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Models are undeniably beautiful, and a man
may justly be proud to be seen in their com-
pany. But they may have their hidden vices.
The question is, after all, not only whether
they are good to look at, but whether we can
live happily with them.

(A. Kaplan)
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ABSTRACT

At present, carbon sequestration in terrestrial ecosystems slows the growth rate of at-
mospheric CO2 concentrations, and thereby reduces the impact of anthropogenic fossil
fuel emissions on the climate system. Changes in climate and land use affect terrestrial
biosphere structure and functioning at present, and will likely impact on the terrestrial
carbon balance during the coming decades – potentially providing a positive feedback
to the climate system due to soil carbon releases under a warmer climate. Quantifying
changes, and the associated uncertainties, in regional terrestrial carbon budgets resulting
from these effects is relevant for the scientific understanding of the Earth system and for
long-term climate mitigation strategies.

A model describing the relevant processes that govern the terrestrial carbon cycle is a
necessary tool to project regional carbon budgets into the future. This study

• provides an extensive evaluation of the parameter-based uncertainty in model results
of a leading terrestrial biosphere model, the Lund-Potsdam-Jena Dynamic Global
Vegetation Model (LPJ-DGVM), against a range of observations and under climate
change, thereby complementing existing studies on other aspects of model uncer-
tainty.

• evaluates different hypotheses to explain the age-related decline in forest growth,
both from theoretical and experimental evidence, and introduces the most promising
hypothesis into the model.

• demonstrates how forest statistics can be successfully integrated with process-based
modelling to provide long-term constraints on regional-scale forest carbon budget
estimates for a European forest case-study.

• elucidates the combined effects of land-use and climate changes on the present-day
and future terrestrial carbon balance over Europe for four illustrative scenarios –
implemented by four general circulation models – using a comprehensive description
of different land-use types within the framework of LPJ-DGVM.

The results of this study demonstrate that simulated present-day land-atmosphere carbon
fluxes are relatively well constrained, despite considerable uncertainty in modelled net pri-
mary production mainly propagating from uncertainty in parameters controlling assimila-
tion rate, plant respiration and plant water balance. Long-term trends in land-atmosphere
fluxes of a suitably constrained model are consistently modelled. The projected global bio-
spheric carbon uptake at the end of the 21st century is estimated at 3.35 ±1.45 PgC yr−1

for the specific scenario used, with the uncertainty range resulting almost equally from
uncertainty in soil and vegetation carbon stock changes.
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Evidence supports the hypothesis that hydraulic path length affects plant growth. It is
shown that incorporating hydraulic acclimation to increased path length into the model
improves the simulated changes in forest growth rate with stand age. Application of the
advanced model for 77 European provinces shows that model-based estimates of biomass
development with stand age compare favourably with forest inventory-based estimates
for different tree species. Driven by historic changes in climate, atmospheric CO2 con-
centration, forest area and wood demand between 1948 and 2000, the model predicts
European-scale, present-day age structure of forests, ratio of biomass removals to incre-
ment, and vegetation carbon sequestration rates that are consistent with inventory-based
estimates.

The combined effects of climate and land-use changes – projected under four alternative
scenarios (2000 to 2100) – lead to average carbon uptake rates in Europe’s terrestrial
biosphere corresponding to 18-68% of Europe’s present Kyoto emission reduction target.
Carbon sequestration resulting from decreases in agricultural areas and afforestation corre-
spond to one fifth of this emission reduction target. Accounting for the effect of forest age
structure, net carbon uptake rates due to land-use changes may be even more pronounced.
Under all scenarios, soil carbon losses resulting from climate warming counteract carbon
uptake due to land-use change and growth enhancement from climate change and increas-
ing atmospheric CO2 concentrations in the second half of the 21st century. Uncertainty in
the future European terrestrial carbon balance associated with uncertainty in the rate and
spatial pattern of climate change among different climate models for a particular emission
scenario is larger than the differences between alternative scenarios of consistent land-use
and climate changes derived from one particular climate model.

This study presents a way to assess and reduce uncertainty in process-based terrestrial car-
bon estimates on a regional scale. Process-based terrestrial modelling and forest statistics
are successfully combined to improve model-based estimates of vegetation carbon stocks
and their change over time. Alternative scenarios of climate and land-use change in the
21st century suggest carbon sequestration in the European terrestrial biosphere during
the coming decades will likely be on magnitudes relevant to climate mitigation strategies.
However, the uptake rates are small in comparison to the European emissions from fossil
fuel combustion, and will likely decline towards the end of the century. Uncertainty in
climate change projections is a key driver for uncertainty in simulated land-atmosphere
carbon fluxes and needs to be accounted for in mitigation studies of the terrestrial bio-
sphere.



ZUSAMMENFASSUNG

Kohlenstoffspeicherung in terrestrischen Ökosystemen reduziert derzeit die Wirkung an-
thropogener CO2-Emissionen auf das Klimasystem, indem sie die Wachstumsrate der at-
mosphärischer CO2-Konzentration verlangsamt. Die heutige terrestrische Kohlenstoffbi-
lanz wird wesentlich von Klima- und Landnutzungsänderungen beeinflusst. Diese Ein-
flussfaktoren werden sich auch in den kommenden Dekaden auf die terrestrische Biosphäre
auswirken, und dabei möglicherweise zu einer positiven Rückkopplung zwischen Biosphäre
und Klimasystem aufgrund von starken Bodenkohlenstoffverlusten in einem wärmeren
Klima führen. Quantitative Abschätzungen der Wirkung dieser Einflussfaktoren - sowie
der mit ihnen verbundenen Unsicherheit - auf die terrestrische Kohlenstoffbilanz sind da-
her sowohl für das Verständnis des Erdsystems, als auch für eine langfristig angelegte
Klimaschutzpolitik relevant.
Um regionale Kohlenstoffbilanzen in die Zukunft zu projizieren, sind Modelle erforderlich,
die die wesentlichen Prozesse des terrestrischen Kohlenstoffkreislaufes beschreiben. Die
vorliegende Arbeit

• analysiert die parameterbasierte Unsicherheit in Modellergebnissen eines der führen-
den globalen terrestrischen Ökosystemmodelle (LPJ-DGVM) im Vergleich mit un-
terschiedlichen ökosystemaren Messgrößen, sowie unter Klimawandelprojektionen,
und erweitert damit bereits vorliegende Studien zu anderen Aspekten der Modelun-
sicherheit.

• diskutiert unter theoretischen und experimentellen Aspekten verschiedene Hypothe-
sen über die altersbedingte Abnahme des Waldwachstums, und implementiert die
vielversprechenste Hypothese in das Model.

• zeigt für eine europäische Fallstudie, wie Waldbestandsstatistiken erfolgreich für
eine verbesserte Abschätzung von regionalen Kohlenstoffbilanzen in Wäldern durch
prozessbasierten Modelle angewandt werden können.

• untersucht die Auswirkung möglicher zukünftiger Klima- und Landnutzungsänderung-
en auf die europäische Kohlenstoffbilanz anhand von vier verschiedenen illustrativen
Szenarien, jeweils unter Berücksichtigung von Klimawandelprojektionen vier ver-
schiedener Klimamodelle. Eine erweiterte Version von LPJ-DGVM findet hierfür
Anwendung, die eine umfassende Beschreibung der Hauptlandnutzungstypen bein-
haltet.

Die Ergebnisse dieser Arbeit zeigen, dass der Nettokohlenstoffaustausch zwischen ter-
restrischer Biosphäre und Atmosphäre unter heutigen klimatischen Bedingungen relativ
sicher abgeschätzt werden kann, obwohl erhebliche Unsicherheit über die modelbasierte
terrestrische Nettoprimärproduktion exisitiert. Diese Unsicherheit entsteht hauptsächlich
durch alternative Parameterwerte für die Assimilationsrate, die autotrophen Atmungsver-
luste, sowie die Wasserbilanz der Pflanzen. Langfristige Trends des terrestrischen Net-
tokohlenstoffaustausches werden - unter geeigneten Randbedingungen - mit alternativen
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Parametrisierungen ebenfalls übereinstimmend simuliert. Die projizierte Kohlenstoffauf-
nahme der globalen terrestrischen Biosphäre am Ende des 21. Jahrhunderts kann für das
untersuchte Klimaszenario mit einer Genauigkeit von 3,35 ± 1,45 PgC a−1 abgeschätzt
werden, wobei die Unsicherheit zu etwa gleichen Teilen aus Unsicherheit über die Änderung-
en in der Kohlenstoffspeicherung von Böden und Vegetation entsteht.

Pflanzenphysiologische Studien legen nahe, dass sich die Länge des hydraulischen Trans-
portweges innerhalb der Pflanze auf das Baumwachstum auswirkt. Es wird gezeigt,
dass die prozessbasierte Simulation der altersbedingten Abnahme der Waldwachstumsrate
durch die Berücksichtigung von hydraulischer Architektur und ihrer Änderung mit der
Auswuchshöhe der Bäume verbessert wird. Die Anwendung des angepassten Modells in 77
europäischen Regionen zeigt, dass modellbasierte Abschätzungen des Biomasseaufwuchses
in Wäldern weitgehend mit inventarbasierten Abschätzungen für verschiede Baumarten
übereinstimmen. Unter Berücksichtigung von historischen Änderungen in Klima, atmo-
sphärischem CO2-Gehalt, Waldfläche und Holzernte (1948-2000) reproduziert das Model
auf europäischer Ebene die heutigen, auf Bestandsstatistiken beruhenden, Abschätzungen
von Waldaltersstruktur, das Verhältnis von Zuwachs und Entnahme von Biomasse, sowie
die Speicherungsraten im Kohlenstoffspeicher der Vegetation.

Abschätzungen der Auswirkung zukünftiger Klima- und Landnutzungsveränderungen auf
die europäische Kohlenstoffbilanz – untersucht am Beispiel von vier alternativen Szenarien
(2001-2100) – weisen eine mittlere Kohlenstoffspeicherungsrate im 21. Jahrhundert in der
Größenordnung von 18-68% des momentanen europäischen Kyoto-Emissionsreduktionszieles
auf. Die Auswirkungen der Verringerung landwirtschaftlich genutzter Fläche sowie von
Aufforstungen entsprechen dabei etwa 20% des Emissionsreduktionszieles. Unter Berücksichtigung
der Altersstruktur europäischer Wälder mit dem verbesserten Modelansatz dieser Ar-
beit anstelle der ursprünglichen Modelformulierung wirkt der Landnutzungseffekt auf die
terrestrische Kohlenstoffaufnahme noch weiter verstärkt. In der zweiten Hälfte des 21.
Jahrhunderts reduzieren erhöhte Bodenkohlenstoffverluste aufgrund der Klimaerwärmung
unter allen Szenarien die durch Landnutzungsänderungen und Wachstumsstimulation bed-
ingte terrestrische Kohlenstoffspeicherung. Die Unsicherheit der Abschätzung zukünftiger
terrestrischer Kohlenstoffbilanzen durch unterschiedliche Raten und räumliche Muster der
Klimaänderungen, basierend auf unterschiedlichen Klimamodellen für das gleiche Emis-
sionsszenario, sind größer als die Unterschiede zwischen Projektionen alternativer Szenar-
ien basierend auf einem Klimamodel.

Die vorliegende Arbeit stellt einen Ansatz vor, um Unsicherheiten in der prozessbasierten
Abschätzung von terrestrischen Kohlenstoffbilanzen auf regionaler Skala zu untersuchen
und zu reduzieren. Prozessbasierte Modellierung und Waldbestandsstatistiken wurden er-
folgreich kombiniert, um verbesserte Abschätzungen von regionalen Kohlenstoffvorräten
und ihrer Änderung mit der Zeit zu ermöglichen. Alternative Szenarien von zukünftigen
Landnutzungs- und Klimaänderungen legen nahe, dass die Kohlenstoffaufnahme der eu-
ropäischen terrestrischen Biosphäre von relevanter Größenordnung für Klimaschutzstrate-
gien sind. Die Speicherungsraten sind jedoch klein im Vergleich zu den absoluten eu-
ropäischen CO2-Emissionen, und nehmen zudem sehr wahrscheinlich gegen Ende des
21. Jahrhunderts ab. Unsicherheiten in Klimaprojektionen sind eine Hauptursache für
die Unsicherheiten in den modellbasierten Abschätzungen des zukünftigen Nettokohlen-
stoffaustausches und müssen daher in Klimaschutzanalysen der terrestrischen Biosphäre
berücksichtigt werden.
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1. PROCESS-BASED SIMULATION OF THE EUROPEAN

TERRESTRIAL BIOSPHERE

–
AN EVALUATION OF PRESENT-DAY AND FUTURE TERRESTRIAL CARBON

BALANCE ESTIMATES AND THEIR UNCERTAINTY

And this is what we meant by science. That both the question and the answer
are tied up with uncertainty, and that they are painful. But that there is no
way around them. And that you hide nothing; instead, everything is brought
out into the open.

(P. Høeg, The Borderliners)

1.1 Background

Atmospheric carbon dioxide concentrations, [CO2], have reached absolute levels and rates

of change that are unprecedented within the last 420,000 years (Petit et al., 1999; Falkowski

et al., 2000). Fossil fuel burning and related industrial activities, as well as terrestrial

carbon (C) losses from land-use change are the causes for the rise in atmospheric [CO2]

from ∼280 ppmv in pre-industrial times to about 370 ppmv in 2000 (Houghton, 1999;

Marland et al., 2000; McGuire et al., 2001, Fig. 1.1). However, the observed growth rate

of atmospheric [CO2] is significantly lower than expected from these emissions, implying a

net uptake by oceans and/or land (Broecker et al., 1979; Prentice et al., 2001). Partitioning

of the terrestrial and ocean fluxes based on simultaneous measurements of CO2 and O2

suggest that the terrestrial biosphere sequesters up to 30% of the fossil-fuel emissions

(Ciais et al., 1995; Prentice et al., 2001; House et al., 2003). The likely mechanisms for

this net uptake include changes in land-use and more subtle changes in land-management

or disturbance regimes, fertilising effects from increased atmospheric [CO2] and reactive

nitrogen deposition, effects of natural climate variability and climatic change (Schimel

et al., 2001). The net flux is the sum of several poorly quantified fluxes, leaving their

relative contribution uncertain (House et al., 2003). Nevertheless, global terrestrial carbon

fluxes have a substantial effect on the current growth rate of atmospheric [CO2].

CO2 plays a key role in the climate system, contributing to about 50% of the total

greenhouse gas forcing at present (Arrhenius, 1896; Ramaswamy et al., 2001). The rise

in atmospheric greenhouse gas concentrations since the beginning of the industrialisation

in the 19th century is the most likely cause of the observed increase in global mean land
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Fig. 1.1: Left: Variations in atmospheric [CO2] between 1600 and 2000 (observations from Law
Dome, Siple and Mauna Loa), as well as projections of future atmospheric [CO2] for 2000
to 2100 of the Bern-CC model (redrawn from Prentice et al., 2001). Right: Northern-
hemisphere temperature anomaly relative to 1961-1990, based on proxy-data (1600-1980)
and thermometer records (1900-2000) taken from Mann and Bradley (1999), as well as
projections of global annual air temperature for 2000-2100 derived from several IPCC
climate change scenarios, based on Houghton et al. (2001).

surface temperature by 0.6 (±0.2) K over the 20th century (Houghton et al., 2001, Fig. 1.1).

Atmospheric concentrations of CO2 and other greenhouse gases are expected to continue

to rise in the 21st century mainly as a consequence of increasing anthropogenic fossil fuel

use under a wide range of plausible scenarios of socio-economic development (Nakicenovic

et al., 2000). The contribution of CO2 to the total radiative forcing of the atmosphere is

likely to increase to up to 70-80% (Ramaswamy et al., 2001). Climate change calculations

based on such scenarios utilising general circulation models (GCMs) suggest that the global

mean temperature may rise by up to 6 K relative to pre-industrial levels (Houghton et al.,

2001, Fig. 1.1).

Climate change already affects terrestrial ecosystems in various ways – including for

instance phenology (e.g. bud break of trees, spring arrival of migratory birds), plant pro-

duction, environmental envelopes of potential species distribution of plants and animals,

and thereby the composition and dynamics of ecological communities (Walther et al., 2002;

Bakkens et al., 2002) – and will continue to do so in the future (Gitay et al., 2001). Global

warming may reduce the capacity of the terrestrial biosphere to sequester C, or lead to net

carbon losses from the terrestrial biosphere thereby providing a positive feed-back to the

climate system (Cox et al., 2000; Cramer et al., 2001; Friedlingstein et al., 2003). Climate

change will impact the functioning of terrestrial ecosystems adding to existing pressures
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from human land-use and land-management (Gitay et al., 2001). The functioning of the

terrestrial biosphere, on the other hand, is central to the human system to which it pro-

vides a range of goods and services such as food production and freshwater supply (Daily,

1997; Watson et al., 1998). Depending on the capacity of the affected human sectors to

cope with changes in these services, potential decreases in service provision due to climate

change may in turn impact on the human sectors, making humans themselves vulnerable

to climate change (Schröter et al., in press).

