measurements consisted of biochemical characteristics of the

vegetation, the water balance and weather conditions. All measurements are

described in detail in Chapter 3.

The model of Chapter 5 was used to calculate optimum photosynthetic

capacity and internal carbon dioxide concentration and the seasonal cycle of

transpiration. Table 6.1 shows the parameter values used in the model. The

measurements were used to validate not only the output, but also some of the

underlying assumptions of the model. For parameters c and r, the expressions

of Appendix C (Eq C.6 and C.7) were used, thus accounting for the effect

of scaling from leaf to canopy on the photosynthesis model, represented by

parameter ε. This parameter accounts for all leaves which photosynthesize at

light-limited rate. Its value was estimated by calculating vertical profiles of

light during the whole season, using the light distribution model of Chapter 4.

Because differences in ε between the plots were small, a single value was used

for all four plots.

6.3 Results

In this section, first the water balance of the four plots is presented, and second

some of the underlying assumptions of the model are validated. Third, the

performance of the model to predict photosynthesis, internal carbon dioxide

concentration and the seasonal cycles of transpiration is validated.
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6.3.1 Water balance

Table 6.2 shows measured components of the water balance during the growing

seasons of 2003 and 2004. Precipitation and temperature in 2004 were close

to the 30-year average, whereas precipitation in 2003 was one of the lowest

and temperature the highest in a 500 year record of the region (Casti et al.,

2005). Variations in vapour pressure deficit can be explained from topographic

position: two plots at shaded locations had lower vapour pressure deficit than

two plots located at the sunlit side of a hill (south slope). Differences among

the plots in water availability are caused by differences in input (throughfall

and stemflow), storage (soil depth, percolation, water retention, infiltration,

runoff and soil moisture at the start of the growing season). In this study, soil

moisture content at the start of the growing season and the input, throughfall

and stemflow, were measured. Initial soil water storage was different at the

start of the growing season. Measurements of throughfall during the winter

showed that differences in water recharge played a role. Drainage, soil evapo-

ration and transpiration of the undergrowth before bud break may also have

been responsible for this difference (not measured).

The greatest uncertainty in the estimates of soil water availability is rooting

depth, because its spatial variability was not measured. The uncertainty in

the rooting depth was estimated as 25%, which results in an error of 15%

in available water (Chapter 2). Variations in initial soil water storage are

consistent with variations in net precipitation among the plots. At the west

plot, initial soil moisture content is relatively low, which may be explained by

drainage to a coarse sand layer just below the root zone.

Total measured transpiration is close to the amount of available water in

the summer s0, and thus nearly all available water transpires. This indicates

that transpiration is indeed water limited. Not only mean transpiration differs

among plots, but also the shape of its seasonal course. Fig. 6.1 shows, for

example, measured daily transpiration versus time for the north and the south

plot for 2003 and 2004. Transpiration in 2004 was a factor two higher than

in 2003. In both years, transpiration at the north plot is initially higher than

at the south plot, but later in the season this sequence reverses. In 2003,

transpiration at the north and the south plot intersect at an earlier date than

in 2004. It is the question whether this behaviour can be predicted using the
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Table 6.2: Gross precipitation Pg and net precipitation (throughfall plus stem-
flow) Pn, soil moisture content at the start of the growing season θ0, rooting
depth RD, mean daily available water (s0/te), mean transpiration rate E, and
mean daytime vapour pressure deficit es(Ta) − ea for the four plots in 2004
and for two plots in 2003. A season is defined as the time between DOY 150
and 250 (29 May and 6 September) for 2004 and between DOY 189 and 250
(8 July and 7 September), and daytime as the time when incoming shortwave
radiation Rsi > 20 W m−2. Available water s0 is net precipitation plus the dif-
ference between the initial soil water content and soil water content at wilting
point integrated over the root zone.
year plot Pg Pn θ0 RD s0/te mean E es(Ta) − ea

mm mm m mm d−1 mm d−1 hPa

2003 North 137 79 0.25 1.0 1.34 1.11 19.4
South 137 76 0.23 1.0 1.10 1.05 24.5

2004 North 178 124 0.39 1.0 3.16 3.31 12.3
South 178 124 0.32 1.0 2.49 2.27 15.6
West 178 156 0.30 1.0 2.65 1.70 12.1
East 178 150 0.37 0.8 2.93 2.45 16.4

assumption of maximum growth.

6.3.2 Validation of model assumptions

In the model, a water stress function ξ was used, being the ratio of actual to

potential (unstressed) transpiration. Theoretically, ξ is a function of soil water

potential ψs. In Figures 6.2 and 6.3 the relationship between transpiration,

soil water potential and soil moisture content is evaluated, using data of the

four forest plots. Fig. 6.2 shows daily transpiration versus soil water potential

calculated from measured soil moisture data and a pedotransfer function (Van

Genuchten, 1978) calibrated against data of laboratory experiments. This

figure shows that transpiration is linearly proportional to soil water potential.

Water transport between soil and leaf is gradient driven:

E = K(ψs − ψl) (6.1)

where ψs and ψl are soil and leaf water potential, respectively, and K hydraulic

conductivity. The fact that measured transpiration is linearly proportional to

soil water potential, implies that Eq 6.1 can be used for ξ, where ψl and
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Figure 6.1: Seasonal course of daily transpiration for the north and the south
plot in 2003 and 2004

K are considered constants, the values of which can be derived from linear

regression. The unstressed transpiration rate E0 is the transpiration rate at

ψs = 0, leaf water potential the value of ψs for which E = 0, and hydraulic

conductance the slope of the regression line. Fig. 6.2 shows that the value of

E0 differs among the plots. It also shows that the higher the value of E0 is,

the higher also the value of ψl, which indicates that a trade-off exists between

high transpiration rates in unstressed conditions and resistance to drought, a

well know phenomenon (Smith & Huston, 1989).

The circles in Fig. 6.2 represent data of 2003. The response of transpiration

to water potential differs between 2003 and 2004. This in an important obser-

vation, because it indicates that the hydraulic parameters are flexible enough

to adapt to variations between years. In 2003, ψl was lower than in 2004, while

E0 was not different.

Fig. 6.3 shows the ratio of daily transpiration to mean transpiration in

unstressed conditions (E/E0) versus soil moisture content for the four plots in

2004, where E0 is defined as the mean daily transpiration rates between full

leaf expansion and the onset of water stress. For the onset of water stress at

θ = θf , the value for θ at pF=3.0 or ψ = −105 Pa is used.

In the model, transpiration in water stressed conditions is calculated as

a function of soil moisture storage rather than soil water potential (Chapter

5). The difference in response to drought among the plots is then reflected

by the parameter α in Eq 5.18. The application of the optimality hypothesis

in its current form, i.e. optimizing with respect to photosynthetic capacity
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Figure 6.2: Daily transpiration E versus soil water potential ψ for the four
plots in 2004 (crosses) with linear regression lines, and for the south plot in
2003 (circles)

and internal carbon dioxide concentration, does not say anything about the

value α takes. Especially the trade-off between high transpiration (high E0)

and resistance to drought (low ψl or low α, depending on the model for ξ) is

relevant, since the parameter E0 is calculated with the model. In this study,

an a-priori value for α is used. Neglecting the trade-off has the consequence

that modelled transpiration may be overestimated for vegetation with a high

E0, and underestimated for vegetation with a low E0 under conditions of low

soil moisture content.