Recognising the threat of climate change, member states of the United Nation’s Frame-

work Convention on Climate Change (UNFCCC, 1992) adopted the Kyoto Protocol in 1997

(UNFCCC, 1998). The protocol includes legally binding greenhouse gas emission reduc-

tion targets for signatory states with the aim to prevent any “dangerous anthropogenic

interference with the climate system”, and entered into force in February 2005. Because

of the tight interactions of terrestrial carbon budgets and the climate system, carbon se-

questration in the terrestrial biosphere resulting from direct human actions – i.e. either

related to land-use or land-management changes – after 1990 may be accounted for to

offset a limited amount of the emission reduction target (Art. 3.3 and 3.4). Climate mit-

igation policies beyond the first Kyoto commitment period (2008-2012) need to consider

the joint impact of land-use and climate changes on terrestrial carbon budgets on time-

scales at which the components of the global carbon cycle and the climate system respond

to changing environmental conditions to evaluate the effectiveness of climate protection

strategies. In this context, estimation of regional terrestrial carbon budgets, their change

over time, as well as an identification of the key driving processes become relevant not

only for the scientific understanding of the Earth system, but also for mitigation policies.

1.2 Objectives of this thesis

The aim of this study is to integrate present-day understanding of the European terrestrial

carbon balance into scenario analyses of climate mitigation and vulnerability assessments

for the 21st century. Special emphasis is placed on the carbon dynamics in forests, since

these account for a substantial part of the present-day terrestrial carbon uptake in Eu-

rope (Janssens et al., 2003; Lindner et al., 2004). Data-based approaches that document

past and present changes of the terrestrial carbon balance are limited in their capacity

to estimate terrestrial carbon balances under rapidly changing environmental conditions

(see Section 1.3). Generalised ecosystem models that dynamically simulate growth changes

under varying environmental conditions are a necessary tool for such a task, providing es-

timates of carbon fluxes at adequate temporal and spatial resolution. However, past,

present and future land-use and land-management changes, which are of particular impor-

tance on a European scale, are only insufficiently represented in these models. This study

therefore integrates forest statistics and ecophysiological understanding obtained from de-

tailed field studies to improve regional-scale terrestrial carbon estimates under multiple

environmental change scenarios.
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Specifically, this study

1. assesses the parameter-based uncertainty in estimates of terrestrial carbon stocks

and fluxes based on terrestrial biosphere modelling, and evaluates the consequences

of this uncertainty on the ability of terrestrial biosphere models to project land-

atmosphere fluxes under future environmental conditions (Chapter 2).

2. evaluates and improves the representation of forest dynamics, especially with re-

spect to the representation of forest growth with age, and the influence of forest

management on forest C stock development on a regional scale (Chapters 3 and 4).

3. provides an assessment of the effects of multiple scenarios of land-use and climate

changes on the European terrestrial carbon balance for the period 1990-2100 (Chap-

ter 5).

The present study contributes to the integration of different methods to estimate the con-

temporary terrestrial carbon balance at the European scale. The results are furthermore

part of a comprehensive assessment of potential future changes in European ecosystem

goods and services, such as agricultural and forest productivity, biodiversity, carbon stor-

age and freshwater availability, under a range of plausible climate and land-use change

scenarios. The simulated changes in ecosystem services, based on a suite of ecosystem

models, form the basis of a spatially explicit assessment of the global change related vul-

nerability of human sectors, for instance forestry, but also more abstract ‘sectors’ as the

societal interest in terrestrial C storage for climate mitigation. These changes have been

assessed within the 5th EU framework research project ATEAM (Advanced Terrestrial

Ecosystem Assessment and Modelling, Schröter et al., 2004). The present-day terrestrial

C balance of Europe is the research focus of the ongoing 6th EU framework integrated

project CarboEurope-IP.

Section 1.3 gives an overview of the contemporary terrestrial carbon cycle and meth-

ods to infer terrestrial carbon balances. The specific research questions are presented in

Section 1.4. Results of the individual papers of this thesis (Chapters 2-5) are summarised

in Section 1.5. Section 1.6 discusses the findings of the study, leading to the conclusions in

Section 1.7. Finally, Section 1.8 summarises the author’s contributions to the individual

papers of this thesis.

1.3 Present understanding and methods

Contemporary C stocks in the terrestrial biosphere are estimated at about 2,000 PgC

(Atjay et al., 1979; Dixon, 1994; Mooney et al., 2001), which is nearly three times the C

stored in the atmosphere (730 PgC, Prentice et al., 2001, Fig. 1.2a). Of the terrestrial C

storage, about three quarters are estimated to be stored in soils, and the remainder mostly

in the biomass of the world’s forests, which occupy about 30% of the land surface.
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Fig. 1.2: a) The main components of the natural global carbon cycle and the fluxes between them
in an undisturbed state, b) fluxes in contemporary cycle (1990s), redrawn from Prentice
et al. (2001) and House et al. (2003).

More than one-third of the C in the atmosphere is cycled through leaves of higher

plants every year (Farquhar et al., 1993; Ciais et al., 1997a,b). Some 120 PgC are actually

‘fixed’ by land plants through photosynthesis (Ciais et al., 1997a, see Fig. 1.2a). Roughly

one half of this gross primary production (GPP) is lost to the atmosphere via autotrophic

respiration (Ra) from plant tissues (Lloyd and Farquhar, 1996; Waring et al., 1998), the

remaining ∼60 PgC are incorporated into plant tissue as terrestrial net primary production

(NPP, Atjay et al., 1979; Ruimy et al., 1994; Knorr and Heimann, 1995; Saugier and

Roy, 2001, Fig. 1.2a). The small difference between the two large fluxes from NPP

and C losses due to heterotrophic respiration (Rh), as well as (smaller) C losses from

ecosystem disturbance and lateral transport determines the terrestrial carbon balance,

the so called net biome exchange (NBE ). Natural fluctuations in NBE result from the

differential response of plant production, respiration and disturbance to climate variability

(Peylin et al., 2005). Box 1.1 describes the constituent fluxes of the NBE.

In the 1990s, only 3.2 ± 0.1 PgC yr−1 of the 6.3 ± 0.4 PgC yr−1 emitted from fossil

fuel burning and cement production remained in the atmosphere (Prentice et al., 2001,

Fig. 1.2b). 2.1±0.7 PgC yr−1 were taken up by oceans (Bopp et al., 2002; Le Quéré et al.,

2003). A terrestrial net C uptake of 1.0 ± 0.8 PgC yr−1 has to be assumed to close this

balance (House et al., 2003). Estimates of terrestrial C losses due to deforestation range

between 1.4 and 3.0 PgC yr−1. A residual terrestrial C uptake of 1.6 to 4.6 PgC yr−1

is required to close the terrestrial carbon budget when accounting for the C release from

deforestation (House et al., 2003).

The depletion of atmospheric [CO2], relative to theoretically expected values (Tans

et al., 1990; Bousquet et al., 1999; Gurney et al., 2002), as well as 13C/12C ratios in

the atmosphere (Ciais et al., 1995) suggest a net carbon uptake in the mid-latitudes of

the Northern Hemisphere. Such an uptake would be consistent with observations from

remote sensing, which suggest increased vegetation activity in Northern mid- and high-

latitudes (Myneni et al., 2001; Lucht et al., 2002; Slayback et al., 2003). Several lines of
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Box 1.1: Definition of terms describing the land-atmosphere flux

The net ecosystem exchange of carbon (NEE) on a patch-level is determined by
the difference between the two large but opposing carbon fluxes of net primary
production (NPP) and carbon losses due to heterotrophic respiration (Rh). Mea-
surements of NEE do not account for the effect of disturbance that remove C
from the ecosystem (such as fire or harvest) in a way that is representative for
the larger region around the measurement site. The large-scale land-atmosphere
flux, net biome exchange (NBE), is the difference between net primary production
and regional-scale losses of C due to heterotrophic respiration, disturbance, either
natural such as fire (Andreae and Merlet, 2001) or by harvest (Bolin et al., 2000),
as well as losses due to the transport of dissolved organic matter (Schlesinger and
Melack, 1981; Sarmiento and Sundquist, 1992). Thus,

NEE = Rh − NPP and NBE = NEE + Disturbance

where negative NEE and NBE denote a net flux from the atmosphere to the land,
i.e. an increased C storage in the biosphere, and vice versa.

evidence point to forests as the major land-use type of C uptake (Kauppi et al., 1992;

Friedlingstein et al., 1995; Spieker et al., 1996; Schimel et al., 2001; McGuire et al., 2001;

Myneni et al., 2001; Janssens et al., 2003). The causes for this enhanced uptake are a

combination of growth stimulation due to CO2-fertilisation (Schimel, 1995; Amthor, 1995)

and deposition of reactive nitrogen (Spieker et al., 1996), as well as land-use history,

and past forest management (Kohlmaier et al., 1995; Karjalainen et al., 1999; Nabuurs,

2004). Compilation of recent forest statistics (see Section 1.3.1) suggests that increasing

vegetation C storage in temperate and boreal forests alone may account for half of the

gap in the global carbon budget (Liski et al., 2003). The share of biomass storage in

European forests, as well as contribution to the total C uptake estimate of 0.88 PgC yr−1

in temperate and boreal forests is relatively small (0.11 PgC yr−1), because of their small

contribution to the total forest area. Nevertheless, C uptake per unit area is largest in

Europe (and the US), partly because forest vegetation in Europe is in a rebound phase,

with an age-structure shifted towards young and fast growing stands that typically strongly

sequester carbon (Nabuurs et al., 2003).

1.3.1 Methods to infer terrestrial carbon budgets

Table 1.1 (page 8) summarises the different techniques that are available to estimate

regional scale land-atmosphere fluxes. These include

• the inversion of atmospheric [CO2] to biospheric fluxes using atmospheric transport

models,

• the application of remotely sensed data to infer vegetation activity,

• small-scale field studies that measure changes in ecosystem carbon stocks over time
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and/or directly the ecosystem-atmosphere carbon flux with the eddy-covariance tech-

nique,

• forest inventories and book-keeping methods, and

• terrestrial biosphere models.

Top-down methodologies

Atmospheric inversions: Measurements of atmospheric [CO2] at monitoring stations

around the globe give estimates of the absolute concentration as well as the seasonal

cycle of CO2 within the footprint area of each station (Conway et al., 1994). By inverting

atmospheric wind fields, these data can be used to infer the sign and magnitude of C fluxes

of predefined regions of the globe (Bousquet et al., 2000; Rödenbeck et al., 2003). Inver-

sions are well capable of resolving latitudinal gradients in land-atmosphere carbon fluxes.

However, the location of fluxes within a latitude band is less well constrained, so that

presently only continental scale regions such as Northern America or Eurasia can be dis-

cerned (Peylin et al., 2002). Inverting atmospheric fluxes poses an ill-constrained problem.

The sparse data network (particularly on land), as well as uncertainty in the co-occurring

fluxes from fossil fuel and ocean compound the identification of the land-atmosphere flux.

20 years of measurements that are available for the construction of an inversion-based

land-atmosphere flux record suggest that the interannual variability in this flux is better

constrained than the associated net fluxes (Peylin et al., 2005; Rayner et al., 2005).

Remote sensing: Remotely sensed data allow to detect seasonal and interannual varia-

tions in vegetation activity with high spatial and temporal resolution. In particular, the

normalised difference vegetation index (NDVI) can be used to deduce global maps of leaf

area index or the fraction of absorbed photosynthetically active radiation of vegetation

(Myneni et al., 1997). These quantities may in turn be used to diagnose C exchanges of the

vegetation with the help of models, ranging from light-use efficiency approaches to more

complex biogeochemical models (Fischer et al., 1997). Recently, attempts have been made

to correlate satellite-derived trends in vegetation greenness to variations in the terrestrial

C cycle and its driving forces (Lucht et al., 2002; Nemani et al., 2003). First attempts to

quantify the terrestrial carbon cycle have involved the assimilation of eddy-covariance data

into simple satellite-based light-use efficiency models (Veroustraete et al., 2002; Reichstein

et al., 2004), or assimilation of satellite data into more complex ecosystem models (Knorr

and Heimann, 2001a; Potter et al., 2003; Knorr et al., 2004). Large-scale estimation of

above-ground carbon stocks from satellite is still under development (Le Toan et al., 2004;

Hese et al., 2005). However, satellite-derived data cannot account for soil C storage or its

change over time.
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‘Top-down’ approaches ‘Bottom-up’ approaches

Atmospheric

inversion

models

Remote sensing Forest

inventory/

statistical

bookkeeping

Eddy-

covariance

measure-

ments

Terrestrial

Biosphere

Models

Spatial coverage complete complete completea discrete points complete

Spatial resolution continental ∼10m to ∼10km regional <1 km2 ∼0.5◦ × 0.5◦

Temporal resolution daily-monthly <monthlyb ∼10 years hourly daily-monthly

Temporal coverage ∼20 years ∼20 yearsc >40 years <10 years ∼100 years

Property measured NBE vegetation

reflectance

terrestrial C

stock changed

NEE NBE

Process identification no no limitede no yes

Processes included in flux estimates

Land-use change
√ √ √

×
√f

Land management
√

limited
√

only locally ×

Disturbance
√

limited ×g only locally limitedh

Climate variability
√ √

×
√ √

a Forest inventories only account for vegetation in forests. Bookkeeping methods theoretically cover all
land, e.g. Houghton (1999).

b depends on the product used, between 8 day and monthly composites.
c AHVRR data available since 1982, newer and improved sensors such as MODIS have shorter temporal

coverage (since 2000).
d Forest inventories do not account for soil C; Houghton’s book-keeping method relies on characteristic

C densities for different land-use types instead of tracking inventoried C stocks.
e Forest management change is implicit in forest statistics; land-use change effects can be obtained from

book-keeping.
f Representation of the replacement of natural vegetation with croplands and vice versa.
g Forest inventories implicitly include the effect of disturbance on growing stock, the bookkeeping method

by Houghton (1999) does not.
h calculated from generic modules.

Tab. 1.1: Different methods to estimate terrestrial carbon budgets, as discussed in Section 1.3.1.
‘
√

’ denote that these processes are included in the flux estimates, and ‘×’ that this
process cannot be considered.

Bottom-up methodologies

Eddy-covariance measurements: Measurements of ecosystem-atmosphere CO2 exchanges

on sub-daily time-scales derived with the eddy-covariance technique can be used to esti-

mate annual net C fluxes for areas of typically less than 1 km2 (Wofsy et al., 1993; Goulden

et al., 1996; Aubinet et al., 2000; Baldocchi, 2003). These studies have led to an improved

understanding of the ecophysiological controls of NEE (Valentini et al., 2000a). Point-

scale estimates from eddy-covariance techniques can be integrated over larger regions us-

ing meteorological variables, land-use maps and indices of vegetation activity derived from

remotely sensed data (Martin, 1998; Valentini et al., 2000a; Papale and Valentini, 2003).

However, such an upscaling is subject to high uncertainty. It is not self-evident that the

measurement sites are representative for the entire European forest ecosystem, in particu-
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lar since the network is biased towards high productive, middle-aged forest stands (Bolin

et al., 2000; Valentini et al., 2000a). Also, upscaled land-atmosphere flux based on these

measurements may be biased, because these measurements cover only a limited number

of years (typically less than 10 years) and the measured flux exhibits a high interannual

variability (Malhi and Grace, 2000; Valentini et al., 2000a). Eddy-covariance techniques

have recently also been used for the study of CO2 fluxes in arable and grasslands, as well

as for the examination of the effect of disturbance in forests both natural and by harvest

(Churkina et al., 2003; Law et al., 2003; Kowalski et al., 2004; Kolari et al., 2004). This

will allow for a more comprehensive assessment in the future.

Forest inventories and bookkeeping methods: Forest inventories give relatively accurate

information on regional-scale forest growing stock volume, as they rely on a large amount

of field measurements. These are specifically designed to supply statistically sound mea-

surements of timber stocks and forest growth across large heterogeneous regions (Köhl

et al., 1997). However, inventories in Europe are not yet harmonised (Köhl et al., 2000).

Carbon stocks in vegetation need to be inferred from biomass expansion factors to scale

volume data to total vegetation carbon (Kauppi et al., 1992; UN-ECE/FAO, 2000; Watson

et al., 2000). These scaling factors to infer vegetation C stocks from volume data are only

imprecisely known, particularly those applicable on a larger scale (Lehtonen et al., 2004;

Wirth et al., 2004).

Forest inventories are routinely reported for most countries in the temperate and boreal

zone since 1948. Inventories are typically carried out in cycles of about 10 years, and

thereby integrate all factors affecting forest growth due to forest management activities

and changed environmental conditions such as climate change, CO2- and N-fertilisation

(Goodale et al., 2002). Originally designed for commercial purposes, such statistics have

recently been used to infer bottom-up carbon balances (Kauppi et al., 1992; Dixon, 1994;

Kurz and Apps, 1999; Caspersen et al., 2000; Goodale et al., 2002; Nabuurs et al., 2003;

Smith et al., 2004). Uncertainty is introduced into such calculations, because inventory

methods have improved over time, affecting the accuracy with which stocks have been

measured particular for the 1950s and 1960s (Nabuurs et al., 2003).

Forest inventories only account for C stocks in live or dead woody vegetation. Es-

timates of forest soil C stocks and their change over time can only be obtained from

aggregation of soil surveys or modelling (Liski et al., 2002). Also, forest inventories give

insight only into stock changes in forests, and do not account for other parts of the ter-

restrial biosphere. Bookkeeping models keep track of changes in plant and soil carbon

stocks (Dixon, 1994; Houghton, 1999) due to land-use changes based on historic records

or reconstructions. While these methods may account for all major land-use types and

conversion between them, they rely on standard growth and decomposition curves to infer

changes in vegetation, soil and product pools. As such, they do not consider the effect of

environmental changes on terrestrial carbon storage.
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Terrestrial biosphere models: Terrestrial biosphere models encode process understand-

ing of carbon, water and nitrogen fluxes (Cramer et al., 1999; Arora, 2002). They differ

from other process-based land ecosystem models, e.g. forest gap models, in their simplified

representation of ecosystems, usually having globally applicable parameterisation and low

input data requirements. This generality makes them an ideal tool to extrapolate small-

scale carbon and water fluxes measured with eddy-covariance techniques to larger scales

(Sitch et al., 2003; Krinner et al., 2005). These models have been used to explore the inter-

actions of the complex processes that drive the terrestrial carbon cycle, in particular the

effect of climate variability on the global carbon cycle (Kindermann et al., 1996; Heimann

et al., 1998; Prentice et al., 2000; Dargaville et al., 2002). Their capacity to replicate the

interannual variability in the global carbon cycle – as inferred from atmospheric inversions

– can be used to identify the contribution of ecosystem processes to this variability (Peylin

et al., 2005). Terrestrial biosphere models can be used to evaluate the effects of future

environmental changes on the terrestrial C balance (e.g. Cox et al., 2000; Cramer et al.,

2001; Friedlingstein et al., 2003).

These models differ in the detail in which ecosystem processes are represented, but

share a common base of plant physiological processes, that is a more or less mechanis-

tic treatment of photosynthesis, plant respiration, canopy water balance, the controls of

stomatal and canopy boundary-layer conductance, and allocation of carbon and nitrogen

to tissue pools (Cramer et al., 1999). Differences in the detail with which processes are

represented in ecosystem models are known to lead to substantial differences in modelled

results (Cramer et al., 2001; Joos et al., 2001; Knorr and Heimann, 2001a; Kramer and

Mohren, 2001). But even if the model structure would perfectly resemble all relevant

ecosystem processes, uncertainty in model simulations would still arise from model para-

meterisation (Saltelli et al., 2000). Ecosystem models encode processes at various temporal

and spatial scales for which not all relevant scaling factors, or parameter values, are known

well. In principle, these models are able to assimilate data from [CO2] measurements, re-

mote sensing, or derived variability of terrestrial C fluxes based on atmospheric inversions

(Knorr and Heimann, 2001b; Wang et al., 2001; Reichstein et al., 2003; Knorr and Kattge,

in press; Rayner et al., 2005). Such data assimilation techniques can be used to estimate

parameter values and to quantify some aspects of the parameter-based model uncertainty.

However, the effect of parameter-based uncertainty on process-based estimates of terres-

trial carbon budgets, and their change on longer time-scales in particular, has remained

largely unquantified.

Early biosphere models did not consider the consequences of environmental changes

on ecosystem structure, which may lead to significant redistribution of vegetation under

changed climatic conditions (Neilson, 1993; Smith and Shugart, 1993; Melillo et al., 1995),

as well as their feedback to the terrestrial carbon cycle. A new class of terrestrial bio-

sphere models, dynamic global vegetation models (DGVMs), has therefore been developed

to predict the transient effects of environmental changes on vegetation dynamics (Steffen
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et al., 1996; Woodward, 1996). DGVMs describe vegetation as composed of plant func-

tional types (PFTs) with different physiological, phenological and physiognomic attributes

(Woodward et al., 1995; Foley et al., 1996; Friend et al., 1997; Brovkin et al., 1998; Cox,

2001; Smith et al., 2001; Sitch et al., 2003; Krinner et al., 2005). Representation of vege-

tation structure is usually fairly simplistic, typically consisting of simple rules to partition

NPP between various plant tissues that represent vegetation as homogeneously distributed

over larger areas (typically 0.5◦×0.5◦, Friedlingstein et al., 1999; Sitch et al., 2003). Vege-

tation dynamics in DGVMs describes large-scale approximations of the competition of

PFTs in natural vegetation structure, without anthropogenic disturbance. The treatment

of competition between different PFTs in these models ranges from implicit descriptions

of vegetation dynamic to gap-model type oriented approaches, which are generalisations

of models that have originally been developed to simulate the forest composition on a

landscape scale (Botkin et al., 1972; Prentice et al., 1993; Bugmann, 2001).

Few studies have addressed the effect of human land use and its change on the terres-

trial carbon balance (McGuire et al., 2001; Levy et al., 2004; Cramer et al., 2004). The

representation of actual land-use patterns has been fairly simple in these studies. Re-

cently, some DGVMs have started to include more detailed representations of croplands

(de Noblet-Ducoudre et al., 2004; Bondeau et al., in prep.). Only few attempts have been

made so far to include a representation of the dynamics in even-aged, managed forests

(Kohlmaier et al., 1995; Häger, 1998). Land-use history and forest management have

radically changed the forest structure in Europe (Mather, 1990; Karjalainen et al., 1999;

Nabuurs, 2004). The age-structure of forests is of particular importance for the devel-

opment of the growing stock, as the growth rate of forest stands declines markedly with

stand age (Kira and Shidai, 1967; Gower et al., 1996; Ryan et al., 1997). The present

forest age-structure of Europe with a larger share of young forests implies a higher growth

rate than under steady state conditions and thereby accumulation of biomass (Nabuurs,

2004).

Evaluation of these methods with reference to the objectives of this thesis

No single method provides a definitive estimate of regional-scale terrestrial carbon budgets

for all relevant terrestrial carbon pools and fluxes in adequate temporal and spatial resolu-

tion (House et al., 2003). Bias in the up-scaling of point-scale estimates (either from data

or model results) may occur for instance from the selection of sites and time-period used.

Some methods give only estimates of individual elements of the carbon cycle (e.g. invento-

ries estimate only forest vegetation biomass, satellites give only direct information about

vegetation greenness). In inversions, which in theory account for all land-atmosphere

fluxes, the net flux is not well constrained, particulary on a regional scale. Above all,

data-based methods can only extrapolate observed trends. The ecosystem processes that

control these trends will likely be altered under the environmental changes that are to be

expected over the coming decades. Process-based modelling is the only method capable of
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attributing observed trends to changes in ecosystem processes. These models can be eval-

uated against ecosystem measurements for some (representative) regions, and thereafter

be used to extrapolate these measurements to other regions for which little or no data are

available. As such, modelling provides a prognostic capacity that allows for the assessment

of the terrestrial carbon balance under future changes in environmental conditions.

Terrestrial biosphere models provide comprehensive and highly resolved estimate of

vegetation and soil carbon pools. However, the uncertainty in the application of these

modelled for the assessment of present-day and future environmental conditions is only

insufficiently known. Also, the representation of actual land-cover processes and the as-

sociated C fluxes from human appropriation of NPP is limited, and uncertainty in model

results is only poorly quantified. The following Section reviews the existing modelling

approaches that link dynamics of managed forests to process-based simulations of growth

with the aim to identify key limitations of current modelling approaches.

1.3.2 Bottom-up modelling approaches to estimate forest carbon balances

Table 1.2 summarises different bottom-up modelling approaches that have been used pre-

viously to estimate forest carbon balances in Europe for present-day and future climatic

conditions. At the stand-level, a variety of forest growth models exists that combine

process-based calculation of carbon and water cycles with natural and human-induced

vegetation dynamics (e.g. Lindner, 2000; Lindner et al., 2000). These models encode de-

tailed descriptions of the response of forest growth to variations in climate and alternative

forest management strategies. While they do explicitly simulate the development of trees

with stand age, not all of these models replicate the age-related decline in forest growth

adequately (Kramer and Mohren, 2001). Application of these models at a range of sites

across the European climate space has highlighted their potential to estimate the effect

of alternative forest management strategies on forest growth and forest carbon balance

under climate change (Kramer and Mohren, 2001; Kellomäki, in prep.). Extrapolation

of point-scale model results to regional scales, however, might be biased as the selection

of sites might not be representative for all relevant forest types and the entire climate

space. Some attempts have been made to use such models for the calculation of forest

C balances for the landscape or country scale (e.g. Lexer et al., 2002). However, these

models require a large amount of initialisation data and detailed parameterisation, which

are not commonly available or applicable at larger scales.

Few studies attempt to overcome the scale-gap by linking the dynamics of even-aged,

managed forests based on forest statistics (e.g. Nabuurs et al., 2001) to process-based

calculations of ecosystem carbon exchanges based on terrestrial biosphere models (Häger,

1998; Meyer et al., in review). These model represent forest age-structure at the regional

scale based on fixed age-dependent growth functions, thereby implicitly accounting for nat-

ural forest stand dynamics. In contrast to point-scale models and DGVMs, these models

can directly estimate the regional-scale effect of shifts in forest age-structure, e.g. through
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Point-scale

Modelsa

Forest

Statistical

Modelsb

Terrestrial

Biosphere

Modelsc

Modified

Terrestrial

Biosphere

Modelsd

This study

(Chapter 4)

Input data requirement high medium low medium low

Spatial coverage sitese inventoried

area

all forest

area

inventoried

area

all forest

area

Spatial resolution sitese regions spatially

explicit

regions spatially

explicit

Pools and fluxes

Vegetation
√ √ √ √ √

Soil
√

limited
√

limited
√

Wood-products
√ √

× ×
√

C fluxes NEE NBE NBE NBE NBE

Representation of stand dynamics

Natural dynamics
√

implicitf
√

implicitf √

Forest management detailed regional × regional regional

Age structure
√g √

×
√ √

Representation of environmental changes

Climate variability
√

×
√ √ √

Climate change
√ √h √ √ √

Forest area change ×
√

×
√ √

a e.g. Kramer and Mohren (2001); Kellomäki (in prep.)
b e.g. Nabuurs et al. (2001); Meyer et al. (in review)
c e.g. Friend et al. (1997); Sykes et al. (2001)
d e.g. Häger (1998)
e limited selection of representative sites in terms of climate and forest types
f prescribed growth functions, not responding to environmental or management change
g single stands that may be assembled to reproduce the age-structure of an entire forest land-scape
h scaling growth functions by predictions of a process-based forest growth model

Tab. 1.2: Bottom-up modelling approaches that can be used to estimate future forest carbon stor-
age at the European scale.

forest area changes, on forest growth. However, the representation of land-use change

effects of the overall forest C balance is still limited as soil C pools on afforested lands

have to be prescribed from other data sources. The growth functions in these models

give limited insight into the ecology of vegetation dynamics. They thus do not account

for potential changes in forest growth rates resulting from changes in either management

practices or environmental conditions, such as climate change, CO2- and N-fertilisation or

atmospheric pollution that are known to alter forest growth (Mund et al., 2002). Forest

growth under changing climate may be derived by scaling the growth functions with si-

mulated growth changes from process-based ecosystem models (Häger, 1998; Meyer et al.,

in review). However, such scaling implicitly assumes that the response of the growth rate

would be similar for all age-classes, whereas some evidence suggests that the response is

non-linear (Vetter, pers. comm.).

Improving the modelling of large-scale dynamics in managed forests requires a com-
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bination of these two modelling approaches. Gap-type forest dynamics similar to point-

scale forest models have already been generalised and incorporated into the framework of

DGVMs (Friend et al., 1997; Smith et al., 2001). The logical next step is to integrate the

large-scale representation of forest management into these models. Within the framework

of the LPJ dynamic global vegetation model (LPJ-DGVM, Smith et al., 2001; Sitch et al.,

2003) both a gap model approach (LPJ-GUESS, Smith et al., 2001) and a representation

of croplands and pasture (Bondeau et al., in prep.) have been developed. Integrating

managed forests into this framework will lead to (a) an improved process-based estimate

of the regional-scale C balance of forests and (b) further link this estimate of the forest

C balance to estimates of C fluxes from other major land-uses to provide an improved

assessment of the regional-scale terrestrial carbon balance.

1.4 Research questions

This study aims at assessing potential future changes in terrestrial carbon stocks at a

European scale, relevant for long-term climate mitigation policies, because of tight inter-

actions between the terrestrial carbon cycle and the climate system. Terrestrial biosphere

models are a necessary tool for such an assessment under changed environmental condi-

tions. The above review highlights the unknown uncertainty of model results and lack

of representation of actual land-use dynamics, particular in forests, as key limitations of

the application of terrestrial biosphere models in regional-scale assessments of present-day

and future estimates of terrestrial carbon balances. This study therefore addresses the

following questions:

• What is the effect of parameter uncertainty on modelling terrestrial biosphere dy-

namics, and which model parameters contribute most to model uncertainty?

• What level of physiological detail is necessary to model the age-related decline of

forest growth?

• Can biomass development in managed even-aged forests be accurately simulated

with a generalised vegetation model on a regional-scale ?

• What is the effect of afforestation and wood-demand changes derived from forest

statistics on estimates of the age-structure and carbon balance of European forests

simulated by generalised vegetation models?

• What are the joint effects of land-use and climate changes on the terrestrial carbon

balance of Europe presently and in the future?

Chapter 2 presents an assessment of the sensitivity of the LPJ-DGVM (Smith et al.,

2001; Sitch et al., 2003) to its parameterisation and the associated uncertainty in simulated

properties of the terrestrial biosphere. The validity of the most likely hypothesis for the
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age-related decline in forest growth is discussed in Chapter 3. In the first part of Chapter 4,

differing hypotheses as to the causes of the age-related decline are evaluated within the

framework of LPJ. Chapter 4 further combines the improved representation of stand-

scale biomass development from ecological theory with a generic description of vegetation

dynamics in managed forests to estimate the present-day forest C balance of Europe. In

a parallel study, the effect of consistent land-use, climate and atmospheric [CO2] change

scenarios on the terrestrial C budget of the European Union in the 21st century is analysed,

considering all major land-use types (Chapter 5). These results are summarised in Section

1.5.

1.5 Results

1.5.1 Parameter-based model uncertainty

Chapter 2 provides an analysis of the uncertainty in model results of the LPJ-DGVM based

of uncertainty in the ‘correct’ parameter set to scale mathematical formulations of ecosy-

stem processes. This uncertainty results from uncertainty in (a) the measurement process

itself, (b) the scaling of measurements to derive parameters applicable at larger scales, or

(c) parameters in semi-empirical process descriptions, which are not readily measurable.

The possible parameter spaces for 36 model parameters of LPJ-DGVM are derived from

a literature review. Employing a mathematical method (latin-hypercube sampling), these

ranges are used to identify parameter importance and assess model uncertainty in a range

of experiments, including field measurements of NPP, eddy-covariance flux sites, and at-

mospheric [CO2] at different monitoring stations across the globe, which have become a

standard benchmark for terrestrial biosphere models.

Parameters controlling NPP generally have the largest influence on modelled land-

atmosphere fluxes, ecosystem C stocks, and also impact substantially on modelled vege-

tation structure and composition. Some parameters are identified to contribute most to

the model error in net C fluxes at a particular site/station, and may thus be constrained

from observations. However, the results demonstrate the considerable differences in pa-

rameter importance for the model-data agreement across different eddy-covariance sites.

A similar result is obtained for the [CO2] monitoring stations, suggesting that a careful

evaluation of the spatial representativeness of the parameter-estimates obtained from data

assimilation is needed.

Similar to studies with other terrestrial biosphere models, this study assumes an equi-

librium pre-industrial state, implying terrestrial carbon pool sizes and fluxes in balance

at the beginning of a transient simulation. Higher annual NPP under a particular para-

meterisation is thus necessarily balanced by higher annual Rh in equilibrium. In other

words, while modelled present-day NPP is relatively uncertain, present-day annual NBE

estimates of LPJ-DGVM are better constrained. In turn, observations of net C fluxes on

local and global scales do not provide a sufficient constraint for modelled annual GPP
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Fig. 1.3: a) 10-year running average of the global land-atmosphere flux under the IS92a HadCM2-
SUL climate change scenario simulated with LPJ-DGVM [PgC yr−1]. The confidence
ranges are based on systematically varying the 14 most important model parameters
within their literature range. These results have been constrained from estimates of global
A (GPP -leaf respiration), NPP and vegetation C. b) Probability distribution function
of the mean annual land-atmosphere flux in the 1990s with and without the constraints
applied. The range in land-atmosphere flux as simulated by six different DGVMs (blue,
Cramer et al., 2001) and the ‘residual’ terrestrial sink (red, House et al., 2003), as inferred
from the global carbon budget (see Section 1.3). The latter estimate implicitly includes
the effects of N-deposition and land-management that are not considered in the modelling
studies.

or NPP in ecosystem models like LPJ-DGVM. As a result, modelled seasonal cycle and

interannual variability of NEE at six eddy-covariance sites compare favourably to measure-

ments also under alternative parameterisation. Similarly, seasonal cycle of atmospheric

[CO2] at a range of different monitoring stations corresponds well to model results despite

the parameter-based uncertainty. Persistent model failures that cannot be attributed to

parameter-based uncertainty must be the result of a poorly represented or lacking process

description in the model. For instance, the time-lag between modelled and observed sea-

sonal cycle at northern [CO2] monitoring stations is likely due to snow cover effects on

soil thermodynamics, which affect soil respiration and the onset of vegetation growth in

spring, that are not represented in the present version of the model (McGuire et al., 2000).

The (parameter-based) uncertainty range in global NPP from one model encompasses

the entire uncertainty range obtained from several terrestrial biosphere models (taken

as a surrogate for uncertainty in process descriptions; Cramer et al., 1999). Through

propagation of uncertainty in NPP, terrestrial C stocks – in particular in soils because of

their long turnover time – are the most uncertain model results. Estimates of the ranges

of global A (GPP -leaf respiration), NPP and C stored in vegetation are used to constrain

the uncertainty in modelled land-atmosphere flux with present-day understanding of the

terrestrial biosphere. Application of these benchmarks substantially reduces the spread
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of simulated global NBE (Fig. 1.3b), hardly affecting the median estimate of the land-

atmosphere flux. The reduced range in global NBE for the present-day is of a similar

magnitude as the uncertainty range resulting from alternative process-formulations in

DGVMs (Cramer et al., 2001), and estimates of the ‘residual’ uptake of the terrestrial

biosphere (Section 1.3, House et al., 2003, see Fig. 1.3b).