One of the assumptions in the model is that drought causes a decrease

in Rubisco activity and photosynthetic capacity rather than stomatal closure

only. Fig. 6.4 shows photosynthesis rate and the ratio of internal to ambient

carbon dioxide concentration versus irradiance for leaves of Quercus pubescens

and Fraxinus ornus measured at the south and the east plot in July and August

2004 with leaf chamber measurements. The rate of photosynthesis in August

was two times lower than in July, while internal carbon dioxide concentration

did not change significantly. This indicates that stomatal conductance and

the rate of photosynthesis decreased proportionally, while water use efficiency
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Figure 6.3: The quotient of daily transpiration over mean transpiration in
unstressed conditions E/E0 versus soil moisture content θ for the four plots in
2004. Unstressed transpiration rate E0 is calculated as the means measured
transpiration rate at pF> 2.5

remained constant. In Fig. 6.5, leaf photosynthesis data and chemical leaf

sample data are combined. This figure shows internal over ambient carbon

dioxide concentration, leaf nitrogen content and photosynthetic capacity at

the south plot versus day of the year in 2004. Although leaf nitrogen content

remained relatively constant, photosynthetic capacity decreased with a factor

two or three. Apparently, downregulation of photosynthetic capacity during

the season does not necessarily cause a decrease in leaf nitrogen content. This

confirms that leaf nitrogen content is proportional to ν0 rather than to actual

ν. The change in internal carbon dioxide concentration is not significant (α =

0.95). Wilson et al. (2000) found similar results for maple and oak trees, and

concluded that changes in photosynthetic capacity take a dominant role in the

reduction of photosynthesis during the season, even if leaf nitrogen remains

unchanged.

The leaf photosynthesis measurements are also used to evaluate the model

assumption that dark respiration remained constant during the season, and

to derive a value for maintenance parameter md. While carboxylation capac-
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east plot versus PAR irradiance, measured with a leaf chamber gas analysis
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Figure 6.5: Left: The ratio of internal over ambient carbon dioxide concentra-
tion, derived from 13C isotope discrimination analysis of leaf materials (�) and
from leaf photosynthesis measurements of Quercus pubescens (×) and Fraxi-
nus ornus (O) at the south plot, versus DOY 2004. The error bar represents
the 95% confidence interval. Right: Leaf nitrogen content from leaf samples
(�), and photosynthetic capacity for enzyme limited conditions ν (Vcm) for
Quercus pubescens (×) and Fraxinus ornus (O) at the south plot versus DOY
2004.
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ity decreased by a factor two to three between July and August 2004, dark

respiration rates of individual leaves remained 1.0 µmol m−2s−1. These mea-

surements indicate that dark respiration does not decrease while ν decreases

as a result of drought. Dark respiration of leaves was calculated by multiplying

the respiration rate of an individual leaf by leaf area index. Parameter md is

calculated as Rdd/ν0, using an a-priori estimate of ν0 of 80 µmol m−2s−1. This

results in a value of md = 0.05. No data are available that make an estimation

of night time maintenance respiration parameter mn possible. In this study

it is assumed that night time respiration equals daytime dark respiration, i.e.

mn = md, acknowledging that this is an approximation. By doing so, some

respiration terms, such as that of roots, are excluded. Consequentlu, in this

study, the growth of green tissue is optimised rather than that of a whole

canopy. To optimise growth of a whole canopy, all respiration terms should be

included.

Fig. 6.6 shows measurements of leaf nitrogen content and internal carbon

dioxide concentration calculated from 13C isotope discrimination for the four

plots. Neither leaf nitrogen content at the two plots with low vapour pressure

deficit (north and west), nor that at the two plots with high vapour pressure

deficit (south and east) differ significantly from each other (α = 0.95). How-

ever, leaf nitrogen content at the plots with low vapour pressure deficit is sig-

nificantly higher than that at the plots with high vapour pressure deficit. Leaf

nitrogen content closely correlates with vapour pressure deficit (r2 = 0.95),

and hardly with water availability (r2 = 0.04, not shown). The values for

internal carbon dioxide concentration also vary among the plots, but in a dif-

ferent way than leaf nitrogen content. Internal carbon dioxide concentration

is significantly higher at the two plots with high soil moisture content than

at the two plots with low soil moisture content. Internal carbon dioxide con-

centration closely correlates with water availability (r2 = 0.89), but not with

vapour pressure deficit (r2 = 0.00, not shown).

The differences in Ci among the plots are small but significant. The data

suggest a positive relationship between water availability and internal carbon

dioxide concentration. This implies that the lower the water availability is, the

higher the water use efficiency. A lower water availability is then compensated

by a more efficient use, which explains why differences in nitrogen content (pho-

tosynthetic capacity) among the plots do not correlate with water availability.
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Figure 6.6: Leaf nitrogen content and 13C isotope discrimination for the four
plots in 2004 (left), and leaf nitrogen content versus vapour pressure deficit
(upper right), and internal over ambient carbon dioxide concentration (lower
right). The vertical axes of the lower two panels are exchangeable. Data
were derived from analysis of 83 leaf samples of the most abundant species,
together covering at least 95% of the sapwood area, and averages for the plots
were calculated by scaling samples with the relative contribution of species to
total sapwood area.

The fact that photosynthetic capacity does not correlate spatially with water

availability is remarkable, because photosynthetic capacity (although not leaf

nitrogen content) at the plots changes strongly with time as a result of drought

during a season. This indicates that the response of photosynthetic capacity

to changes in drought during a season is a faster response than the structural

adaptation to long-term differences in droughts.

6.3.3 Validation of model predictions

The model was first used to calculate optimum internal carbon dioxide concen-

tration. The ratio of calculated optimum internal to ambient carbon dioxide

concentration was 0.71, 0.73, 0.69 and 0.71 for the north, south, west and east

plot, respectively, which is close to measured values between 0.68 and 0.74.
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However, the model could not explain the small difference in Ci among the

plots: measured and modelled Ci did not correlate (not shown). A reason why

the variations in Ci could not be explained, is that the temperature depen-

dence of the both Arrhenius parameters and the respiration parameters were

unknown. A more important observation is the apparent positive correlation

between water availability and Ci, an effect that is not predicted by the model

but that has been described in literature (Lloyd & Farquhar, 1994).

In what follows, measured values for internal carbon dioxide concentration

are used to calculate optimum photosynthetic capacity. This implies that now,

photosynthetic capacity is optimized given Ci. The resulting photosynthetic

capacity is the optimum value for ν0 on the dashed line in Fig. 5.5 at the

measured Ci. For sr the soil water storage at pF= 4.2 is used. For 2003, the

measured values for internal carbon dioxide concentration of 2004 were used,

because measurements were available.

Fig. 6.7 shows calculated optimum photosynthetic capacity ν0 versus mea-

sured leaf nitrogen content for the four plots in 2004. Calculated ν0 correlates

well with measured nitrogen content (r2 = 0.99). Although leaf nitrogen is

not the only factor affecting canopy level photosynthetic capacity (leaf area

index also plays a role), does the high correlation indicate that the modelled

differences in photosynthetic capacity are plausible. Dots in this figure refer to

literature values of Reich et al. (1999) for individual leaves. Although canopy

and leaf values of photosynthetic capacity cannot be compared directly, the fac-

tor two between the modelled canopy values and leaf values of photosynthetic

capacity indicates that photosynthetic capacity is modelled within the right

order of magnitude. In Chapter 4, leaf values of 50 to 70 µmol m−2s−1 were

found for the same plots, which is also a factor two lower than the currently

modelled canopy values.

Fig. 6.8 shows modelled (solid lines) and measured transpiration (symbols),

for all plots in 2004, and for the north and the south plot in 2003. Both

the absolute amounts of transpiration and the seasonal cycle of calculated

transpiration agree well with measurements. At the north and east plot, initial

soil moisture content is relatively high. As a result, water stress starts at a

later date than at the south and the west plot: soil water storage remains

above the threshold below which water stress occurs, sf , and transpiration

remains at the initial, unstressed rate E0 for a longer period of time.
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Fig. 6.1 showed that transpiration at the north plot is initially higher than

at the south plot, but this sequence reverses later in the season. There are two

reasons why this is the case. First, internal carbon dioxide concentration differs

between the plots. Water availability and internal carbon dioxide concentration

affect the course of transpiration in different ways. Increasing s0 (for constant

sf/s0) shears the vertical scale: initial transpiration rate is higher but ξ(t) does

not change. Internal carbon dioxide concentration affects both E0 and ξ(t): a

lower internal carbon dioxide concentration corresponds to a more conservative

water use and a slower decrease of ξ with time. Second, a the trade-off exists

between high transpiration and resistance to drought (not included in the

model). The fact that the trade-off is not included in the model explains why

transpiration is overestimated at the north plot and underestimated at the

south plot at the end of the growing season.