The constrained model is used to assess the effect of parameter-based uncertainty

on model projections under climate change. Despite an uncertainty range of about 50%

around the median value (90% confidence), interannual, decadal and long-term response of

global land-atmosphere fluxes to climate change are fairly robust (Fig. 1.3a). Spatial pat-

terns of change in NPP and water-use efficiency are robustly modelled, whereas patterns of

change in NBE show consistent regional features that are less robust. Present-day uncer-

tainty in mean annual NBE derives mainly from uncertainty in global NPP because of the

proportional response of NPP to CO2-fertilisation. Uncertainty in future land-atmosphere

flux is to a much larger extent controlled by the parameterisation of vegetation dynamics

and the global average soil C turnover time, and thus soil C stocks.

1.5.2 Age-related decline in forest growth

Various hypotheses have been put forward to explain the observed decline in forest growth

with stand age, ranging from increasing autotrophic respiration or nutrient limitation in

older stands to hydraulic limitation of photosynthesis in taller trees (Gower et al., 1996;

Ryan et al., 1997). The most plausible of these hypothesis, increasing hydraulic resistance

with tree height (Ryan and Yoder, 1997), is based on the observation that above-ground

plant hydraulic resistance increases with tree height. This theory has been challenged by a

theoretical paper of West et al. (1999), in which they claim that tapering, the broadening

of vessels basipetally, would compensate the effect of increasing path length on plant

hydraulic resistance. In Chapter 3, these conflicting hypotheses are reviewed from both

theoretical and experimental standpoints. West et al.’s conclusions are found to be not

convincing. Although tapering may affect hydraulic resistance through increased sapwood

conductance, experimental evidence does not suffice to falsify the hydraulic limitation

theory. Conversely, evidence supports the idea of increasing leaf-specific aboveground

conductance with path-length. Adjustment of plant hydraulic architecture with increasing

path length is frequently observed, minimising the direct effect of increased aboveground

hydraulic resistance on photosynthesis. However, such an acclimation is an investment of

diminishing returns, as carbon resources are allocated away from photosynthetic tissue to

supporting tissues, thereby ultimately slowing tree growth.

Alternative hypotheses to predict the age-related decline in forest growth are investi-

gated within LPJ in the first Section of Chapter 4. In particular, a conventional pipe-model

type of plant allocation scheme with fixed proportions of leaf area, sapwood cross-sectional

area and fine root density (‘size-independent’) is contrasted to a model that allows for

changes in these proportions based on changes in the plant hydraulic architecture with
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Fig. 1.4: Development of total vegetation carbon [kgC m−2] and net biomass increment
[kgC m−2 yr−1] with stand age as predicted from a growth and yield-table (Schober,
1987), and modelled with LPJ using two contrasting hypotheses about the allocation of
carbon to plant tissues. a) C in vegetation, b) net increment, c) change in leaf area
to sapwood cross-sectional area, as well as d) change in leaf to fine root density with
tree height. Vegetation biomass is the integral of the net increments minus the biomass
removed from thinning (prescribed from the yield-table).

tree height (Magnani et al., 2000, ‘size-dependent’, see Fig. 1.4). Stand-scale predictions

of biomass are substantially improved when considering such shifts in plant allocation to

compensate for the increased hydraulic resistance with tree height. Nutrient limitation

or increased hydraulic limitation of photosynthesis, or alternatively age-dependent tuning

factors (as in Waring and McDowell, 2002), are not required to model the age-related

decline in forest growth. The subsequent analyses in Section 1.5.3 show that application

of this theory provides reasonable estimates of forest growth for different plant functional

types, and along larger ecological gradients. However, the applicability of this hypothesis

to species other than Scots pine still awaits experimental confirmation.

1.5.3 Evaluation of regional forest growth and carbon balances

In Chapter 4, the improved representation of forest growth rate changes with stand age

(Section 1.5.2) is combined with an explicit representation of age-classed, managed forests

within the LPJ-framework. The idea behind this is to establish a model that emulates the

growth of managed forest stands as observed from yield-tables into a process-based model,

but without prescribing the growth rate itself as in Kohlmaier et al. (1995) and Häger

(1998, see Table 1.2). Instead, gap-model type vegetation dynamics (Prentice et al., 1992;

Smith et al., 2001, LPJ-GUESS) are modified to account for the dynamics in even-aged

and managed forest stands. The benefits of such an approach are twofold: Firstly, explicit

treatment of age-classes allows to evaluate the simulated development of stand biomass

with age using biomass estimates obtained from yield-tables and forest inventories, and
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not only the average size of the carbon storage in vegetation (as, for instance, in Venevsky,

2001, for LPJ-DGVM and Siberian forests). Secondly, representation of age-classes and

forest management allows to force process-based models with historical changes in forest

use. Simulated trends in forest vegetation C can thus be evaluated against trends in forest

vegetation C stocks as documented in forest statistics (Nabuurs et al., 2003).

The implementation of age-structure in LPJ describes the regional-scale forest struc-

ture as composed of even-aged forest stands of different ages for each plant functional type,

based on a spatially explicit data-base of present-day forest area and PFT-distribution as

well as country-specific information derived from forest statistics. The module is generic,

i.e. without prescribed management events, and relies only on few, generally available

parameters, e.g. felling to removal ratio, or total felling intensity. In particular, rotation

periods of particular plant functional types are not prescribed but depend dynamically on

the landscape level ratio of biomass increment and removals. Feedbacks are considered

between management intensity and natural mortality in the stand. Also, landscape-scale

disturbance from natural and human-induced fires are taken into account. At present, only

even-aged highly productive forests with a long rotation-period (80-150 years) are mod-

elled, but the module is flexible enough to be extended to more complex representation

of forest management strategies including ‘coppice with standards’, which are practised

in southern Europe, or ‘short-rotation coppice’, which is relevant for estimating bio-fuel

production.

Model-based biomass densities for broadleaved and coniferous stands of different age

compare favourably with forest inventory based estimates for the dominant tree species

in 77 European provinces (average R2 by province >0.75). Average biomass densities

correspond well to forest statistics, with Europe-wide average errors of 2.1 and 3.7 kgC m−2

for broadleaved and coniferous stands, respectively (expressed as root mean square error,

RMSE). Stand biomass is overestimated in older stands for some provinces. Attribution

of this model-data disagreement to the failure of the model to correctly simulate either the

age-related decline in forest growth, or thinning intensity on a regional scale is hampered

by the lack of suitable data to sufficiently constrain either of the two effects. Access

to the original forest inventory data, as opposed to the regional-scale statistics based

on inventories which are used in this study, for several countries within the EU-funded

CarboEurope-IP framework can probably improve this situation. Despite the general

agreement, vegetation C is overestimated in boreal regions, probably associated with an

overestimation of NPP in cold environments. Nevertheless, modelled decline in growth

rate with decreasing annual mean temperature agrees well with estimates based on forest

inventories of broadleaved and coniferous species. Marked differences between inventoried

biomass stocks in different provinces within a particular bioclimatic zone are not modelled

adequately by this modified version of LPJ. Most likely, regional differences in soil fertility

which are not accounted for in the model, are a major cause of such regional variations in

forest growth.
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Terrestrial carbon uptake

Vegetation Litter & Soil Products Total Reference area

[TgC yr−1] [106 km2]

LPJa 100.3 7.6 3.2 111.1 1.51

Nabuurs et al. (2003)b 98 42 2 142 1.4

Liski and Kauppi (2000)b 110 1.76

Net Ecosystem Exchange [TgC yr−1]

LPJa -190 1.51

Papale and Valentini (2003)c -278 1.51

a driven with historic climate, atm. [CO2], forest area and wood demand
b based on forest statistics
c derived by scaling annual NEE per unit area to the European forest area, as in Janssens et al. (2003).

Tab. 1.3: Changes in forest ecosystem C pools and NEE (NEE = Rh − NPP ) of Europe
[TgC yr−1] in the 1990s as modelled with the improved version of LPJ, and estimates
based on forest inventories and eddy-covariance measurements, respectively.

Based on changes in wood-demand, forest area, climate and atmospheric [CO2] between

1948 and 2000, the model is able to replicate European scale forest age-structure, absolute

level of timber removals, as well as proportion of increment that is removed by harvest

in the 1990s. Simulated increases in vegetation C stocks in the 1990s compare favourably

with estimates derived from forest statistics (see Table 1.3). This is a marked improvement

to the version of LPJ-DGVM presented in Section 1.5.4, which projects much smaller net

carbon increases resulting from land-use change (see Section 1.5.5). Average annual NEE

over the forest area of Europe of -190 TgC yr−1, simulated by the model for the 1990s,

compares to an estimate of -278 TgC yr−1 based on the upscaling of eddy-covariance

data (see Table 1.3). The data-based estimate is likely to show a larger flux, because the

selection of sites is biased towards middle-aged, productive stands, which typically strongly

sequester C, whereas the model-based estimate accounts for the entire life-cycle of managed

forest stands, with relative contributions of the different age-classes in broad agreement

with the actual present-day age-structure of European forests. These comparisons involve

a range of uncertainties that are discussed further in Chapter 4. Nevertheless, they do

suggest that the C uptake modelled by LPJ is in broad agreement with observations.

More than 50% of the 100 TgC yr−1 uptake of C in forest vegetation in the 1990s

is projected to result from historical changes in climate and atmospheric [CO2]. The

remainder is mainly attributed to a shift in the age-structure towards younger stands

resulting from a net increase in forest area. Karjalainen et al. (1999) suggest that other

factors such as tree species selection and N-deposition have contributed substantially to

the observed increases in growth. These factors are presently not considered in LPJ.

Future work will clarify the relative contribution of the direct effects of N-deposition and

improved forest management to the observed increase in forest growth by including these

effects into the model.
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1.5.4 Analysis of Europe’s present-day and future terrestrial carbon balances

In a parallel study to Chapter 4, the joint effects of plausible future land-use and cli-

mate change scenarios on the land-atmosphere fluxes over EU* (EU15 plus Norway and

Switzerland) are analysed in Chapter 5. Scenarios are based on a detailed interpretation

of four illustrative storylines derived from the IPCC Special Report on Emission Scenarios

for Europe (‘A1F’,‘A2’,‘B1’,‘B2’). Outputs from four different climate models (CGCM2,

CSRIO2, HadCM3, PCM2) are used to represent uncertainty in the rate and spatial pat-

terns of climate change. An advanced version of LPJ-DGVM is employed that simulates

land-atmosphere C exchanges for different land-use types, including a representation of

crop- and grasslands (Bondeau et al., in prep.), as well as the effect of land-use changes

on terrestrial C stocks. Changes in land-atmosphere fluxes are evaluated for the historic

(1901-2000) and scenario period (2001-2100) in a factorial design to assess the marginal

effects of land-use change and climate change. These simulations do not account for the

improvements made in Chapters 3 and 4 of this study. The implications of the simpler rep-

resentation of vegetation dynamics on the terrestrial C balance as opposed to the explicit

treatment of forest age-classes are discussed in Section 1.5.5.

Simulated present-day terrestrial vegetation and soil C estimates are in moderate agree-

ment with independent, data-based estimates. Modelled human appropriation accounts

for approximately a third of the total NPP. Biomass burning contributes only very little

to the European scale land-atmosphere C fluxes, despite its importance in the Mediter-

ranean region. Model-based C uptake rates of forests, primarily resulting from forest area

increases and growth enhancement from CO2-fertilisation, are smaller than data-based es-

timates, and nearly balanced by the C losses from cropland soils. Mean annual net biome

exchange in the 1990s is estimated at -5 TgC yr−1, with a range of -105 to +88 TgC yr−1

associated with interannual climate variability. This model-based estimate is considerably

smaller than the biospheric uptake of -95 TgC yr−1 obtained from a compilation of differ-

ent observational data, but still within the uncertainty range of ±154 TgC yr−1 (Janssens

et al., 2003).

Impact of climate change and atmospheric [CO2]: Rising atmospheric [CO2] under all

scenarios leads to enhanced NPP, the main cause for the increased biospheric C uptake

from 2000 until the 2050s (Fig. 1.5b). Climate change further enhances growth in boreal

regions, where the vegetation period becomes longer, however, increasing drought in the

Mediterranean limits growth increases in scenarios of the driest climate model (HadCM3).

In the second half of the 21st century, increasing soil C losses resulting from rising tem-

peratures counteract these terrestrial carbon gains, leading to widespread net annual C

losses, and a decline in cumulative NBE, in the boreal region, where all climate models

predict the strongest warming. These changes in soil C stocks are in general agreement

with predictions from a more sophisticated model of soil C turnover (Smith et al., 2005a,b).

Uncertainty in the response of the climate system to a particular emission scenario accu-
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Fig. 1.5: a) Cumulative land-atmosphere fluxes [PgC] between 1990 and 2100 for EU* under
seven different SRES scenarios of climate and land-use change; split into the compo-
nents attributable to b) climate and atmospheric [CO2] change, and c) land-use change.
Displayed are the mean and range of simulation groups based on four different SRES-
storylines (‘A1F’,‘A2’,‘B1’,‘B2’) and the HadCM3 GCM, or those based on the ‘A2’ sto-
ryline and four different GCMs (HadCM3, CSRIO2, GCGM2, PCM2).

mulates to a ∼3 PgC difference in cumulative NBE by 2100 (Fig. 1.5b). This uncertainty

is mainly attributable to different projections of the magnitude in high-latitude warming,

and the prevalence of summer drought in the Mediterranean. The climate model related

uncertainty is twice as large as the difference in land-atmosphere flux projections under

alternative scenario storylines derived from one climate model.

Impact of land-use change: All four land-use change scenarios for Europe foresee a de-

cline in agricultural area, and associated increases in forest and grassland extent. Nonethe-

less, substantial regional variation exists between these scenarios. Average land-atmosphere

fluxes associated with land-use changes across Europe and over the entire scenario period

are fairly similar in all scenarios, despite different trajectories (Fig. 1.5c), and of a similar

magnitude as the climate change related fluxes. Because of the spatial differences between

these scenarios, regional changes in the terrestrial C budget show marked differences under

different scenarios. Predicted changes in soil C stock due to land-use change are mainly

due to differences in litter fall under different land uses, and in qualitative agreement

with the experimental literature (Guo and Gifford, 2002). Uptake in vegetation carbon

from land-use changes in these simulations is of a similar magnitude to soil C changes

under the ‘A’ scenarios, but twice as large under the ‘B2’ scenario, which envisages the
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strongest afforestation. These estimates are qualitatively similar to projections with the

forest inventory projection model EFISCEN (Meyer et al., in review, driven with forest

growth changes derived from LPJ). However, the magnitude of the C uptake in vegetation

is considerably smaller. Section 1.5.5 discusses the potential reasons, and implication on

the results obtained in this study.

Combined effects: Average annual C fluxes related to land-use change over the scenario

period are equivalent to one fifth of the current EU* Kyoto emission reduction target, a

magnitude relevant for mitigation policies. The combined effect of climate, atmospheric

[CO2] and land-use changes on the terrestrial biosphere leads to an average terrestrial car-

bon uptake rate that compares to 18-68% of the EU* emission reduction target. However,

this average terrestrial carbon flux corresponds to only 1-5% of the average EU* CO2

emission rates over the entire scenario period. Uncertainty in climate change projected

from different climate models is the main cause for differences in the simulation results.

Nevertheless, the simulations suggest that the terrestrial biosphere will act as a net car-

bon ‘sink’ during the coming decades under a range of plausible scenarios of climate and

land-use change (Fig. 1.5a), although the uptake rate declines and finally turns into a net

loss of C under most scenarios in the second half of the 21st century.

1.5.5 Contrasting two alternative formulations of vegetation dynamics and

implications for estimates of the terrestrial C balance

Two different formulations of forest vegetation dynamics have been used in Sections 1.5.3

and 1.5.4. One approach describes vegetation as simplified, ageless average over the en-

tire forest area (‘ageless’, Section 1.5.4); the other represents forest area as composed of

differently aged stands of even-aged forests (‘age-class’, Section 1.5.3). These approaches

differ in the mechanism by which the landscape scale growth rate responds to forest area

changes. With the ‘ageless’ approach, increases in forest area decrease stand density and

therefore mortality due to self-thinning. Accumulation of biomass is the consequence un-

til self-thinning reaches the level prior to the disturbance. When explicitly accounting

for age-classes, i.e. with the ‘age-class’ approach, increases in forest area lead to an in-

creased share of younger stands that exhibit a notably larger growth rate than older stands

(compare Section 1.5.2).

Figure 1.6 compares the effect of these two alternative approaches on estimates of

vegetation C stock changes for the example of the four land-use change scenarios used in

Section 1.5.4. These simulations assume constant wood demand and a detrended clima-

tology, i.e. excluding any long-term trend in climate or changes in atmospheric [CO2],

to assess the marginal effects of land-use change. Increases in European forest area since

the 1950s lead to C uptake in forest vegetation in the 1990s of 6 gC m−2 yr−1 with the

‘ageless’ approach, but 32 gC m−2 yr−1 when considering age-classes. Using the ‘age-class’

approach, projected forest age-structure in 2100 differs substantially under the different
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Fig. 1.6: a) Cumulative carbon uptake in forest vegetation after 1990 [PgC] with the ‘ageless’
approach as in Chapter 5 (dash-dot) and the ‘age-class’ approach as in Chapter 4 (solid)
under the four different land-use change scenarios (but without climate or [CO2] change).
The ‘baseline’ run considers land-use changes until 1990, and constant land-use patterns
thereafter. b) Net carbon exchange in forest vegetation that is attributed to land-use
change after 1990 simulated with the ‘age-class’ approach. c) Age-class distribution in
2100 under the four scenarios and the baseline run.

land-use change scenarios (2001-2100, Fig. 1.6c). Consequently, net biomass increments

per area average between 20 gC m−2 yr−1 for the ‘A2’ scenario with the highest average

forest age, and 50 gC m−2 yr−1 for the ‘B2’ scenario with the lowest average age. Changes

in average growth rates are much less pronounced using the ‘ageless’ approach. Never-

theless, the proportional differences are more or less maintained (‘A2’: 4 gC m−2 yr−1,

‘B2’: 16 gC m−2 yr−1). These results do not affect the qualitative conclusions in Sec-

tion 1.5.4, but suggest that C sequestration in forest vegetation resulting from land-use

change may be underestimated by about 30 TgC yr−1 (Fig. 1.6a). The increased detail in

the representation of managed forests (in the ‘age-class’ version) reduces the conceptual

difference between the LPJ results of Chapter 5 and projections based on the propagation

of present-day forest inventories (Meyer et al., in review) and will allow further evaluation

of the difference between model projections. Future work will include an assessment of the

effects of climate change and wood demand change on the projected C storage in forest

vegetation.

Propagation of present-day age-structure until 2100 without considering future changes

in land-use, i.e. increases in forest area only until 1990 (thereafter held constant) and

wood-demand held constant at 1901 levels, leads to substantial increases in vegetation
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C over the 21st century as the result of the past disturbance (‘baseline’ in Fig. 1.6a,b).

These results demonstrate quite clearly that past changes in forest area have substantial

impact on the future forest C exchanges (as suggested by Nabuurs, 2004). This has

two implications. Firstly, this corroborates results from Kohlmaier et al. (1995), who find

that land-use history has a strong effect on future C accumulation in forests. Secondly, the

long-term effect of the past disturbance contributes substantially to the cumulative carbon

uptake between 1991 and 2100 under various land-use scenarios. Only a small fraction of

the modelled C sequestration in forest vegetation resulting from land-use change would

thus be accountable for emission reductions under Art. 3.4 of the Kyoto protocol for the

first commitment period (2008-2012, Fig. 1.6b). Nevertheless, afforestation in the early

decades of the 21st century does have a substantial long-term effect on terrestrial C storage

(Fig. 1.6b). Changes in wood-demand, species selection or other forest management

actions after 1990 that could contribute to the terrestrial C sequestration eligible under

the Kyoto protocol, have not been considered in these simulations.

1.6 Discussion

Of the methods available to estimate present-day terrestrial carbon balances, only process-

based modelling allows to evaluate the effect of potential future environmental changes.

The Chapters of this thesis evaluate the parameter-based uncertainty in model projec-

tions, discuss ecological theory relevant for an improved representation of forest growth,

and provide a regionalisation of a globally applicable land vegetation model for regional-

scale impact assessments in Europe as a highly managed region. These studies aim at

assessing the confidence that can be placed into process-based estimates of terrestrial

carbon budgets, both for present-day conditions and under a range of potential future

scenarios.

Despite the uncertainties that are involved in comparing model results and forest statis-

tics, the comparison suggests that incorporating a stand-scale hypothesis about structural

changes in plant allometry leads to improved modelling of forest growth on the regional

scale. The evaluation provides some confidence into the modelled growth patterns as well

as their response to environmental changes, and thereby demonstrates the usefulness of

forest statistics as an additional benchmark for global vegetation models. This benchmark

will be useful to evaluate future model developments, including the effect of N-deposition

or forest management on forest growth, which likely contribute to changes in European

growth rates (Karjalainen et al., 1999; Kellomäki, in prep.). The results of this study are

an improvement to earlier studies that have either incorporated forest age dynamics into

a global terrestrial biogeochemical model (Häger, 1998), or coupled terrestrial biosphere

and forest statistical models offline (Meyer et al., in review). Feedbacks between forest

growth and changes in vegetation dynamics due to changed management practices or en-

vironmental conditions are explicitely taken into account. Substantial differences in the

future C uptake rates projected by ‘conventional’ terrestrial biosphere models and propa-
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gation of forest statistics, as noted in Chapter 5, have been highlighted also from earlier

model comparisons (Kramer and Mohren, 2001). The incorporation of forest age-structure

into the framework of LPJ has led to simulated uptakes that are better compatible with

independent results of a forest statistical model (Meyer et al., in review). The accuracy of

the simulations may be further improved by accounting for more regional detail in forest

management strategies.

Observations of seasonal and interannual variability of the terrestrial net C fluxes

also provide a useful model test, and allow to evaluate the model’s response to climate

variability (Prentice et al., 2000). Data assimilation of C flux measurements offers some

potential in reducing the parameter-based uncertainty in the simulation of this seasonal

and interannual variability (as assessed in Chapter 2) by constraining parameters gov-

erning short-term ecosystem processes (Knorr and Kattge, in press; Rayner et al., 2005).

However, short-term observations of ecosystems provide only insufficient information to

reduce uncertainty in the long-term response of the terrestrial biosphere (see Chapter 2).

Integration of forest statistics into process-based models, as shown in Chapter 4, aims at an

improved representation of the longer-term dynamics in managed forests. The advanced

model is also applicable to managed temperate and boreal forests in other continents,

because it does not involve specific regional parameterisations of either management of

forest growth. It thus provides a framework to integrate process-based understanding of

the terrestrial carbon cycle with changes in forest use in the temperate and boreal zone.

Such wider analysis may be useful for (a) assimilating historic trends in forest growth into

a carbon cycle data assimilation system (Rayner et al., 2005), and (b) analysing the effect

of future forest use under different scenarios of land-use and climate change for the entire

temperate and boreal zone.

Both European case-studies in this thesis integrate process-based representations of

forest and cropland vegetation with a spatially explicit data-base on climate, land use

and soils. As such, the study provides an improved assessment of the terrestrial carbon

balance on a continental scale in comparison to earlier studies (e.g. Kramer and Mohren,

2001; Sykes et al., 2001). Nevertheless, terrestrial C balances in highly managed regions

such as Europe are not only the product of present-day land-use distribution, but more

importantly their land-use history (Valentini et al., 2000a). The effect of land-use history

has been accounted for in terms of land-cover conversions based on country statistics, im-

proving the spatial detail with which these changes are represented in comparison to other

studies (McGuire et al., 2001; Cramer et al., 2004). However, these statistics document

only net changes, not accounting for the absolute amount of conversions between different

land uses within a region. For instance, the deforestation rate of the Netherlands over

the last decade is of a similar magnitude as present tropical deforestation, even though

the Dutch forest area has slightly increased over the same period of time (Nabuurs, pers.

comm.). In addition, the extent of past land-use conversions is only poorly known for the

period prior to the 1950s, such that considerable uncertainty is inherent in the analysis of
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their effect on the terrestrial C balance on a continental scale (House et al., 2003). Nev-

ertheless, the data available are sufficient to adequately model present-day regional-scale

forest age-structure, and the associated shifts in forest growth, from past land-use changes.

The effect of past and present land-management practices on terrestrial soil C stocks,

resulting from soil degradation for instance due to litter raking and nutrient export, are

not assessed in the current study, because knowledge about these processes is only in-

comprehensive on the regional scale. In the case of forests, these past land-management

practices are the most likely cause for the contemporary increase in soil C stocks (Glatzel,

1999; Schulze et al., 2000). It is thus not surprising that the simulated present-day uptake

rates are much lower than these data-based estimates. Recent analyses of the tempera-

ture response of soil organic matter decomposition rates indicate that soil organic matter

fractions of different lability have similar response rates to increasing temperature (Knorr

et al., 2005; Fang et al., 2005). Despite the uncertainty about the current rate of change

in soil C stocks, this suggests that the qualitative results on the effect of climate change

on soil C stocks – a weakening of the terrestrial carbon uptake – are robust.

Considerable uncertainties in future land-atmosphere flux projections result from dif-

ferences between climate change scenarios derived from different general circulation mod-

els. Similar findings are reported from a global and a tropical study (see Schaphoff et al., in

review; Cramer et al., 2004, respectively). Notably, the climate-model related uncertainty

is larger than the difference in land-atmosphere flux projections under alternative scenario

storylines derived from one particular climate model. Regional details of climate change

projections are thus important for the assessment of future changes of the terrestrial C

balance, and likely also for assessment of the vulnerability of other terrestrial ecosystem

services (Schröter et al., 2004). Despite this uncertainty, qualitative trends, such as the

decline in the terrestrial C uptake in the second half of the 21st century due to increas-

ing soil C losses, are similar among different scenarios. These results agree broadly with

findings from other models within the EU-funded ATEAM-project, which focused on par-

ticular aspects of the terrestrial C cycle, for both vegetation and soil (see Schröter et al.,

2004). The general trends are also consistent with findings from earlier global studies

(Cox et al., 2000; Cramer et al., 2001; Friedlingstein et al., 2003) performed by a range of

different terrestrial biosphere models. Notably, qualitatively similar results on the global

scale have been obtained under a range of alternative parameterisations of plant uptake

and ecosystem C turnover times in the uncertainty analysis of Chapter 2.

The direct human impact through land-use changes on the terrestrial C balance of

Europe, resulting from the projected decline in European agricultural area, may account

for one fifth of the EU* Kyoto-emission reduction target (Chapter 5). When the effect

of forest age-structure is taken into account, the terrestrial uptake may be even more

pronounced (Section 1.5.5), because of the non-linear response of landscape-scale forest

growth to changes in the age-structure. The effects of changing forest use on vegetation C

stock development have not been addressed in the present study, but are important for the
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development of forest resources, as demonstrated in the study of Meyer et al. (in review).

In addition, increasing average longevity of forest products has not been addressed, but

could be the analysed with the methods provided in this study. Nevertheless, while the

terrestrial C fluxes projected in this study are of a magnitude relevant to climate mitigation

strategies under the Kyoto-protocol and beyond, their contribution to the overall C budget

of Europe (considering anthropogenic emissions as well as terrestrial fluxes) will likely

remain small.

1.7 Conclusions

This study provides an extensive evaluation of model-based estimates of the terrestrial

C balance and their uncertainty. Potential future changes in this balance have been

investigated using a comprehensive set of climate and land-use change scenarios. The

major findings of this study are:

• Parameters controlling plant assimilation rate, plant respiration and plant water

balance are the most important sources of uncertainty in simulated NPP. Terrestrial

C stocks, particularly in soils, are the most uncertain model results through propa-

gation of the uncertainty in NPP. Nevertheless, seasonal and interannual variations

in land-atmosphere fluxes are relative robust model results of LPJ-DGVM. Within

quantifiable uncertainty bounds, robust estimates of future changes in the NBE can

be obtained from a suitably constrained model. Model robustness, however, must

not be understood as certainty. Uncertainty associated with the representation of

the relevant processes may be equally important, as demonstrated in the comparison

of the effect of two alternative representation of vegetation dynamics.

• Evidence supports the hypothesis that hydraulic path length does affect plant growth.

Representation of plant hydraulic architecture and its change with plant size by

implementing a hypothesis of hydraulic acclimation with path length allows for a

plausible simulation of forest growth changes with age. Results obtained from the

application of this theory along environmental gradients, and across different plant

functional types are promising. However, these results remain provisional as long

as adequate field studies have not been conducted to evaluate the predictions of the

hypothesis applied for different plant functional types.

• Simulated terrestrial productivity and vegetation biomass have been assessed by

evaluating model-based estimates for different forest age-classes with inventory-based

estimates of 77 provinces in Europe. Regional biomass estimates from the improved

model correspond well with the data for different plant functional types. Discrep-

ancies remain, most likely related to regional differences in soil fertility that are

currently not modelled by LPJ.
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• Representation of forest age-classes and management as drivers of forest vegetation C

storage reduces the theoretical gap between terrestrial ecosystem models and forest

statistics. The advanced model produces realistic estimates of forest age-structure,

harvest to removal ratio and net carbon uptake in vegetation on the European scale.

Carbon uptake estimates based on forest inventories provide an additional bench-

mark for simulated growth changes under historic changes in environmental con-

ditions, and will allow to evaluate the effects of future model developments, such

as nutrient interactions of the C-cycle and more detailed representation of forest

management, on modelled forest growth.

• Land-use and climate changes during the coming decades will substantially impact

the terrestrial carbon balance of Europe. Projected terrestrial carbon uptake rates

– averaged over the 21st century – correspond to 18-68% of Europe’s present Kyoto

emission reduction target. Average carbon sequestration rates over the 21st century,

resulting from the projected decline in European agricultural area, may account

for at least one fifth of this emission reduction target. When the effect of forest

age-structure is taken into account, the terrestrial uptake may be even more pro-

nounced. Increasing soil C losses in a warmer climate will weaken carbon sequestra-

tion from land-use activities and increased terrestrial net primary productivity due to

increased atmospheric [CO2] and climate change. Nevertheless, all but one scenario

(‘A1fi-HadCM3’) suggest a net terrestrial uptake over the 21st century. Qualita-

tively, these results are obtained under all scenarios, notwithstanding substantial

differences in the magnitude of future land-atmosphere fluxes. The climate model

related uncertainty is larger than the difference in land-atmosphere flux projections

under alternative scenario storylines derived from one particular climate model. In

particular, high-latitude warming and Mediterranean drying differ between the pro-

jections of the climate models and are the main cause for these different magnitudes

of C fluxes. These results demonstrate that for a comprehensive assessment of the ef-

fects of climate change on the terrestrial biosphere, the uncertainty in climate change

needs to be taken into account.

In summary, the results show that seasonal, interannual and longer-term variability of the

terrestrial carbon balance are consistently modelled under a range of alternative parame-

ter combinations, and provide estimates of the parameter-based uncertainty in simulated

fluxes. The study successfully combines process-based modelling with forest statistics to

improve process-based estimates of vegetation carbon stocks and their change over time. It

is demonstrated that the magnitude of terrestrial carbon fluxes resulting from future land-

use and climate changes will likely be of a magnitude relevant to climate mitigation policies.

Three different aspects of uncertainty in projections of future terrestrial carbon balances

have been addressed separately (uncertainty in model parameters, in the representation

of processes, and in the forcing, i.e. climate change scenarios). Non-linear interactions

between model and climate change uncertainty are still incompletely understood, and an
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integrative approach is required to assess the relative importance of these three factors in

determining the uncertainty in process-based projections of land-atmosphere fluxes.

Further Research

• Present-day carbon exchanges in Europe are strongly affected by land-use history,

which is merely known qualitatively on a continental scale. Better quantification

of land-use history, and particular land-management practices, appear most urgent

to reduce the apparent disagreement between observations and model simulations,

which assume equilibrium at the start of the transient simulation.

• Forest statistics have been integrated into the framework of LPJ-DGVM in this

study by better representation of plant physiology and vegetation dynamics. The

next steps would be to (a) apply and evaluate the model for other regions in the tem-

perate and boreal zone, and (b) subject the advanced model to a formal constraint

process. The carbon cycle data assimilation system (CCDAS, Rayner et al., 2005)

already includes different short-term measures of the terrestrial carbon cycle, e.g.

eddy-covariance and atmospheric [CO2] data. An additional long-term constraint of

the land-atmosphere flux may further improve the confidence in the carbon fluxes

modelled with a CCDAS.

• The discrepancy of modelled versus inventoried growth suggests that nutrient limi-

tation needs to be accounted for to accurately model forest growth. Existing phy-

siological knowledge on C-N interactions should be incorporated into the modelling

of terrestrial biosphere dynamics.

• Plant hydraulic architecture has been useful in improving the model’s performance in

terms of biomass development, but also improved representation of plant hydraulics

themselves (Hickler et al., 2004). However, open questions remain in the variation

of hydraulic properties across different plant functional types, and in particular the

variation of the maximum transpiration rate per unit leaf area.

• The advanced representation of forest vegetation dynamics provides a framework

for the assessment of socio-economic changes on the forest carbon balance under

future environmental conditions. Future work could focus on increasing the detail

with which regional differences or tree species are considered to enhance the regional

applicability of the model.
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1.8 The author’s contribution to the individual papers of this thesis
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Sitch guided the whole process.
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discussions with Martin Sykes and Colin Prentice. Alberte Bondeau and Pascalle
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Dynamic global vegetation models (DGVMs) have been shown to broadly reproduce
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dynamics. To assess the uncertainties in these results associated with model para-

meterisation the Lund-Potsdam-Jena-DGVM (LPJ-DGVM) is analysed in terms of

model robustness and key sensitive parameters. Present-day global land-atmosphere

carbon fluxes are relatively well constrained, despite considerable uncertainty in global

net primary production mainly propagating from uncertainty in parameters controlling

assimilation rate, plant respiration and plant water balance. In response to climate

change, water-use efficiency driven increases in net carbon assimilation by plants,

transient changes in vegetation composition and global warming effects on soil or-

ganic matter dynamics are robust model results. As a consequence, long-term trends

in land-atmosphere fluxes are consistently modelled despite an uncertainty range of

-3.35 ±1.45 PgC yr−1 at the end of the 21st century for the specific scenario used.
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2.1 Introduction

The terrestrial biosphere plays an important role in regulating the increase of atmospheric

CO2 (Prentice et al., 2000). Process-based models of terrestrial biogeochemical cycles

(TBMs) have been successfully used to explain a large proportion of the interannual vari-

ation in the CO2 growth rate (Kindermann et al., 1996; Dargaville et al., 2002). TBMs,

and dynamic global vegetation models (DGVMs), which further couple terrestrial biogeo-

chemistry to vegetation dynamics, are important tools to investigate the net effect of the

complex feedback loops in the global carbon cycle in response to changing environmental

forcing such as climate change (Houghton et al., 2001). Inter-model comparison studies

(Melillo et al., 1995; Heimann et al., 1998; Kicklighter et al., 1999; Cramer et al., 1999,

2001) and recent applications of TBMs in coupled earth-system models (Friedlingstein

et al., 2003; Jones et al., 2003) have shown that large uncertainty in the response of the

global carbon cycle to future climate warming arises as a result of the typical behaviour

of the particular model used to simulate vegetation changes. Since future projections

of atmospheric CO2 content depend on plausible estimation of the processes governing

global carbon exchange, an assessment of the uncertainty associated with these terrestrial

ecosystem models is essential to identify key model strengths and deficiencies.