6.4 Discussion

In Chapter 5, a conceptual model was described for vegetation which is con-

strained by water availability. A relationship between photosynthetic capacity

and internal carbon dioxide concentration was derived from the constraint that

the soil-vegetation-atmosphere continuum of water flow must be conserved.

Optimum values for the two parameters are calculated by assuming maximum

growth. In order to present the underlying concepts clearly, analytical equa-

tions were used. It is necessary to be aware of the limitations of the present

model if the concepts are placed a global context. Only water limitation was

considered (not the effects of light and nutrients), the feedback of the veg-

etation on climate was not taken into account, nor the effects of forests on

soil formation, infiltration and local hydrology and the evaporation of inter-

cepted water. A relatively simple description of respiration was used. Finally,

for more detailed modelling, it may be beneficial to abandon the analytical

equations in favour of numerical solutions.

Despite the simplicity of the model, the shapes of the seasonal cycles of

transpiration and the order of magnitude of internal carbon dioxide concen-

tration Ci were satisfactory modelled. Values for the photosynthetic capacity

ν0 correlated with leaf nitrogen content.

The model predicts that vegetation with a high internal carbon dioxide
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concentration has a higher transpiration rate in unstressed conditions, but is

more sensitive to drought than vegetation with a low internal carbon dioxide

concentration. This prediction agrees with obervations by Ehleringer (1993),

who found that vegetation with a high Ci grows faster than vegetation with a

low Ci when stress is removed, while vegetation with a low Ci is more resistant

to drought.

In literature, a positive relationship between internal carbon dioxide con-

centration Ci and water availability is often suggested (Lloyd & Farquhar,

1994; Damesin et al., 1998; Swap et al., 2004). The data of this study point

into the same direction. However, the model predicts that Ci is independent

of water availability. The fact that the model and observations disgree is pos-

sibly due to the fact that Ci (and thus stomatal regulation) is more flexible

than photosynthetic capacity and can respond faster to fluctuations in water

availability than photosynthetic capacity.

The relationship between photosynthetic capacity, leaf nitrogen content

and vapour pressure deficit is qualitatively in agreement with global findings

by Wright et al. (2005). They considered relationships at leaf scale instead of

canopy scale. Still, the results can be compared, because leaf area index was

similar for three plots. Wright et al. (2005) found that for deciduous forests

leaf mass does not correlate with precipitation, and correlates negatively with

vapour pressure deficit. In this study, similar phenomena were observed. These

phenomena were explained by the requirement of constant leaf water potential.

The exact mechanisms, and the effects of climate on the ratio of leaf area to

leaf mass and leaf area index remain to be studied.

The conditions which constrain the parameters are available water and

vapour pressure deficit. In the study area, winter precipitation played a key

role. Soil moisture storage was the main supply of water, and recharge of the

soil reservoir took place during the winter months. This indicates that the

shape of the seasonal cycle of transpiration can already be predicted in the

early spring.

The model was derived for dry periods in which the soil water reservoir

is not replenished. In the study area, precipitation also occurred during the

summer months. As a simplification, the sum of soil water storage at the

start and precipitation during the growing season was used as available water.

Because a large part of the available water was already present at the start
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of the season, this simplification did not lead to erroneous results. In some

climates it may be more realistic to represent the growing season as a sequence

of different dry seasons, between which the soil reservoir is recharged. In that

case, the plasticity of photosynthetic capacity may be a problem: if the dry

periods are relatively short, ν0 can probably not adapt to each dry period. In

that case, a stochastic approach should be used.

The effect of the sensitivity of transpiration to soil water storage, as ex-

pressed in parameter α, is interesting. This parameter affects the optimum

shape of transpiration and photosynthetic capacity. In this study, a constant,

a-priori values was used. In reality, the trade-off between high transpiration

and resistance to drought pulls optimum photosynthetic capacity away from

extremes. The relation between α, optimum ν0 and soil water availability is a

topic worth a more detailed investigation. In such a study it is important to

realize that the parameter of α does not only depend on vegetation character-

istics, but also on soil texture.

6.5 Conclusions

In Chapter 5 a simple model was presented to calculate photosynthetic ca-

pacity and internal carbon dioxide concentration for climatic constraints by

assuming vegetation characteristics are such that growth is maximised. Us-

ing this ecological optimality hypothesis (EOH), variations in photosynthetic

capacity among four experimental forest plots in sub-Mediterranean Slovenia

were explained. The model explained the magnitude of internal carbon diox-

ide concentration, but not small but significant differences in internal carbon

dioxide concentration among the plots. The EOH also explained differences

in the seasonal cycle of transpiration between the Mediterranean forest plots.

Winter precipitation was important for the seasonal cycle of transpiration.
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Summary

This chapter is a summary of

”Climatic constraints on carbon assimilation and transpiration of

sub-Mediterranean forests”

For at least two centuries, people have sought to understand the interactions

between vegetation, climate and hydrology. The theme has been of interest

for those who tried to understand ecosystem behaviour, for agriculture, flood

and drought prediction, weather prediction and climate change studies. In

recent years, the discipline has been referred to as ecohydrology: the study

of the interactions between the hydrological cycle and terrestrial ecosystems

(Rodriguez-Iturbe, 2005).

Improved technology and a growing interest in the carbon and nitrogen

cycles have led to detailed knowledge of physical and physiologic processes in

the soil, the vegetation and the boundary layer. Despite the increased pro-

cess understanding, the application of this knowledge in climate models is still

challenging for three reasons: scaling problems (from leaf to canopy and from

canopy to the grid cell of a climate model) (Schulze et al., 1994), the lack

of accurate data to estimate parameter values, and the spatial and tempo-

ral variability of vegetation parameters (Franks et al., 1997). The temporal

variability of vegetation parameters is especially important for climate change

studies, because the sensitivity of vegetation to climate variables determines

the elasticity of the ecosystem.
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Some researchers who modelled the adaptation of vegetation to climate,

have used the assumption that vegetation characteristics move towards opti-

mum conditions. Vegetation in equilibrium then meets some pre-defined func-

tion, for example maximum biomass or maximum growth. Eagleson (1978a-f,

1982a-b, 2002) was the first to use this method. Although ’goal functions’ or

’ecological optimality hypotheses’ (EOH’s) have been applied in many stud-

ies since, they remain controversial because they lack physical basis (Kerkhoff

et al., 2004). Different and sometimes contradicting functions have been used:

to maximise biomass, minimise water stress, maximise transpiration or max-

imise growth. There is still a lack of empirical evidence to validate these

hypotheses.

This study has two objectives. The first objective is to separate the ef-

fects of vegetation and weather on the exchange of water and carbon diox-

ide between vegetation and the air. Vegetation characteristics represent the

long-term effects of climate, because natural vegetation is the projection of

climate on the landscape. Weather conditions represent effects of short term

climate fluctuations. The second objective of the study is to predict vegetation

characteristics from environmental boundary conditions. The most important

boundary conditions are energy, water and nutrients. This study focusses on

water limitation. The combination of the two objectives gives insight in the

long-term and short-term effects of climate on vegetation, and the exchange of

carbon dioxide and water.

The study is a combination of measurements and models. All models were

calibrated and validated using a data set collected during a field experiment in

natural broadleaf forests in a sub-Mediterranean climate in Southwest Slovenia

(N45◦28’ E13◦46’). The vegetation in the study area consists of forests which

have grown naturally during the last 50 years, and different stands have devel-

oped at different topographic positions. Although there is no real dry season

in this climate, the vegetation suffers from water shortage between June and

September.

In the study area, four experimental forest plots were selected on slopes,

which contrasted in forest structure, aspect, soil moisture content, temperature

and humidity. Intensive measurements were carried out at these sites during an

exceptionally dry (2003) and an average year (2004). Vegetation parameters

(leaf area index, species, leaf nitrogen content and 13C isotope discrimination
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of leaf material), photosynthesis, transpiration and components of the water

balance (throughfall, stemflow, soil moisture content) were measured. This

setup made it possible to study differences in vegetation characteristic between

sunlit and shaded forests, between wet and dry forests and between a wet and

a dry year.