Uncertainty in model simulations can arise from both uncertainty as to the correct

(mathematical) description of mechanisms driving ecosystem processes, and from uncer-

tainty in the parameter set to scale mathematical formulations of these processes. Process-

based uncertainty can, to some extent, be addressed by inter-model comparison or studies

testing different process formulations in one modelling framework (e.g. Joos et al., 2001;

Knorr and Heimann, 2001a; Smith et al., 2001). Parameter-based uncertainty can result

from (a) uncertainty in the measurements used to parameterize a model, (b) the method

used to scale, for example, point measurements to the larger scale on which a model oper-

ates, as well as (c) the parameterisation of semi-empirical process descriptions, for which

parameter values are not readily measurable. Only few studies have so far analysed the

effects of propagating parameter uncertainty in global vegetation models. Most of these

studies have used a local design, i.e. changed one parameter at a time within a given

range around the standard value (e.g. Knorr, 2000; Knorr and Heimann, 2001a; Maayar

et al., 2002), or used minimum and maximum values from the literature (Hallgren and

Pitman, 2000). Although these approaches are able to identify main effects of parameters

(Kleijnen, 1998), they neglect possible interactions between different parameters, which

are important in complex ecosystem models (Saltelli et al., 2000). Factorial designs (e.g.

White et al., 2000a) that allow the assessment of such interactive effects require many

model runs and are therefore prohibitive for complex models with a large number of pa-

rameters and a high computational demand (Campolongo et al., 2000). Recently, adjoint

methods have been used to infer optimal parameter combinations in terrestrial biosphere

models from observations, as well as to gain insight into parameter sensitivities and the

uncertainty in output variables (Wang et al., 2001; Barrett, 2002; Randerson et al., 2002;
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Rayner et al., 2005).

We adopt a Monte Carlo-type stratified sampling approach (latin hypercube sampling,

LHS, McKay et al., 1979) as an efficient method to identify functionally important pa-

rameters and simultaneously estimate the uncertainty range of the modelled results. Like

other probability-based methods, LHS allows interactions between different parameter

combinations to be studied, and can identify the contributions of parameters alone and

in combination to the uncertainty of the modelled results. LHS has previously been used

to construct a reduced form of a land surface model for sensitivity tests (Beringer et al.,

2002), and has been shown to provide reliable estimates of the distribution function of

model output variables (Helton and Davis, 2000).

Dynamic global vegetation models are fairly general, globally parameterised models,

describing vegetation in terms of plant functional types (PFTs), and its response to vari-

ation in climate, atmospheric CO2 and soil properties (Steffen et al., 1996; Cramer et al.,

2001). They incorporate more or less mechanistic formulations of physiological, biophysical

and biogeochemical ecosystem processes (e.g. canopy biophysics, vegetation physiology,

phenology, and ecosystem carbon (C) and water (H2O) cycling) coupled to a description of

the major processes governing changes of vegetation structure and composition (Cramer

et al., 2001). Although DGVMs differ in the detail with which particular processes or scales

are represented, they tend to follow a similar structure and share a largely common base

of process descriptions and parameters, e.g. with respect to canopy energy balance, pho-

tosynthesis, water balance, respiratory processes, carbon allocation and turnover within

the plant, litter and soil organic matter (SOM) decomposition, and plant mortality and

establishment (Woodward et al., 1995; Foley et al., 1996; Friend et al., 1997; Daly et al.,

2000; Sitch et al., 2003).

In this study, we use the Lund-Potsdam-Jena model (LPJ-DGVM, Smith et al., 2001;

Sitch et al., 2003), which is typical of DGVMs as a family of models, both with respect

to its representation of structural ecosystem components (plants and soil) and ecosystem

processes. LPJ-DGVM has been used recently to study the sensitivity of equilibrium C

storage to climate and atmospheric CO2 (Gerber et al., 2004) and to assess the uncertainty

in simulations of the future terrestrial C balance with respect to both different formulations

of ecosystem processes in a DGVM inter-comparison study (Cramer et al., 2001) and

different climate change projections from several global circulation models driven with the

same radiative forcing (Schaphoff et al., in review).

The aim of this paper is to systematically analyse the sensitivity of LPJ-DGVM, as a

representative DGVM, to its parameterisation, and to evaluate the resulting uncertainty

in model outcomes both for current and potential future climatic conditions. We examine

the relative importance of different parameters for determining specific model results,

and analyse the effects of parameter-based uncertainty on modelling terrestrial biosphere

dynamics. We also explore possibilities to constrain model uncertainty using independent

observations. To facilitate comparison to previously published studies using LPJ-DGVM
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Fig. 2.1: The main processes, state variables and driving data for the model LPJ-DGVM (Sitch
et al., 2003). Other dynamic global vegetation models (DGVMs) generally have a similar
structure.

we repeat the simulation experiment of the IGBP DGVM inter-comparison study (Cramer

et al., 2001) using climate data from HadCM2-SUL (Mitchell et al., 1995; Johns et al.,

1997) forced by the IS92a emission scenario (Houghton et al., 1992). We assume that many

of our conclusions in terms of the importance of certain groups of parameters, or their

functional equivalents in alternative process formulations, would be similar for DGVMs

and similar ecosystem models other than LPJ-DGVM.

2.2 Methods

2.2.1 LPJ-DGVM

LPJ-DGVM (Smith et al., 2001; Sitch et al., 2003) is one of a family of models derived

from BIOME (Prentice et al., 1992). The model simulates distribution and dynamics of

10 plant functional types (PFTs) with different photosynthetic (C3, C4), phenological

(deciduous, evergreen), and physiognomic (tree, grass) attributes, based on bioclimatic

limits for plant growth and regeneration, and PFT-specific parameters that govern plant

competition for light and water.

Photosynthesis is calculated as a function of absorbed photosynthetically active ra-
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diation (PAR), temperature, atmospheric CO2 concentration, day length, and canopy

conductance using a form of the Farquhar scheme (Farquhar et al., 1980; Collatz et al.,

1992) with canopy-level optimised nitrogen allocation (Haxeltine and Prentice, 1996a) and

an empirical convective boundary layer (Monteith, 1995) to couple the C and H2O cycles.

Soil hydrology is simulated using two soil layers (Haxeltine and Prentice, 1996b).

Annual net primary production (NPP) is allocated to the four C pools (leaves, sap-

wood, heartwood, and fine-roots) of each PFT population on the basis of allometric rela-

tionships linking height, diameter and the leaf-area to sapwood-area ratio to the size of

these pools (Shinozaki et al., 1964a; Huang et al., 1992). Litter fall from vegetation enters

separate above- and below-ground litter pools, which in turn provide input to a fast and a

slow decomposing soil C pool. Decomposition rates of soil and below-ground litter organic

C depend on soil temperature (Lloyd and Taylor, 1994) and soil moisture (Foley, 1995).

Fire fluxes are calculated based on litter moisture content, a fuel-load threshold, and PFT-

specific fire resistances (Thonicke et al., 2001). Vegetation dynamics are modelled based

on light competition, resource stress mortality, fire disturbance, re-establishment rates,

and a set of temperature-related limits to survival or establishment (Sitch et al., 2003).

Monthly net ecosystem C exchange (NEE ), which represents the C balance at a point

scale, is the difference between predicted heterotrophic respiration (Rh) and NPP for each

grid cell, i.e.

NEE = Rh − NPP (2.1)

where negative fluxes denote a net C flux from the atmosphere to the terrestrial biosphere.

Annual land-atmosphere flux (the so called net biome exchange, NBE ), which represents

the landscape-scale C balance, is calculated as the sum of the monthly NEE s over the

year plus annual C lost from biomass burning for each grid cell, i.e.

NBE = NEE + BiomassBurning (2.2)

This study uses the LPJ-DGVM version as described in Sitch et al. (2003), with mod-

ifications by Gerten et al. (2004), and the dark respiration formulation as in Haxeltine

and Prentice (1996b). In order to ensure comparability with previous studies using LPJ-

DGVM, including Cramer et al. (2001), stochastic disaggregation of monthly precipitation

to daily values, as implemented by Gerten et al. (2004), was not applied in the present

study. Instead, precipitation data were – like the other climate variables – interpolated

linearly to daily values.

2.2.2 Parameter values and sampling procedure

Estimates of the ranges of 36 model parameters were, where possible, obtained from an

extensive search of the ecological literature to provide a comprehensive overview of the

parameter uncertainty (Table 2.1). For all parameters except leaf longevity the probabil-

ity density function (PDF) was assumed to be uniform. For leaf longevity a triangular
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distribution was chosen based on data presented by Reich et al. (1992). Following Sitch

et al. (2003), root turnover time was assumed to be inversely related to leaf longevity.

The choice of the parameter-PDF does not influence the ranking of individual parameters

in terms of their importance, but could affect the PDF of the modelled output variables.

In the case of parameters for which values differ between the different PFTs (i.e. for

aleaf , gmin, intloss, rmaint, rfire, and me, see Table 2.1), proportional differences between

the PFT-specific values were conserved when the overall level was adjusted.

Latin hypercube sampling (McKay et al., 1979, see Appendix 2.6) was employed to

generate a stratified sample of random sets of parameter values. Unless otherwise stated,

parameters were assumed not to be correlated. The stability of the results obtained with

LHS needs to be tested for each application (Helton and Davis, 2000). LHS samples

with differing sample sizes (n=30-10000) were generated to assess, for a representative

set of cells and for each model output variable, the degree of convergence to a stable

PDF. Three independently-generated LHS samples with n=1000 were also produced to

assess the stability of the PDFs obtained using different random number sequences. These

analyses indicated that for 36 (14) parameters under consideration, a sample size of 1000

(400) sets was sufficient to generate, for each model output variable, a reliable estimate

of the mean, standard deviation, 90% confidence interval, and ranking of the parameter

importance (results not shown). The choice of the random number seed required to create

LHS samples had only a very minor influence on the results.

2.2.3 Data-sets

Fields of mean temperature, precipitation and cloudiness (1901-2000) were taken from

the CRU2000 monthly climate dataset on a 0.5◦ x 0.5◦ global grid, provided by the Cli-

mate Research Unit (CRU, Mitchell et al., 2004). Data on the annual CO2 content of

the atmosphere were obtained from Keeling and Whorf (2003). Time-series of monthly

temperature, precipitation and PAR were obtained for six sites of the EUROFLUX net-

work, i.e. those for which more than 3 years’ measurements were available (Valentini

et al., 2000a). Soil texture data were based on the FAO soil data set (FAO, 1991; Zobler,

1986; Haxeltine and Prentice, 1996b). The response of the terrestrial biosphere to cli-

mate change was simulated using monthly climate data (1861-2100) on a 3.75◦ x 2.5◦

grid, derived from HadCM2-SUL (Mitchell et al., 1995; Johns et al., 1997) forced by CO2

concentrations corresponding to the IPCC IS92a scenario (Houghton et al., 1992), as used

in Cramer et al. (2001).

An assessment of the uncertainty in model results requires some understanding of the

typical variation of the considered variables in reality. Spatially referenced data useable

for the evaluation of global vegetation models are still very sparse (Cramer et al., 1999;

Scurlock et al., 1999). We evaluated model performance against NPP data from the

Ecosystem Model Data Inter-comparison project (EMDI) for 81 sites from the class A

data set (Olson et al., 2001) that include measurements for all major biomes. Seasonality
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Tab. 2.1: Key LPJ-DGVM parameters: Standard value, literature range, parameter description and literature sources. Equation numbers refer to the
equations in Sitch et al. (2003). For parameters, for which no literature source is given, value ranges were estimated. Nomenclature of the
plant functional types (PFTs): TrBE: tropical broadleaved evergreen, TrBR: tropical broadleaved rain green, TeNE: temperate needle-leaved
evergreen, TeBE: temperate broadleaved evergreen, TeBS: temperate broadleaved summer green, BNE: boreal needle-leaved evergreen, BNS:
boreal needle-leaved summer green, BBS: boreal broadleaved summer green, TeH: temperate herbaceous, TrH: tropical herbaceous. Parameters
marked with ∗ belong to the reduced set of 14 parameters (see Section 2.2.4).

Parameter
Standard

value
Minimum

value
Maximum

value
Description Reference

Photosynthesis θ∗ 0.7 0.2 0.996 Co-limitation shape paramter; eq. 14 Leverenz (1988); Collatz et al. (1990)
kbeer

∗ 0.5 0.4 0.7 Extinction coefficient; eq. 7 Larcher (1995)
αa

∗ 0.4 0.3 0.7 Scaling parameter (leaf to canopy) Haxeltine and Prentice (1996a)
λmax,C3 0.8 0.6 0.8 Optimal ci/ca for C3 plants (all PFTs except

TrH)
Haxeltine and Prentice (1996a)

αC3
∗ 0.08 0.02 0.125 Intrinsic quantum efficiency of CO2 uptake in

C3 plants
c.f. Hallgren and Pitman (2000)

aC3
∗ 0.015 0.01 0.021 Leaf respiration as a fraction of Rubisco ca-

pacity in C3 plants
estimated from Farquhar et al. (1980)

λmax,C4 0.4 0.31 0.4 Optimal ci/ca for TrH Collatz et al. (1992)
αC4 0.053 0.3 0.054 Intrinsic quantum efficiency of CO2 uptake in

C4 plants Ehleringer and Bjorkman (1977); Collatz
et al. (1992)

aC4 0.035 0.0205 0.0495 Leaf respiration as a fraction of Rubisco ca-
pacity in C4 plants

Collatz et al. (1992)

Respiration rmaint 0.0495
(0.008)

0.066
(0.011)

0.0825
(0.013)

Tissue respiration rate at 10◦C
(gC gN−1 d−1) (value for TrBE TrBR);
eq. 22

Sprugel et al. (1996)

rgrowth
∗ 0.25 0.15 0.4 Growth respiration per unit NPP ; eq. 25 Sprugel et al. (1996)

ea 308.56 275 325 Activation energy for respiration; eq. 23 estimated from Lloyd and Taylor (1994)

Hydrology z1 0.667 0.5 0.9 fraction of fine roots in upper soil layer (trees) Jackson et al. (1996)
Emax 5.0 2.4 6.2 Maximum daily transpiration rate (mm d−1) Steward and Gay (1989); Whitehead et al. (1993)
gm

∗ 5.0 2.5 18.5 Maximum canopy conductance analogue
(mm d−1)

Magnani et al. (1998)
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Tab. 2.1: Continued.

Parameter
Standard

value
Minimum

value
Maximum

value
Description Reference

Hydrology gmin 0.3/0.5 0.22/0.42 0.38/0.58 Minimum canopy conductance (mm d−1) Körner (1994)
αm 1.4 1.1 1.5 Emperical evapotranspiration parameter Monteith (1995)
lossint 0.2/0.6 0.15/0.45 0.25/0.75 Interception loss parameter (herbaceous/tree

PFTs)
Kergoat (1998)

Allometry kallom1 100 75 125 crownarea=kallom1*height**krp; eq.4
kallom2 40 30 50 height=kallom2*diameter**kallom3; eq.3 Huang et al. (1992)
kallom3 0.5 0.5 0.8 height=kallom2*diameter**kallom3; eq.3 Huang et al. (1992)
kla:sa

∗ 8000 2000 8000 leaf-to-sapwood area ratio; eq. 1 Waring et al. (1982)
krp 1.6 1.33 1.6 crownarea=kallom1*height**krp; eq.4 Zeide (1993); Enquist and Niklas (2002)
CAmax 15.0 7.5 30 Maximum woody PFT crown area

Vegetation
dynamics

kmort1
∗ 0.01 0.005 0.1 Asymptotic maximum mortality rate (yr−1);

eq. 32
kmort2 35 20 50 growth efficiency mortality scalar; eq. 32
estmax

∗ 0.24 0.05 0.48 Maximum sapling establishment rate
(m−2 yr−1); eq. 41

Fire dynamics rfire 0.12/0.5/1.0 -10% +10% Fire resistance Tree PFTs / TrBR,TeBE /
herbaceous

me 0.3 (0.2) 0.0225
(0.15)

0.375
(0.25)

Litter moisture of extinction (herbaceous
PFTs)

fuelmin 0.2 0.01 0.4 Minimum fuel load for fire spread

PFT character-
istics

fsapwood
∗ 0.05 0.01 0.2 sapwood turnover rate (yr−1) Bartelink (1998)

aleaf 0.5/1.0/2.0 0.11 8.0 leaf longevity (yr) (herbaceous and decidu-
ous/broadleaved evergreen/needleaved PFTs

Reich et al. (1992)

denswood 200 180 220 specific wood density (kgC m−3)

Soil organic τlitter
∗ 2.85 1.23 5.26 litter turnover time at 10◦C Meentemeyer (1978)

matter pools fair
∗ 0.7 0.5 0.9 fraction of the decomposed litter emitted as

CO2 to the atmosphere
Jenkinson (1990)

finter
∗ 0.985 0.85 0.99 fraction of soil-bound decomposed litter en-

tering the intermediate soil pool
Foley (1995)
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Section
Number of

Parameters

Number of

LHS-samples

Spatial coverage

and resolution
Output Variable

2.3.1 36 1000 81 EMDI class A sites (R)PCC for several

model output variables

2.3.2 14 400a,b,c global 3.25◦ × 2.5◦

HadCM2-SUL

A, NPP, vegetation C

2.3.3 14 400c 81 EMDI class A sites NPP

2.3.3 14 400c 6 EUROFLUX sites NEE d

2.3.3 14 400c global 3.0◦ × 3.0◦

CRU2000

seasonal cycle of CO2
e

2.3.3

2.3.4

14 400c global 3.25◦ × 2.5◦

HadCM2-SUL

NBE, ecosystem C pools,

vegetation structure

a 400 LHS samples for 14 completely uncorrelated parameters.
b 400 LHS samples as above, but with correlation between αC3 and αa (R2: 0.8), as well as αC3 and

kbeer (R2: 0.7).
c 400 LHS samples as in b, used for the calculation of RPCCs, however, for all figures, and output

variable ranges, only those of the 400 runs were used that conformed to the benchmarks in Section 2.3.2.
d simulations without fire.
e using TM2 for atmospheric transport.