The first objective, to separate the effects of vegetation and weather on

the exchange of water and carbon dioxide between vegetation and the air, was

addressed using a physically based model for photosynthesis, surface conduc-

tance and transpiration for the canopy scale. Light distribution in the canopy

was calculated, and for both the sunlit and shaded fraction of leaves, photo-

synthesis was calculated with the model of Farquhar et al. (1980) and surface

conductance with the model of Cowan (1977). The parameters of the model

were derived from field measurements. Measurements of light interception

were used to calculate leaf area index, measurements of leaf nitrogen content

and leaf chamber photosynthesis to calculate photosynthetic capacity, and 13C

isotope discrimination of leaf material for the water use efficiency. The model

was validated using sap-flux based measurements of transpiration.

The model accurately predicted the diurnal cycles of transpiration and

stomatal conductance. Moreover, the model also explained differences in af-

ternoon stomatal closure between slopes of different aspect. The diurnal cycles

were more strongly affected by spatial variations in vegetation parameters than

by meteorological variables. This indicates that topography induced variations

in vegetation parameters are of at least equal importance to the fluxes as to-

pography induced variations in radiation, humidity and temperature. Weather

conditions mainly affect the shape of the diurnal cycles, and vegetation param-

eters the magnitude of the fluxes.

The second objective, to predict vegetation characteristics from environ-

mental boundary conditions, was addressed using a simple model for photo-

synthesis and transpiration during a dry season, in which a limited amount

of water is available. Two relevant vegetation characteristics were considered:

photosynthetic capacity and intrinsic water use efficiency. These two parame-

ters together determine the fluxes of carbon dioxide and water at given weather

conditions. The two parameters represent strategies of the vegetation to deal

with two tradeoffs: between rapid growth or avoidance of water stress, and

between an efficient use of the photosynthetic machinery and an efficient use
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of water.

Three different time scales were distinguished: the short, intermediate and

long time scale. On the short time scale (diurnal), transpiration and root water

uptake do not necessarily equal, and leaf water potential and internal carbon

dioxide concentration are flexible, but vegetation characteristics are constant.

On the intermediate time scale (seasonal), vegetation adapts such that leaf

water potential remains above a threshold, but biomass and respiration do not

change. On the long time scale (multiple years), all vegetation parameters are

flexible. For the intermediate and the long time scale, optimum characteristics

are calculated using the assumption that cumulative growth over a growing

season is maximised. The model predicts that in optimum conditions, photo-

synthetic capacity scales linearly with the ratio of available water to vapour

pressure deficit, and internal carbon dioxide concentration is a function of

temperature, the ambient concentrations of oxygen and carbon dioxide and

the ratio of night-time respiration to assimilation.

The model was validated using data of the four experimental forest plots.

Growth at the plots was water limited: almost all available water (throughfall,

stemflow and soil water) transpired during the growing season. Water availabil-

ity and transpiration in 2004 were two times higher than in 2003. Differences

in available water were caused by differences in precipitation, evaporation of

intercepted water and soil water, and different soil depths. Because the fluxes

are water limited, and a large part of the available water is supplied by soil

water recharge during the winter, winter precipitation strongly affects photo-

synthesis and transpiration in the following growing season.

Measurements showed that leaf nitrogen content, which is a measure for

photosynthetic capacity, correlates negatively with vapour pressure deficit, and

internal carbon dioxide concentration positively with the amount of available

water. The model explains the shape of the seasonal cycle of transpiration at

the plots, observed differences in photosynthetic capacity, and the magnitude

of internal carbon dioxide concentration, but not the differences in internal

carbon dioxide concentration. The latter is a shortcoming of the optimality

hypothesis.

It is necessary to be aware of the limitations of the present model if the

concepts are placed a global context. Only water limitation was considered (not

the effects of light and nutrients), the feedback of the vegetation on climate was
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not taken into account, nor the effects of forests on soil formation, infiltration

and local hydrology and the evaporation of intercepted water. A relatively

simple description of respiration was used. Finally, for more detailed modelling,

it may be beneficial to abandon the analytical equations in favour of numerical

solutions.

This study has contributed to contemporary ecohydrological research. Daly

& Porporato (2005) mention four problems in ecohydrology that are still un-

resolved: (1) the description of the mass and energy balances of canopies in

complex terrain, (2) the mechanistic modelling of stomatal conductance, (3)

plant competition and interaction, and (4) the impact of extreme hydrologic

events on terrestrial ecosystems. This study focussed on the first issue, by

analysing interactions between vegetation and climate at various time scales,

and predicting the resulting fluxes of carbon dioxide and water. Field data

and a model were combined to show the effects of vegetation characteristics

and weather on the fluxes of water and carbon. The values of the most rele-

vant parameters, photosynthetic capacity and internal capacity, were for the

first time explained as representing the optimum strategy to reach maximum

growth in water limited conditions.

For future studies, time series of fluxes for a large number of stations in

the world are available today (Baldocchi et al., 2001). A problem is that

at these stations, the net ecosystem flux of carbon dioxide is measured in-

stead of photosynthesis. In order to distinguish between photosynthesis and

various respiration terms, improved descriptions of respiration are necessary.

Respiration of soil and vegetation appear to be important factors affecting

the net ecosystem flux of carbon dioxide (Valentini et al., 2000), and respira-

tion and photosynthesis respond differently to climate. By combining the flux

measurements with analysis of stable isotopes and plant physiology, global re-

lationships between vegetation characteristics and climate may be defined in

the near future. Remote senseling based estimates of nitrogen content, fluo-

rescence, absorbed photosynthetic active radiation fAPAR and biomass may

contribute to the validation of models which describe the relationship between

vegetation and climate, by analysing correlations in space.
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Samenvatting

Dit hoofdstuk is een samenvatting van

”Klimatologische randvoorwaarden voor koolstofopname en transpi-

ratie van sub-Mediterrane bossen”

Al meer dan tweehonderd jaar wordt er wetenschappelijk onderzoek ver-

richt naar de wisselwerkingen tussen vegetatie, klimaat en hydrologie. Dit

onderwerp is van belang voor de landbouw, het voorspellen van overstromin-

gen en droogtes, weersverwachtingen, klimaatonderzoek, en voor het verkrijgen

van inzicht in het gedrag van ecosystemen. Het vakgebied wordt tegenwoordig

vaak Ecohydrologie genoemd: de studie naar de wisselwerkingen tussen de

hydrologische kringloop en ecosystemen op het land (Rodriguez-Iturbe, 2005).

De voortgang van de techniek en de groeiende belangstelling voor de cycli

van koolstof en stikstof hebben geleid tot een toename van de kennis over

fysische en biologische processen in de bodem, de vegetatie en de atmosferische

grenslaag. Ondanks de beschikbaarheid van gedetailleerde kennis is het nog

steeds een uitdaging om die kennis toe te passen in klimaatmodellen. Dat

heeft drie oorzaken: het lastig is om processen op te schalen (van blad- naar

gewasniveau en van gewasniveau naar een pixel in het model) (Schulze et al.,

1994), er is een gebrek aan nauwkeurige meetgegevens om de waardes van

parameters te schatten, en gewaseigenschappen variëren sterk in ruimte en

tijd (Franks et al., 1997). Vooral de variatie van gewaseigenschappen in de

tijd is van groot belang voor klimaatstudies. De gevoeligheid van de vegetatie
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voor het klimaat bepaalt immers de veerkracht van ecosystemen.

Een aantrekkelijke hypothese om de aanpassing van vegetatie aan het kli-

maat te modelleren, is dat kenmerken van de vegetatie zich ontwikkelen richting

een optimale toestand. Vegetatie in evenwicht voldoet dan aan een vantevoren

opgelegd criterium, bijvoorbeeld maximale biomassa of maximale groei. Ea-

gleson (1978a-f, 1982a-b, 2002) heeft als eerste deze methode gebruikt. Hoewel

de methode van een ’ecologische optimalisatie hypothese’ (EOH) sindsdien veel

is gebruikt, blijft ze controversieel vanwege de zwakke fysische basis (Kerkhoff

et al., 2004). Verschillende en soms zels tegenstrijdige hypotheses zijn ge-

bruikt: maximale biomassa, minimale waterschade, maximale verdamping of

maximale groei. Er is nog steeds een gebrek aan empirisch bewijs voor deze

hypotheses.

Dit onderzoek heeft twee doelen. Het eerste doel is om de invloeden van

vegetatie en van weersomstandigheden op de uitwisseling van koolstofdioxide

en water tussen vegetatie en atmosfeer los van elkaar te bepalen. Zo kunnen

de effecten van klimaat op de lange en korte termijn onderscheiden worden.

Omdat natuurlijke vegetatie zich aanpast aan het klimaat, vertegenwoordi-

gen vegetatiekenmerken de effecten van klimaat op de lange termijn. Weers-

omstandigheden vertegenwoordigen de effecten van klimaat op korte termijn.

Het tweede doel is om vegetatiekenmerken te voorspellen aan de hand van

randvoorwaarden die het klimaat oplegt. De belangrijkste randvoorwaarden

zijn de beschikbaarheid van energie, water en voedingsstoffen. Deze studie

richt zich op omstandigheden waarin water beperkend is.

In dit onderzoek worden zowel meetresultaten als modellen gebruikt. Alle

modellen zijn gecalibreerd en gevalideerd met behulp van meetgegevens die

verzameld zijn tijdens een veldexperiment in natuurlijke loofbossen in een sub-

Mediterraan klimaat in Zuidwest Slovenië (N45◦28’ E13◦46’). De vegetatie in

het onderzoeksgebied bestaat uit bossen die zich gedurende de afgelopen 50

jaar zonder veel menselijk ingrijpen hebben ontwikkeld. De grootte, dichtheid

en samenstelling van de bossen correleert met de topografie. Hoewel er geen

echt droog seizoen is in dit klimaat, is de transpiratie van de vegetatie tussen

juni en september wel watergelimiteerd.

In het onderzoeksgebied zijn vier experimentele bosplots geselecteerd op

hellingen die verschillen qua oriëntatie, bodemvocht, temperatuur en , lucht-

vochtigheid en met een verschillende structuur van het bos. Tijdens een
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extreem droog (2003) en een gemiddeld jaar (2004) zijn vegetatiekenmerken

en componenten van de waterbalans intensief gemeten. De metingen aan de

vegetatie behelsden de bladoppervlakte-index, de soortensamenstelling, het

stikstofgehalte, de fotosynthese en de 13C isotoopdiscriminatie van bladma-

teriaal. De metingen aan de waterbalans behelsden doorval, onderschepte

regen die via boomstammen de bodem bereikt, bodemvocht en transpiratie.

Deze meetopstelling heeft het mogelijk gemaakt om verschillen in vegetatie-

kenmerken tussen bossen aan de zonnige en de schaduwzijde, en tussen bossen

op natte en droge locaties te bestuderen.

Voor het eerste doel, de scheiding van de effecten van vegetatie en weers-

omstandigheden op de uitwisseling van water en koolstofdioxide tussen vegetatie

en atmosfeer, is een fysisch model voor fotosynthese, stomatale geleidbaarheid

en transpiratie van het gewas gebruikt. De lichtverdeling in het gewas is berek-

end, en voor zowel zonbescheden blad als blad in de schaduw is de fotosynthese

berekend met het model van Farquhar et al. (1980), en de stomatale geleid-

baarheid met het model van Cowan (1977). De parameters van het model zijn

afgeleid uit veldmetingen. Lichtmetingen zijn gebruikt om de bladoppervlakte-

index te berekenen, het stikstofgehalte in het blad en fotosynthesemetingen in

een bladkamer om de fotosynthesecapaciteit te berekenen, en 13C isotoopdis-

criminatie om de ratio tussen koolstofopname en transpiratie (de efficientie van

watergebruik) te berekenen.

Het model is gevalideerd met transpiratie die afgeleid is uit metingen van

de water flux in het xylem van de bomen. Het model verklaart de dagelijkse

gang van transpiratie en stomatale geleidbaarheid, en bovendien de verschillen

in de sluiting van huidmondjes tussen de bossen. De dagelijkse gangen worden

sterker bëınvloed door ruimtelijke verschillen in vegetatiekenmerken dan door

de meteorologische variabelen. Dit impliceert that verschillen in de vegetatie

veroorzaakt door de topografische ligging een tenminste zo groot effect hebben

op de uitwisseling van koolstofdioxide en water als ruimtelijke verschillen in

straling, temperatuur en luchtvochtigheid, eveneens veroorzaakt door de to-

pografische ligging. Weersomstandigheden bëınvloeden vooral de vorm van de

dagelijkse gang, en vegetatiekenmerken de grootte van de fluxen.

Voor het tweede doel, het voorspellen van vegetatiekenmerken uit rand-

voorwaarden van het klimaat, is een eenvoudig model voor fotosynthese en

transpiratie gedurende het groeiseizoen gebruikt. In het groeiseizoen is een
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beperkte hoeveelheid water beschikbaar. Twee belangrijke parameters zijn de

fotosynthesecapaciteit en de efficiëntie van het gebruik van water. Deze twee

parameters vertegenwoordigen de strategie van de vegetatie om een compro-

mis te vinden tussen snelle groei en het vermijden van watergebrek, en tussen

een efficiënt gebruik van het fotosyntheseapparaat en een efficiënt gebruik van

water.

Drie tijdschalen zijn gedefinieerd: de korte, de middellange en de lange

tijdschaal. Op de korte tijdschaal (dagelijkse gangen) zijn transpiratie en

opname van water door wortels niet noodzakelijk aan elkaar gelijk. De wa-

terpotentiaal in het blad en de koolstofdioxideconcentratie in de huidmondjes

zijn veranderlijk, maar de vegetatiekenmerken constant. Op de middellange

tijdschaal (een seizoen) past de vegetatie zich zodanig aan dat de waterpo-

tentiaal in het blad boven een drempelwaarde blijft, maar de biomassa en de

respiratie veranderen niet significant. Op de lange termijn (jaren) zijn alle

vegetatiekenmerken veranderlijk. In dit onderzoek worden optimale vegetatie-

kenmerken voorspeld voor de middellange en de lange termijn. Daarvoor wordt

gebruik gemaakt van de aanname, dat de totale groei gedurende een groei-

seizoen maximaal is. Het model voorspelt dat de optimale fotosyntheseca-

paciteit recht evenredig is met hoeveelheid beschikbaar water gedeeld door het

luchtvochtigheidsdeficiet, en dat de optimale koolstofconcentratie in de huid-

mondjes een functie van temperatuur, de heersende concentraties van koostof-

dioxide en zuurstof en de respiratie gedurende de nacht gedeeld door de netto

groei overdag.

Het model is gevalideerd met data van de vier experimentele plots. De groei

op deze plots was water gelimiteerd: bijna al het beschikbare water (doorval,

onderschepte regen die via boomstammen de bodem bereikt en bodemvocht)

verlaat het gebied door de huidmondjes van de vegetatie (transpiratie). Zowel

de waterbeschikbaarheid als de transpiratie waren in 2004 bijna tweemaal zo

hoog als in 2003. De verschillen in de hoeveelheid beschikbaar water wer-

den veroorzaakt door verschillen in neerslag, verdamping van door bladeren

onderschept water, verdamping direct uit de bodem in het winterseizoen en

bodemdikte. Een groot deel van het beschikbare water wordt aangevuld tijdens

de winter. Neerslag in de winter bëınvoedt de fotosynthese en de transpiratie

van het komende groeiseizoen daarom sterk.