Tab. 2.2: Overview over the experimental setup used in this study, as described in Section 2.2.4.

of net C fluxes was compared to (a) point-scale measurements of NEE obtained with eddy-

covariance techniques at six sites of the EUROFLUX network (Valentini et al., 2000a) and

(b) the seasonal cycle of CO2 observed at 27 monitoring stations from a program of the

National Oceanographic and Atmospheric Administration (GLOBALVIEW-CO2, 1999).

2.2.4 Modelling protocol

For each LHS set the model was run for a “spin-up” period of 900 years to achieve equi-

librium in terms of pre-industrial stable vegetation structure and C pools. During the

spin-up phase 30 years of varying climate from the beginning of the respective climate

dataset were repeated continuously with pre-industrial atmospheric CO2 content. The

model was thereafter driven with the transient climatology and observed atmospheric

CO2 content. Table 2.2 summarises the experimental setup of this study.

Running LPJ-DGVM several hundred times for the entire globe at 0.5◦ resolution

is computationally not feasible. In order to assess the parameter-based uncertainty on

the global scale, we attempted to identity the most important parameters contributing

to overall model uncertainty, and performed a global-scale uncertainty analysis with this

reduced set. Parameter importance for all 36 parameters was determined at a set of loca-

tions spanning all major biomes and corresponding to EMDI class A sites. 30-year average

values (1961-1990) of each model output variable were used to analyse the parameter im-

portance (Section 2.3.1). Fourteen parameters could be identified as having the greatest

influence on the ecosystem carbon cycling (Section 2.3.2 absolute ranked partial correla-

tion coefficient, |RPCC| > 0.25, see Appendix) as well as being of substantial importance

in modelling vegetation dynamics and terrestrial water balance. We chose |RPCC| = 0.25
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as a lower threshold for parameter importance because visual inspection of correlation

plots between parameter and model output did not show any notable trend for RPCCs

below this value. By using this reduced set of 14 parameters, we could reduce the numbers

of required runs to a practically attainable level of 400, while still accounting for most of

the model uncertainty.

CRU2000 monthly climate data were used to estimate 30-year average NPP (1961-

1990) for 81 EMDI sites (Section 2.3.3). Site-specific regressions between measured mete-

orology and the nearest grid cell from the CRU climatology for each of the six EUROFLUX

sites were used for the spin-up and in the transient run up to the period for which site-

specific meteorological data were available; site-specific data were used where possible

(Section 2.3.3). For consistency in the comparison to eddy-covariance measurements, fire

disturbance was not included in the simulations performed for this comparison. Site his-

tory may influence the magnitude and sign of the annual C exchange (Thornton et al.,

2002), but we did not find any notable effect on the modelled seasonal cycle (Stephen

Sitch, unpublished results), consistent with recent findings from flux measurements (Ko-

lari et al., 2004). Global fields of averaged and detrended monthly NEE for the period

1983-1992 were obtained using CRU2000 monthly climatology aggregated to 3.0◦ × 3.0◦

resolution (Section 2.3.3). This is the highest resolution possible given the computational

constraints associated with performing 400 global simulations. These data were passed into

a reduced-form version of the atmospheric transport model TM2 (Heimann et al., 1998;

Kaminski et al., 1999a,b). Modelled seasonal cycles were compared to the global network

of atmospheric CO2 monitoring sites, following the approach of Heimann et al. (1998).

Global C cycle simulations for 1861-2100 were performed with the HadCM2-SUL climate

data at 3.75◦ × 2.5◦ resolution (Cramer et al., 2001, Sections 2.3.3 and 2.3.4). No notable

differences in terms of global A (gross primary production, GPP, minus leaf respiration,

Rl), NPP and ecosystem C pools were observed between simulations using climatologies

at 0.5◦ and 3.0◦ or climate model resolution under the standard parameterisation. Also

the seasonal cycle of CO2 at all 27 stations was very similar between simulations using

climatologies at 0.5◦ and 3.0◦ resolution.

2.2.5 Parameter constraints and global benchmarking

The parameters scaling various ecosystem processes are likely to be interdependent to a

greater or lesser extent, for example because of the existence of syndromes of structural and

functional characteristics, such as plant life history strategies. In our analyses, we varied

parameters within their literature range without assuming any interdependence. This

might cause overestimation of uncertainty, and thereby unjustifiably reduce confidence in

model results (Helton and Davis, 2000). Inverse methods have been recommended as an

approach to constrain model uncertainty and to infer parameter correlations (Kaminski

et al., 2002; Rayner et al., 2005). However, such methods are beyond the scope of this

paper.
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To limit the overestimation of uncertainty due to parameter interdependence, a simpler

approach – taking advantage of existing knowledge of the terrestrial biosphere – is to

evaluate model performance against generally agreed benchmarks of the contemporary

carbon cycle. If the model in its standard parameterisation produces output that conforms

to the benchmarks, the failure to meet the benchmarks in a particular run may be the

consequence of unrealistic or implausible combinations of particular parameters, even if

each individual parameter range may be justified based on literature values. Correlations

between these parameters can then be prescribed to avoid these combinations, while still

sampling parameter values uniformly across the each parameter range (Iman and Conover,

1982).

In our study, we identified one such set of parameters (Section 2.3.2). Expert judgment

would have allowed further exclusion of parameter combinations that produce unrealis-

tic results for particular geographical regions or biomes. In the interest of objectivity,

however, we employed the same parameter space globally. We choose to consider only

those runs, which satisfy generally agreed global benchmarks of both global production

and vegetation C for the assessment of uncertainty in other model outcomes, and in par-

ticular the uncertainty under climate change scenarios (Sections 2.3.3 and 2.3.4). Net

assimilation rate A in the range of 90-160 PgC yr−1, NPP in the range of 45-85 PgC yr−1

and vegetation C in the range of 500-1200 PgC were taken as parameter constraints. The

benchmarks were based on top-down studies of the global C cycle (Knorr and Heimann,

1995; Ciais et al., 1997a) and estimates of various process-based models of potential nat-

ural vegetation (Houghton and Skole, 1990; Post et al., 1997; Cramer et al., 1999; Gerber

et al., 2004). A similar approach has been applied in a comparable study on climate model

uncertainty (Knutti et al., 2002).

2.3 Results

2.3.1 Parameter importance

The most important parameters controlling NPP are the intrinsic quantum efficiency for

C3 plants αC3 (RPCC= 0.85), which influences the amount of energy available for GPP,

and the parameter αa (RPCC= 0.70), which primarily accounts for PAR absorbed by

non-photosynthetic structures (e.g. branches) and thus lost to canopy photosynthesis (Ta-

ble 2.3). Of secondary importance are the shape parameter θ (RPCC= 0.47), controlling

the degree of co-limitation by light and Rubisco activity in the Farquhar photosynthesis

scheme (Haxeltine and Prentice, 1996a), and the canopy light extinction coefficient, kbeer

(RPCC= -0.27), which determines the shape of the relationship between canopy leaf area

index (LAI) and the fraction of incoming PAR absorbed by the canopy. Parameters gov-

erning autotrophic respiration (Ra) have also notable, though less pronounced, effects on

annual NPP, with higher respiration rates reducing NPP (RPCC = -0.29, -0.27, -0.13, for

rgrowth, aC3, rmaint, respectively).
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Rank A NPP Rh

Biomass

burning

1 αC3 0.864 αC3 0.846 αC3 0.801 αC3 0.722

2 αa 0.733 αa 0.704 αa 0.662 αa 0.484

3 θ 0.513 θ 0.474 gm 0.467 fsapwood 0.411

4 gm 0.463 gm 0.463 θ 0.429 kmort1 -0.377

5 aC3 -0.309 rgrowth -0.297 kbeer -0.303 θ 0.311

6 kbeer -0.249 kbeer -0.270 rgrowth -0.255 kla:sa -0.250

7 λmax,C3 0.149 aC3 -0.268 aC3 -0.242 Emax 0.234

8 Emax 0.143 fsapwood 0.230 aleaf 0.201 kest -0.232

9 αm -0.127 aleaf -0.217 fsapwood -0.192 me 0.203

10 aleaf -0.089 rmaint -0.134 αm 0.112 aC3 -0.185

11 z1 -0.077 λmax,C3 0.132 rmaint -0.110 gm 0.171

12 kla:sa 0.050 Emax -0.128 λmax,C3 -0.109 rgrowth -0.157

Tab. 2.3: The twelve most important parameters in controlling net assimilation rate A, net primary
production NPP, heterotrophic respiration Rh and C loss by ecosystems through biomass
burning. The ranking was performed according to the average RPCC across all 81 grid
cells. Regionally, the importance ranking may vary, as discussed in the text. Parameters
specific to C4 plants have similar importance than the respective parameters for C3
plants locally, however, they are of minor importance globally because of the limited
geographical distribution of C4 plants.

Although these parameters have a similar effect on A and NPP worldwide, differ-

ences in parameter importance can be observed in water-limited regions as characterised

by a low ratio of actual to potential evapotranspiration. In such regions, parameters

controlling plant water balance, i.e. gm (RPCC= 0.46), Emax (RPCC= 0.13) and αm

(RPCC= -0.11) are relatively important (Fig. 2.2). Emax controls the water extraction

supply, whereas gm and αm describe the coupling of the atmospheric water demand to the

leaves. Assuming constant non-water stressed stomatal conductance, higher αm increases

the demand, whereas higher values of the canopy conductance analogue gm reduces it.

Together these parameters scale stomatal regulation and C uptake. Since stomata couple

the C and H2O cycles, the same parameters also control actual evapotranspiration and

freshwater recharge (Table 2.3). Other parameters influential in regulating the water bal-

ance are those determining photosynthetic activity, LAI and the stomatal conductance

associated with a certain assimilation rate, which in turn depends on the choice of the

optimal ratio of intercellular to ambient CO2 partial pressure, λmax,C3.

NPP determines the amount of C available for tissue production and thereby controls

C storage in vegetation (Table 2.4). The rate of conversion of sapwood to heartwood,

fsapwood (RPCC= 0.54), and the leaf to sapwood-area ratio, kla:sa (RPCC= -0.40), control

C residence times in trees, and therefore the size of the vegetation C pool. Larger fsapwood

values result in trees with proportionally less sapwood, smaller associated losses to Ra,

and proportionally more heartwood, and thus generally larger C stocks and a higher

C accumulation rate after disturbance. Larger values for kla:sa decrease the amount of
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Fig. 2.2: Parameter importance of a) αC3, b) αa, c) gm for NPP from a global simulation using 14
parameters and 400 LHS (uncorrelated) samples, measured as RPCC. αC3 and αa show
very similar spatial patterns of importance, whereas gm is most important in regions with
seasonal water limitation.

C required for leaves and their associated transport tissue (“pipe-model”), and thereby

enhance LAI (RPCC=0.60), light interception and NPP. At the same time, increased C

storage in leaves in connection with larger kla:sa values lead to reduced C accumulation

as wood. Vegetation dynamics processes are the third major control on vegetation C.

Higher disturbance rates (higher maximum mortality, kmort1, RPCC= -0.46) and higher

establishment rates estmax (RPCC= -0.32) lead to younger average vegetation, with less

C stored.

Soil C stocks are controlled by finter and fslow (RPCC= -0.81, -0.80), which together

determine the mean residual time of C as SOM. Parameters governing litter fall are al-

most as important (αC3 RPCC= 0.75, αa RPCC= 0.58). Notably, uncertainty in τlitter

has very little influence on overall SOM stock, as litter C very quickly comes to equilib-

rium with annual litter fall, and the size of the litter pool, though controlled by τlitter,

is small compared to overall soil C stocks. Fire frequency is influenced by parameters

regulating fuel load (vegetation and litter C), and fire susceptibility, e.g. the moisture

threshold for fire extinction (me: RPCC= 0.48). Dryness of the litter layer – a third impor-

tant factor – depends on parameters governing the root water uptake (z1: RPCC= 0.43;

Emax: RPCC= 0.35), and plant water use (gm: RPCC= -0.34), as in the model soil

moisture in the top layer is taken as a surrogate for litter moisture. The C flux from

biomass burning depends very strongly on the vegetation C pool (fsapwood: RPCC= 0.41;
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Rank Vegetation C Litter C
Intermediate

Soil C
Slow Soil C

1 αC3 0.607 αC3 0.791 fair -0.837 finter -0.873

2 fsapwood 0.536 τlitter 0.742 αC3 0.783 fair -0.720

3 kmort1 -0.459 αa 0.593 αa 0.691 αC3 0.657

4 kla:sa -0.398 θ 0.405 θ 0.392 αa 0.473

5 gm 0.379 gm 0.397 gm 0.298 θ 0.289

6 αa 0.370 fsapwood 0.321 kbeer -0.244 gm 0.270

7 estmax -0.318 rgrowth -0.252 rgrowth -0.205 kbeer -0.188

8 θ 0.257 aC3 -0.224 aC3 -0.200 aC3 -0.153

9 kmort2 0.186 aleaf -0.193 aleaf -0.177 rgrowth -0.149

10 kallom2 0.171 Emax 0.149 finter 0.160 λmax,C3 0.133

11 z1 -0.149 kbeer -0.146 λmax,C3 0.159 Emax 0.123

12 aC3 -0.143 rmaint -0.121 Emax 0.140 aleaf -0.106

Tab. 2.4: The twelve most important parameters in controlling vegetation, litter and soil C pools
(soil C partitioned into pools with intermediate and slow turnover times). The ranking
was performed according to the average RPCC across all 81 grid cells.

kmort1: PRCC= -0.38; Table 2.3a).

Since LPJ-DGVM is spun up to equilibrium in terms of its pre-industrial C pools, the

annual C release from Rh and biomass burning must balance annual C inputs from NPP,

averaged over the final few years of the spin-up. The size of the different C pools, their

average turnover time and their C inputs are then in balance. Despite large uncertainty

in vegetation and soil C pools, Rh is thus strongly controlled by parameters regulating

NPP (Table 2.3). With increased productivity, an ecosystem exhibits a larger seasonal

amplitude of NEE as a consequence of greater C uptake in summer and greater C release

in winter associated with larger ecosystem C stocks, in effect amplifying the differen-

tial responses of NPP and Rh to seasonal variations in climate. Most of the remaining

uncertainty in the seasonal cycle of NEE is associated with the sensitivity of photosyn-

thesis to water stress (Fig. 2.5 inset). A set of model parameters that describes high

non-water-stressed stomatal conductance (a result of high potential daily GPP), with a

well-coupled canopy-atmosphere system (high αm and low gm, and low water uptake rates

Emax), increases the sensitivity of actual stomatal conductance, and thus actual GPP, to

plant water stress. Particularly in water-limited environments and/or dry conditions, this

higher sensitivity increases the effect of summer drought on stomatal conductance, and

thus reduces NPP. Rh is less sensitive to seasonal variations in soil moisture, due to its

direct dependence on the size of the litter and soil C pools, which varies comparatively

little between seasons. Thereby NPP is the main source of uncertainty in magnitude and

interannual variations of modelled NEE.