Uit metingen blijkt dat de stikstofconcentratie in het blad (een maat voor de
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fotosynthesecapaciteit) een negatief verband heeft met het luchtvochtigheids-

deficiet, en de koolstofdioxide concentratie in de huidmondjes een positief ver-

band met de hoeveelheid beschikbaar water. Het model verklaart wel de ver-

schillen in fotosynthesecapaciteit, maar niet de verschillen in koolstofdioxide

concentratie in de huidmondjes. Dit is een tekortkoming van de hypothese van

optimale groei.

Het huidige model heeft een aantal beperkingen, waarmee rekening gehouden

moet worden bij de toepassing in een globale context. Alleen waterbeper-

king is in beschouwing genomen (en niet de effecten van licht en voeding), de

terugkoppeling van de vegetatie met het regionale klimaat zijn niet onderzocht,

noch de effecten van bossen op bodemvorming, infiltratie en locale hydrologie.

Een relatief eenvoudig model is gebruikt voor respiratie. Voor gedetailleerde

modellen is het practisch handiger de analytische vergelijkingen te vervangen

door numerieke oplossingen.

Deze studie heeft bijgedragen aan het hedendaagse ecohydrologische on-

derzoek. Daly & Porporato (2005) noemen vier problemen die spelen: (1) de

beschrijving van de massa- en energiebalans van gewassen in complex terrein,

(2) het mechanisme van stomatale geleidbaarheid, (3) interactie en competi-

tie tussen planten en (4) de invloed van extreme hydrologische gebeurtenissen

op ecosystemen. Dit onderzoek heeft bijgedragen aan een oplossing van het

eerste probleem. De interactie tussen vegetatie en klimaat op verschillende

tijdscalen zijn onderzocht, en de daaruit volgende dluxen van koolstofdiox-

ide en water zijn berekend. Velddata en een model zijn gecombineerd om

het effect van vegetatieparameters en weersomstandigheden op de fluxen van

water en koolstofdioxide te bepalen. De waardes van de meest relevante vege-

tatieparameters, fotosynthesecapaciteit en de koolstofdioxideconcentratie in de

huidmondjes, zijn voorspeld door uit te gaan van de beste strategie om groei

te maximaliseren.

Voor vervolgstudies zijn tijdseries van fluxmetingen van een groot aantal

stations op aarde beschikbaar (Baldocchi et al., 2001). Het is een probleem

dat op de meeste stations alleen netto koolstofuitwisseling wordt gemeten, en

geen fotosynthese. Om onderscheid te kunnen maken tussen fotosynthese en

respiratie is verbetering van de bestaande modellen nodig. Respiratie van

bodem en vegetatie blijken belangrijk te zijn voor de netto uitwisseling van

koolstofdioxide (Valentini et al., 2000), en respiratie en fotosynthese reageren
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verschillend op klimaat. Door de metingen aan te vullen met isotoopanaly-

ses en plant fysiologische metingen kunnen globale relaties tussen vegetatie-

kenmerken en klimaat in de nabije toekomst beter beschreven worden. Schat-

tingen van vegetatiekenmerken (stikstofgehalte, fluorescentie, geabsorbeerde

straling en biomassa) met behulp van aardobservatie vanuit vliegtuigen en

satellieten kunnen bijdragen aan de validatie van theorieën die het verband

tussen vegetatie en topografie beschrijven. Deze technieken zijn geschikt om

ruimtelijke patronen te herkennen.
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Cowan-Farquhar model after

Arneth et al. (2002)

In their Appendix A, Arneth et al. (2002) present a solution of the model

of combined model of Farquhar et al. (1980) for photosynthesis, the diffusion

equations and the model of Cowan (1977). Combining Eqs 4.1, 4.2, 4.3 and

4.4, gives two solutions for Ci: one for enzyme limited photosynthesis, and

one for electron limited photosynthesis. In both cases, the equation for Ci is

quadratic:

k2C
2
i + k1Ci + k0 = 0 (A.1)

where

k2 = Λ +
1.6D

k′ + Γ∗

k1 = 1.6D − 2CaΛ +
1.6D(Γ∗ − k′)

k′ + Γ∗

k0 = (ΛCa − 1.6D)Ca +
1.6DΓ∗k′

k′ + Γ∗

k′ = Kc(1 +O/Ko) (A.2)
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for the enzyme limited case and

k2 = Λ − 1.6D

3Γ∗

k1 = 1.6D − 2CaΛ +
1.6DΓ∗

3Γ∗

k0 = (ΛCa − 1.6D)Ca +
1.6D2Γ∗2

3Γ∗
(A.3)

for the electron limited case.
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Light distribution model

The extinction of both indirect and direct light in a canopy is calculated analo-

gous to light absorption in homogeneous media with the law of Lambert-Beer:

I(l)

I0
= exp−κI (B.1)

where I light intensity, l the depth in the canopy in units of L from the top of

the canopy and κ an extinction coefficient, which depends on the zenith angle

of the light beam θz and the orientation of the leaves. The orientation of the

leaves is expressed by the ellipsoidal leaf angle distribution parameter x, where

x < 1 for mainly vertical leaves, x=1 for a spherical leave distribution or x > 1

for mainly horizontal leaves. The extinction coefficient κ is [Campbell, 1986]:

κ(x, θz) =

√

x2 + tan2(θz)2

x+ 1/ (2ε1x) ln[(1 + ε1)/(1 − ε1)]
if x ≥ 1 (B.2)

k(x, θz) =

√

x2 + tan2(θz)2

x+ arcsin(ε2)/ε2
if x ≤ 1

where ε1 =
√

1 − 1/x2 and ε2 =
√

1 − x2

The extinction coefficients for indirect and direct light are different, because

they origin from a different directions. The calculation of the extinction of

direct light is straightforward, but the extinction of indirect light must be
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calculated by integration of Eq B.1 and B.2 over the sky area. In practice, this

results in an extinction coefficient of 0.7 if x = 1, independent of geographical

location, time of the year or time of the day.

In terrains of steep topography, the penetration of direct light into the

canopy is different from that in flat areas. To include the effect of topography,

a modified zenith angle is used in Eq B.2. The coordinate system is rotated

such that the surface becomes horizontal, and the zenith angle is calculated for

the rotated coordinate system. A sloped surface is described by its steepest

angle φ and the orientation of the slope ω, which is the horizontal direction

of the steepest downward slope, measured clockwise from north. The angle of

the surface in the plane of the direct light beam and the vertical φ′, is defined

as (Figure B.1):

φ′ = arctan (tan (φ) cos (ωs − ω)) (B.3)

where ωs the hour angle of the sun. The rotated zenith angle, θz’, is defined as

the angle between the vector perpendicular to the slope and the solar beam,

i.e.:

θ′z = θz + φ′ (B.4)

In the calculation of the vertical profile of light in the canopy with Eqs B.1

and B.2, θ′z is used instead of θz. By doing so, it is implicitly assumed that

leaf angle distribution x is unaffected by the coordinate rotation. This is an

acceptable assumption if leaf angle distribution is spherical, but may not be

acceptable if leaf angle distribution is strongly erectophile or planophile. In

this study, it is assumed that x = 1.

It is assumed that leaves are either sunlit or shaded. The effect of a partial

eclipse due to the fact that direct radiation does not origin from a point source,

or due to light bending over edges of leaves, is ignored. Sunlit leaves receive

direct and diffuse light, shaded leaves receive only diffuse light. Scattering

and transmission of direct light is ignored, and it is assumed that reflected

direct light does not meet other leaves on its way back to the atmosphere. The

fractions of sunlit leaves fe, and shaded leaves fs, are functions of depth in the

canopy l in units of leaf area index:

fe(l) =
Id(l)

Id0
(B.5)
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Figure B.1: Definition sketch of the zenith angle θz, the angle of the surface
in the plane of the direct light beam φ′, and the modified zenith angle θ′z for
sloped terrain

fs = 1 − fe (B.6)

where Id0 the intensity of ambient direct light. The intensities of irradiance

on the two fractions are:

Ie(l) = Id0 + Ii(l) (B.7)

Is(l) = Ii(l) (B.8)

where Ii0 the intensity of ambient indirect light Total light intensity at depth

l in the canopy is:

I(l) = feIe(l) + fsIs(l) = Ii(l) + Id(l) (B.9)

The exposed and shaded fractions and the irradiance on the fractions for

the whole canopy are calculated by integrating Eqs B.5 to B.8 over the leaf

area index. In this study, the integration was done numerically using intervals

of units leaf area index of 0.1.
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Upscaling of the photosynthesis

model of Farquhar

Photosynthesis is either light or enzyme limited. The equations for both cases

can be described as:

Aν = ν
Ci − Γ∗

Ci + γ
(C.1)

Aj = νj(I)
Ci − Γ∗

Ci + γj
(C.2)

Where Aν and Aj canopy photosynthesis in the enzyme and light limited case,

respectively. In a canopy, part of the leaves will be light limited and part light

enzyme limited. The proportions of light saturated and light limited leaves

change with time. Effective photosynthesis of a canopy can be described as:

A = p(I > Isat)Aν +

∫ I=Isat

I=0

p(I)Aj(I)dI (C.3)

Where p is the probability of irradiance on a leave to have a certain value, and

Isat the intensity of irradiance above which photosynthesis is light saturated.

Figure C.1 illustrates that the value of Isat is a function of Ci. Using Eqs C.1

and C.2, Eq C.3 can be rewritten as:

A = ε(Ci, I)ν
Ci − Γ∗

Ci + γ
(C.4)
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Figure C.1: Schematic view of light response curves of assimilation (assimila-
tion A versus irradiance I) at low and high internal carbon dioxide concentra-
tion Ci, and the corresponding lowest light levels at which assimilation of light
saturated (Isat)

Where ε takes a value between 0 and 1:

ε = p(I > Isat) +
Ci + γ

Ci + γj

∫ I=Isat

I=0

p(I)
νj(I)

ν
dI (C.5)

Due to the numerical values of γ and γj , the term Ci+γ
Ci+γj

decreases with

increasing Ci, and Isat increases with increasing Ci. As a result, ε decreases

with increasing Ci. However, in the range of normal values of Ci between 0.5

and 0.8, the sensitivity of ε to Ci is only small. As a first approximation, a

constant value for ε can be used.

The use of ε has some consequences for parameters c and r:

c =
Ca − Ci

εCi−Γ∗

Ci+γ −md

(C.6)

and

r =
1

mn

(

ε
Ci − Γ

Ci + γ
−md

)

(C.7)
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List of symbols

A µmol m−2s−1 net assimilation

Aν µmol m−2s−1 enzyme limited net photosynthesis

Aj µmol m−2s−1 light limited net photosynthesis

B empirical wind function

c mol m−3 ratio between photosynthetic capacity and stomatal

conductance

c0 mol m−3 c in unstressed conditions

Ca mol m−3 ambient carbon dioxide concentration

Ci mol m−3 carbon dioxide in the stomata

cp J kg−1 K−1 specific heat of air

D mol m−3 vapour concentration gradient between the stomata

and the air

E mol m−2s−1 transpiration rate

E0 mol m−2s−1 transpiration rate in unstressed conditions

ea Pa ambient vapour pressure

Ei mm d−1 evaporation of intercepted water

ei Pa vapour pressure in the stomata

Em mm d−1 maximum mean transpiration rate allowed by water

availability

Es mm d−1 soil evaporation rate

Et mm d−1 transpiration rate
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fe fraction of sunlit leaves

fs fraction of shaded leaves

G W m−2 soil heat flux

Ga0 m s−1 aerodynamic conductance caused by convection

Ga m s−1 aerodynamic conductance

gs m s−1 stomatal conductance

Gc m s−1 reciprocal of stomatal plus aerodynamic resistance

at at canopy level

H W m−2 sensible heat flux

I µmol m−2s−1 illumination by photosynthetically active radiation

(PAR)

Id0 µmol m−2s−1 illumination by direct PAR at top of canopy

Isat µmol m−2s−1 lowest light intensity at which photosynthesis is

light saturated

Id µmol m−2s−1 illumination by direct PAR

Ie µmol m−2s−1 illumination by PAR of sunlit leaves

Ii µmol m−2s−1 illumination by diffuse PAR

Is µmol m−2s−1 illumination by PAR of shaded leaves

Jm µmol m−2s−1 maximum electron transport rate

K mol m−2 s−1 Pa−1 hydraulic conductance

K0 mol m−2 s−1 Pa−1 hydraulic conductance in unstressed conditions

Kc mol m−3 Michaelis-Menten constant for carbon dioxide

Ko mol m−3 Michaelis-Menten constant for oxygen

L leaf area index

MH2O kg mol−1 specific mass of water

Ma kg mol−1 specific mass of air

md ratio between dark respiration and photosynthetic

capacity

mn ratio between night-time respiration and

photosynthetic capacity

N g (100g DM)−1 leaf nitrogen concentration

N0 g (100g DM)−1 offset in linear relationship between N and ν0

O mol m−3 oxygen concentration

p Pa atmospheric pressure
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Pg mm d−1 gross precipitation

Pn mm d−1 net precipitation

Q mol m−2s−1 net carbon fixation by vegetation

q quantum yield efficiency

r ratio of night time maintenance respiration to net

assimilation

Rdd, Rd µmol m−2s−1 daytime dark respiration

Rdn µmol m−2s−1 maintenance respiration during the night

Rn W m−2 net radiation

RD m rooting depth

s mm soil water storage in excess of wilting point

s0 mm initial s at the start of the growing season

sf mm s below which transpiration is water stressed

Ta
◦C air temperature

t sec or days time

te sec or days duration of the dry season

tf sec or days duration into the dry season until the onset of

water stress

u m s−1 wind speed

Vcm µmol m−2s−1 maximum carboxylation capacity

x leaf angle distribution parameter

∆s mm change in water storage between start and end of season

ε factor for the contribution of Ac and Aj to canopy

photosynthesis

γ mol m−3 shape coefficient in the A versus Ci curve

γj mol m−3 γ in case of light limited photosynthesis

γν mol m−3 γ in case of enzyme limited photosynthesis

Γ∗ mol m−3 carbon dioxide compensation point in absence of dark

respiration

κ light extinction coefficient

Λ Marginal water cost of assimilation

λE W m−2 latent heat flux

ν µmol m−2s−1 photosynthetic capacity

ν0 µmol m−2s−1 photosynthetic capacity in unstressed conditions
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νj µmol m−2s−1 photosynthetic capacity in light limited conditions

ω rad horizontal orientation of the steepest slope

ωs rad hour angle of the sun

φ rad steepest slope of the surface

φ rad angle of the surface in the plane of the direct light beam

and the vertical

ψl Pa leaf water potential

ψs Pa soil water potential

ρa kg m−3 specific mass of air

θ soil moisture content

θ0 soil moisture content at the start of a dry season

θf lowest soil moisture content at which transpiration is not

stressed

θr soil moisture content at wilting point

θz rad zenith angle

θz rad slope rotated zenith angle

ξ water stress function
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par une nouvelle méthode thermique. Ann. Sci. Forest , 44, 1–14.

Grisebach, A. (1838). ber den einfluss des klimas auf die begrenzung der

natrlichen floren. In Gesammelte Abhandlungen und kleinere Schriften zur

Pflanzengeographie (ed. A. Grisebach), 1–29, Wilhelm Engelmann, Leipzig.

Gunasekera, D. & Berkowitz, G. (1993). Use of transgenic plants with rubisco

antisense dna to evaluate the rate limitation of photosynthesis under water

stress. Plant Physiol., 103, 629–635.

Harley, P. & Baldocchi, D. (1995). Scaling carbon dioxide and water vapour

exchange from leaf to canopy in a deciduous forest. i. leaf model parameter-

ization. Plant Cell Environ., 18, 1146–1156.

Hetherington, A. & Woodward, F. (2003). The role of stomata in sensing and

driving environmental change. Nature, 424, 901–908.

131



References

Hirose, T. & Werger, M. (1987). Maximizing daily canopy photosynthesis with

respect to the leaf nitrogen allocation pattern in the canopy. Oecologia, 72,

520 – 526.

Hirose, T., Ackerly, D., Thraw, M., Ramseier, D. & Bazzaz, F. (1997). Co2

elevation, canopy photosynthesis, and optimal leaf area index. Ecology , 78,

2339–2350.

Holdridge, L.R. (1947). Determination of World Plant Formations from Simple

Climatic Data. Science, 105, 367–368.

Hubbard, R., Ryan, M., Stiller, V. & Sperry, J. (2001). Stomatal conductance

and photosynthesis vary linearly with plant hydraulic conductanc in pon-

derosa pine. Plant Cell and Environment , 24, 113–121.

Huber, B. (1928). Weiter quantitative untersuchungen uber das wasser-

leitungssystem der pflanzen. Jb Wiss. Botany , 67, 877–959.

Jarvis, P. (1976). The interpretation of the variations in leaf water potential

and stomatal conductance found in canopies in the field (in community water

relations). Philosophical Transactions of the Royal Society of London, 273,

593–610.

Jones, H. (1998). Stomatal control of photosynthesis and transpiration. J. Expl

Bot., 49, 387–398.

Jurcec, V. (1980). On mesoscale characteristics of bora conditions in yu-

goslavia. Pure and Appl. Geophys., 119, 640–657.

Katul, G., Leuning, R. & Oren, R. (2003). Relationship between plant hy-

draulic and biochemical properties derived from a steady-state coupled water

and carbon transport model. Plant Cell Environ., 26, 339–350.

Keck, R. & Boyer, J. (1974). Chloroplast response to low leaf water potentials.

iii. differing inhibition of electron transport and photophosporylation. Plant

Physiol., 53, 474–479.

Keesstra, S. (2006). The effect of natural reforestation on the hydrology, river

morphology and sediment budget of the Dragonja catchment, SW Slovenia.

Ph.D. thesis, Vrije Universiteit Amsterdam.

132



References

Keesstra, S. & van Dam, O. (2002). Changing sediment generation and sup-

ply in the dragonja catchment, sw slovenia. In A. van Os & P. Nienhuis,

eds., NCR-days 2002, Current Themes in Dutch River Research, 114–116,

Netherlands Centre for River Studies, Wageningen, The Netherlands.

Kerkhoff, A., Martens, S. & Milne, B. (2004). An ecological evaluation of

eagleson’s optimality hypotheses. Funt. Ecol., 18, 404–413.

Khalil, A. & Grace, J. (1993). Acclimation to drought in Acer pseudoplantanus

L. (sycamore) seedlings. J. Exp. Bot., 43, 1591–1602.

Koch, G., Sillett, S., Jennings, G. & Davis, S. (2004). The limits to tree height.

Nature, 428, 851–854.

Koeppen, W. (1918). Klassifikation der klimate nach temperatur, niederschlag

und jahreslauf. Pet. Mitt., 64, 193–203.

Koeppen, W. & Geiger, R. (1936). Das geographische System der Klimate.

Handbuch der Klimatologie. Gebr. Borntraeger, Berlin.

Korner, C., Farquhar, G. & Wong, S. (1991). Carbon isotope discrimination

by plants follows latitudinal and altitudinal trends. Oecologia, 88, 30–40.

Kucharik, C., Foley, J., Delire, C., Fisher, V., Coe, M., Lenters, J., Young-

Molling, C., Ramankutty, N., Norman, J. & Gower, S. (2000). Testing the

performance of a dynamic global ecosystem model: Water balance, carbon

balance and vegetation structure. Global Biochem. Cycles, 14, 795–825.

Laio, F., Porporato, A., Ridolfi, L. & Rodriguez-Iturbe, I. (2001). Plants in

water-controlled ecosystems: active role in hydrological processes and re-

sponse to water stress ii. probabilistic soil moisture dynamics. Adv. Water

Resour., 24, 707–723.

Lambers, H., III, F.S.C. & Pons, T.L. (2000). Plant Physiological Ecology .

Springer Verlag, New York.

Leuning, R. (1995). A critical appraisal of a combined stomatal-photoynthesis

model for c3 plants. Plant Cell Environ., 18, 339–355.

133



References

Leuning, R., Kelliher, F., Pury, D.D. & Schulze, E.D. (1995). Leaf nitro-

gen, photosynthesis, conductance and transpiration: scaling from leaves to

canopies. Plant Cell Environ., 18, 1183–1200.

Livingston, B. (1916). Physiological temerature indices for the study of plant

growth in relation to climatic conditions. Physiol. Res., 1, 399–420.

Lloyd, J. & Farquhar, G. (1994). 13c discrimination during co2 assimilation by

the terrestrial biosphere. Oecologia, 99, 201–215.

Lloyd, J. & Farquhar, G. (1996). The co2 dependence of photosynthesis, plant

growth responses to elevated atmospheric co2 concentrations and their inter-

action with soil nutrient status. i. general principles and forest ecosystems.

Funct. Ecol., 10, 4–32.

Lloyd, J., Grace, J., Miranda, A., Meir, P., Wong, S., Miranda, H., Wright, I.,

Gash, J. & McIntyre, J. (1995). A simple calibrated model of amazon rain-

forest productivity based on leaf biochemical properties. Plant Cell Environ.,

18, 1129–1145.

Magnani, F., Mencuccini, M. & Grace, J. (2000). Age-related decline in stand

productivity: the role of structural acclimation under hydraulic constraints.

Plant, Cell and Environment , 23, 251–263.

Makela, A., Berninger, F. & Hari, P. (1996). Optimal control of gas exchange

during drought: Theoretical analysis. Ann. Bot., 77, 461–467.

Massman, W. & Lee, X. (2002). Eddy covariance flux corrections and uncer-

tainties in long-term studies of carbon and energy enchanges. Agic. For.

Meteorol., 113, 121–144.

Medrano, H., Parry, M., Socias, X. & Lawlor, D. (1997). Long term water stress

inactivates rubisco in subterranean clover. Ann. Appl. Biol., 131, 491501.

Medrano, H., Escalona, J., Bota, J., Gulias, J. & Flexas, J. (2002). Regulation

of photosynthesis of c3 plants in response to progressive drought: Stomatal

conductance as a reference parameter. Ann. Bot., 89, 895–905.

Meidner, H. & Mansfield, T. (1968). Physiology of Stomata. Mc-Graw Hill,

Maidenhead, UK.

134



References

Meinzer, F. (2002). Coordination of vapor and liquid phase water transport

properties in plants. Plant, Cell and Environ., 25, 265–274.

Meinzer, F., Rundel, P.W., Goldstein, G., & Sharifi, M.R. (1992). Carbon

isotope composition in relation to leaf gas exchange and environmental con-

ditions in hawaiian metrosideros polymorpha populations. Oecologia, 91,

305–311.

Meinzer, F., Clearwater, M. & Goldstein, G. (2001). Water transport in trees:

current perspectives, new insights and some controversies. Environ. Exp.

Bot., 45, 239–262.

Meinzer, F., James, S. & Goldstein, G. (2004). Dynamics of transpiration, sap

flow and use of stored water in tropical forest canopy trees. Tree Physiol.,

24, 901–909.

Mencuccini, M. (2003). The ecological significance of long-distance water trans-

port: short-term regulation, long-term acclimation and the hydraulic costs

of stature across plant life forms. Plant, Cell and Environ., 26, 163–182.

Monteith, J. (1965). Evaporation and environment. In G. Fogg, ed., The state

and movement of water in living organisms, vol. 19, 205–234, Academic

Press Inc.

Mualem, Y. (1976). A new model for predicting the hydraulic conductivity of

unsaturated porous media. Water Resour. Res., 12, 513–522.

Munger, T. (1916). raphic method of representing and comparing drought

intensities. Mon. Wea. Rev., 44, 642643.

Ogrin, D. (1995). Podnebje Slovenske Istre (the atmosphere of Slovenian Is-
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