Most of the variation in vegetation composition, expressed as foliar projective cover

(FPC) of individual PFTs, can be explained by (a) factors that control the competitive

balance between dominant and subdominant PFTs for a given climate and pedographic
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Parameter
Dominant

PFT

Subdominant

PFT

Herbaceous

PFT

Vegetation

Dynamics kmort1 -0.398 0.185 0.201

kmort2 0.107 -0.011 -0.104

estmax 0.278 -0.183 -0.073

Allometry

kallom1 0.138 -0.083 -0.091

kallom3 0.154 0.008 -0.121

kla:sa 0.073 0.017 -0.083

krp -0.207 0.016 0.156

CAmax 0.081 -0.035 -0.006

Photosynthesis

θ 0.073 0.075 -0.131

kbeer 0.013 0.143 -0.806

αa 0.102 0.139 -0.281

αC3 0.256 0.278 -0.455

Autotrophic

Respiration rmaint -0.164 0.135 0.054

rgrowth 0.042 -0.124 0.081

Tab. 2.5: Parameter importance (RPCC) for the foliage projective cover (FPC) of PFTs in grid
cells that are tree-dominated biomes under the standard model configuration.

setting; and (b) factors influencing the competitive strength of a specific plant functional

trait (Table 2.5). Generally, parameters determining ecosystem level productivity and key

vegetation dynamics parameters appear to have the greatest influence on the vegetation

structure. Water balance and stand structure related parameters are of lesser importance,

except under arid conditions in which Savanna type ecosystems prevail. This is a result

of changes in the delicate balance between water demand and supply. In general, forest

ecosystems are favoured by higher maximum soil water extraction rates, Emax, and higher

gm, since a less coupled canopy-atmosphere system mitigates the effect of high atmo-

spheric water demand on plant transpiration. Parameter combinations describing stable

vegetation dynamics (lower maximum mortality, stronger effect of growth efficiency on

mortality, and higher re-establishment rate) tend to increase the FPC of the dominating

PFT. A faster rate of canopy closure, resulting from higher kallom1, kallom3, and a lower

self-thinning coefficient krp also favour the dominant PFT, with the strongest effect on

the herbaceous understorey. The predominant influence on the FPC of herbaceous PFTs

is exerted by the canopy light extinction coefficient, kbeer, with reduced PAR within the

canopy increasing the available radiation at the forest floor and tipping the competitive

balance towards the herbaceous PFTs. The response of FPC to kbeer is highly non-linear

(PRCC= -0.81; PCC= -0.41), as the canopy light extinction, and thus PAR-utilisation,

follow the Lambert-Beer law.
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Fig. 2.3: Parameter combinations of αC3 and αa that result in simulated global A and NPP either
above (+), inside (o), or below (¥) the global benchmarks of 90-160 and 45-85 PgC yr−1

for (A) and (NPP), respectively, as discussed in Section 2.2.5. The grey area shows
approximately the parameter space included in the correlation introduced in Section 2.3.2.
Note that some variation in A and NPP also results from other co-varying parameters.

2.3.2 Constraints to the parameter space

Of the 36 parameters in Table 2.1, 14 parameters are identified as having a dominant

influence on the terrestrial carbon cycling (|RPCC| > 0.25, see Section 2.2.4; marked in

Table 2.1 with *). Global simulations using the reduced set of parameters result in an

uncertainty range in global NPP – for one model – of 29.8 to 133.3 PgC yr−1, spanning

the complete range of NPP estimates reported from an earlier model inter-comparison

(44.4 - 66.3 PgC yr−1, Cramer et al., 1999), and exceeding the variable constraints set in

Section 2.2.5. Uncertainty in global A and NPP mainly results from uncertainty in αC3,

αa, and kbeer, and in particular from the consequences of extreme combinations of these

parameters for light-use efficiency (Fig. 2.3). By prescribing correlations between these

parameters, while still sampling parameter values uniformly across the total parameter

range, as described in Section 2.5, implausible combinations are avoided, and uncertainty

in modelled NPP substantially reduced (43.1 to 103.3 PgC yr−1). Similar reductions were

achieved for A (without parameter correlation: 51.5 to 224.1, with parameter correlation:

71.9 to 172.6 PgC yr−1).

The set of parameter combinations is further reduced by excluding runs in subsequent

analyses that do not conform to global benchmarks on the contemporary carbon cycle (see

Section 2.2.5). 73% of the 400 simulations satisfied the global constraints for A or NPP,

whereas only 41% satisfy the constraint on vegetation C. Only 28% out of the 400 runs

satisfy the benchmarks for both global production and vegetation C. Most of the runs

excluded have extreme parameter combinations of either αC3 versus gm or fsapwood and

kmort1 versus kla:sa. The first case is associated with low quantum efficiency combined with

high water stress, leading to low C uptake. The second is tied to unrealistic vegetation
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Fig. 2.4: a) Average annual NPP [kgC m−2 yr−1] for various biomes for 1961-1990, and its
parameter-based uncertainty range (see Table 2.1 for biome definitions). Correlation of
annual NPP [kgC m−2 yr−1] between b) LPJ-DGVM (standard parameterisation, LPJ-
S) and EMDI NPP -data (EMDI), for sites at which modelled and observed vegetation
type are in agreement (R2=0.28); and c) LPJ-DGVM under standard parameterisation
(LPJ-S) and the median of the uncertainty experiment (LPJ-U, R2=0.92).

dynamics in regions with stable growing conditions for forests (e.g. Amazonia and tropical

Africa) for very low kla:sa in combination with low kmort1 and high fsapwood.

2.3.3 Parameter-based uncertainty in modelling the present-day carbon

cycle

Local scale annual net primary production

NPP estimates of LPJ-DGVM are in rather modest agreement with the NPP data from the

EMDI dataset. However, the fit is comparable to the fit observed with other terrestrial eco-

system models (EMDI, 2003, unpublished data, Fig. 2.4a). In principle, parameter-based

uncertainty suffices to explain the difference observed between modelled and measured

NPP for most sites (Fig. 2.4b). The results of running LPJ-DGVM with its standard para-

meterisation agree very well with the median of the uncertainty experiment (Fig. 2.4c).

Sources of disagreement between model and data, apart from parameter-based model un-

certainty, include the intrinsic difference between site measurements and values applicable

at larger (e.g. regional, biome, global) scales, taking account of variation in climate,

pedography, topography, land management etc. at intermediate scales. In addition, un-

certainty arises from the measurements themselves, in particular from the assumptions

made to estimate below-ground C allocation (Clark et al., 2001). Previously, the utility of

field measurements to evaluate the performance of TBMs has been questioned based on

the observation that – as in this study – the NPP data-set did not show any particular
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Site Location RMSE R2

Loobos (52.1◦N, 5.4◦E) 35 (32-41) 0.68 (0.66-0.70)

Sarrebourg (48.4◦N, 7.5◦E) 54 (45-65) 0.77 (0.65-0.81)

Sorø (55.3◦N, 11.4◦E) 31 (24-41) 0.87 (0.78-0.89)

Bayreuth (50.1◦N, 11.5◦E) 25 (20-40) 0.65 (0.57-0.70)

Tharandt (50.6◦N, 13.3◦E) 56 (53-62) 0.72 (0.68-0.73)

Hyytiäla (61.5◦N, 24.2◦E) 27 (25-32) 0.75 (0.70-0.80)

Tab. 2.6: Root mean square error [RMSE, gC m−2 month−1] and coefficient of determination (R2)
between measured and modelled monthly NEE for the period 1996-2000 for six eddy-
covariance sites. Measured monthly fluxes are obtained from Valentini et al. (2000b).

sensitivity to annual precipitation (Knorr and Heimann, 2001a). The explanation for this

may lie in differences in the period of NPP sampling and climate measurements.

Seasonal cycle of net ecosystem exchange

Simulated NEE of the median of the sensitivity experiment and the standard parameter-

isation agree reasonably well with the seasonal phasing and amplitude observed at the six

eddy covariance sites considered (Fig. 2.5, Table 2.6). Generally, the seasonal cycle is

well captured by all simulations of the uncertainty experiment, compared to the standard

run. The uncertainty range of NEE is considerably smaller than the uncertainty range

of modelled NPP. For Sorø and Sarrebourg the simulations agree well on the seasonality;

however, peak C uptake in summer is consistently underestimated by the simulations. Si-

mulated net C uptake is consistently too low in Tharandt, whereas the seasonality matches

the measurements reasonably well.

The root mean square error (RMSE, see Appendix 2.6; Table 2.6) between the flux

measurements and simulations is most influenced by αC3, αa and rgrowth for Loobos,

Sarrebourg, Sorø and Bayreuth, since these govern the amplitude of the seasonal cycle.

However, the effect is the opposite for Sarrebourg/Sorø, where LPJ-DGVM underestimates

the seasonal cycle, compared with Bayreuth/Loobos, where peak C uptake is well matched.

Variation of gm can, as noted earlier, lead to considerable uncertainty in monthly NEE,

most pronounced in an exceptionally dry summer for Hyytiäla (Fig. 2.5 inset). The

effect of parameters on the modelled error varies between the measurements sites, both in

terms of their average importance and ranking, as well as the seasonal cycle of parameter

importance.

LPJ-DGVM is capable of simulating the dominant features of the seasonal cycle of CO2

as measured at the global network of atmospheric CO2 monitoring stations (Fig. 2.6).

The normalised mean square deviation (NMSD, see Appendix 2.6) between model and

measurements considering all 27 stations is only slightly larger than the deviation observed

with six TBMs, including a previous model, BIOME-2, related to LPJ-DGVM (Heimann
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Fig. 2.5: Simulated and observed net ecosystem exchange [NEE, kgC m−2 month−1] for 1996-2000
at six eddy-covariance sites of the EUROFLUX network. Observed monthly fluxes are
obtained from Valentini et al. (2000b). Inset: Effect of gm on modelled monthly NEE
at Hyytiäla, June 1999.

et al., 1998). The range of NMSD obtained from the uncertainty experiment is of similar

magnitude when pooled into three latitudinal categories (Table 2.7). The strong influence

of the terrestrial biosphere on the seasonal cycle at northern high-latitude stations is

reflected in a relatively high uncertainty in the modelled seasonal cycle of CO2. The
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All stations
Northern Stations

(>25◦N)

Tropical Stations

(25◦N - 30◦S)

Southern Stations

(>30◦S)

NMSD

median 13.1 17.6 10.0 7.6

min 1.5 5.0 1.2 1.1

max 38.8 35.9 40.6 39.7

RPCC

gm 0.78 -0.02 0.78 0.89

αC3 -0.50 -0.63 -0.63 0.53

τlitter -0.44 -0.34 -0.42 -0.34

αa -0.36 -0.48 -0.55 0.35

θ -0.30 -0.50 -0.36 0.45

rgrowth 0.23 0.44 0.31 -0.37

Tab. 2.7: Normalised mean standard deviation (NMSD) between measured and modelled mean
seasonal cycle of CO2 at 27 stations from the GLOBALVIEW network, pooled into
northern stations (12), tropical stations (9) and southern stations (6); and parameter
importance determining NMSD, measured as average RPCC over all the stations within
a specific group.
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Fig. 2.6: Average seasonal cycle of CO2 at the Alert, Ragged Point and Christmas Island sta-
tions for 1983-1992. Data points are observed concentrations from Conway et al. (1994).
Months 1-6 are repeated for clearer visualisation.

consistent too early draw down and recovery of CO2 for these stations, which was already

apparent in a predecessor model to LPJ-DGVM, BIOME-2 (Heimann et al., 1998), cannot

be related to uncertainty in the parameters examined, and thus appears to be a robust

model feature. Likely causes are the effect of snow cover on soil thermodynamics and

hence rates of Rh (McGuire et al., 2000) and the delayed onset of the growing season

associated with snow cover and frozen soils.
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1980s 1990s

standard median (90% conf.) standard median (90% conf.)

A 111.6 109.0 (89.9 - 143.7) 114.8 112.5 (92.8 - 148.8)

NPP 61.9 60.8 (48.9 - 78.1) 63.3 62.7 (50.5 - 80.1)

Rh 55.1 54.3 (42.8 - 70.6) 56.7 56.0 (44.9 - 72.5)

Biomass burning 5.5 5.1 (3.0 - 7.5) 5.4 5.1 (3.0 - 7.4)

NBE -1.5 -1.5 (-0.4 - -2.4) -1.7 -1.7 (-0.4 - -3.3)

Vegetation C 995 902 (556 - 1151) 1004 912 (566 - 1157)

SOM 1441 2323 (877 - 5181) 1450 2329 (884 - 5191)

Annual AET 37.9 34.1 (26.2 - 45.0) 37.4 33.8 (26.0 - 44.7)

Annual runoff 36.0 45.0 (34.7 - 55.1) 35.6 44.6 (34.2 - 54.5)

Tab. 2.8: Standard results, median and 90% confidence interval of present-day global C fluxes
[PgC yr−1], terrestrial C storage [PgC] and H2O fluxes [1012 m3 yr−1].

Parameters governing plant C uptake generally play an important role

(αC3: RPCC=-0.50; αa: RPCC= -0.36) in determining NMSD. In particular, higher

values for αC3 and αa increase the agreement between model and observations at the

northernmost stations, mainly because of increased summer draw down of CO2 concentra-

tions by ecosystems. Of the parameters controlling vegetation and SOM dynamics only

τlitter appears to be important globally (PRCC= -0.43), with increasing litter residence

time amplifying the seasonal cycle at all stations. A marked reduction in global average

NMSD is apparent for low values of gm (RPCC= 0.77). However, this reduction is mainly

associated with tropical and southern stations, which have a low amplitude and little mod-

elled uncertainty in the seasonal cycle of CO2, so that the reduced absolute model error is

rather small. Notably we did not find a significant relationship between the overall model

performance with respect to the CO2 network and predicted biosphere properties such as

global A and NPP.

Contemporary terrestrial biosphere dynamics

Parameter-based uncertainty in present-day vegetation composition is typically within

±12.5% of the median FPC (90% confidence) for tropical and temperate tree PFTs, with

a larger range for boreal (±15%) and particularly herbaceous PFTs (±21.5%). Global

vegetation maps of the distribution of evergreen, deciduous, and mixed forests, grasslands

and deserts show good agreement (average κ=0.74, Prentice et al., 1992) with the median

vegetation composition. Global A and NPP under the standard parameterisation and the

respective median estimates from the uncertainty experiment are within 10% of the most

plausible estimates of global A and NPP from observations (Table 2.8). Estimates of C lost

from biomass burning are of a similar magnitude to the 4.3 PgC yr−1 (±50%) estimated

from observations by Andreae and Merlet (2001). Mean annual global land-atmosphere

fluxes for the 1980s and 1990s are estimated at -1.48 (-0.37 to -2.43) and -1.71 (-0.37 to
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-3.25) PgC yr−1, respectively.

Fig. 2.7 shows the spread of NBE estimates with and without the constraints discussed

in Section 2.2.5. Median estimates of annual NBE are within ±0.1 PgC yr−1 for the period

in 1981-2000; the unconstrained median is in the direction of a stronger C uptake. The

larger spread without the constraints results mainly from parameter combinations affecting

present-day A and NPP, whereas vegetation C contributes only little to the uncertainty

in present-day NBE, except for some outliers. The response of A and NPP to observed

climate and CO2 changes relative to present-day A and NPP is comparable between all

runs. This means that, in absolute terms, the response is amplified by larger values of A

and NPP. As a consequence, 68% and 54% of the variance in the increase in magnitude

of NBE are explained by present-day A and NPP, respectively, using linear regression

without the constraints. Uncertainty in global A accounts for only 22% of the uncertainty

in the contemporary C uptake for the constrained case.

The range of NBE estimated in this study may be compared to -0.6 to -3.0 PgC yr−1

(1990s) among six DGVMs (including LPJ-DGVM) obtained by Cramer et al. (2001) using

the same driving data. Model based NBE estimates of the 1980s range between -1.1 and

-2.3 PgC yr−1 among four TBMs (likewise including LPJ-DGVM, McGuire et al., 2001).

The “residual terrestrial sink”, as inferred from the global C budget, which also accounts

for effects on vegetation that are not modelled by LPJ-DGVM such as nitrogen deposition

and tropospheric ozone, has been estimated -0.3 to -4.0 PgC yr−1 (1980s) or -1.6 to -

4.8 PgC yr−1 (1990s, House et al., 2003). In the absence of any land-use change that

could alter the terrestrial C balance due to deforestation or forest regrowth, the modelled

present-day land C uptake is located in roughly equal strength in the tropics (between

20◦S and 5◦N) and the northern extra tropics, with a particularly strong uptake above

40◦N (Fig. 2.8), which is consistent with earlier findings (Kicklighter et al., 1999).
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Fig. 2.8: Average annual NBE for 5◦ latitudinal bands [PgC yr−1] in 1991-2000, 2041-2050 and
2091-2100 under the IS92a HadCM2-SUL climate change scenario.

2.3.4 Model projections to 2100

The increases in A and NPP under the climate change scenario from HadCM2-SUL, forced

with the IS92a emissions scenario, are a robust model feature, and are driven by the contin-

uous increase in atmospheric CO2 as well as CO2 induced increases in water-use efficiency

(Fig. 2.9). Despite the uncertainty in A, NPP, vegetation distribution and modelled water

stress (allowed for by varying the parameter gm over a wide range), projected changes in

water-use efficiency are robust model results in the sense that alternative parameter values

do not change the direction of this important process response. As a result of the rise in

A, global NBE increases in magnitude by the 2050s to -4.85 (-3.34 to -6.58) PgC yr−1, but

then decreases to -3.36 (-1.84 to -4.80) PgC yr−1 by the end of the 21st century (Fig. 2.10a).

This decline is a consequence of the levelling off of C uptake in vegetation and the decline

in soil C uptake with land-atmosphere fluxes of around -2.51 (-1.63 to -3.38) PgC yr−1

(Fig. 2.10b) and -0.75 (-0.01 to -1.88) PgC yr−1 (Fig 2.10c), respectively, towards the

end of the 21st century. These trends are relatively robust on a long time-scale (50-years;

average R2 with linear regression: 0.98), and in reasonable agreement with previously

published LPJ-DGVM results (Cramer et al., 2001). Most of the deviation among the

suite of runs in this study occurs in the last two decades of the 21st century, where some
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Fig. 2.9: Change in a) A, b) NPP and c) water-use efficiency between the periods 1991-2000 and
2091-2100 under the IS92a HadCM2-SUL climate change scenario, expressed as Prediction
Index (PI, see Appendix 2.6), i.e. mean change / standard deviation of change from the
uncertainty experiment. |PI|>2 indicates a robust model result. Typically, trends have
similar directions for much smaller values of |PI|.

simulations show a stagnation of the biospheric C uptake, whereas others exhibit a strong

decrease, mainly as result of C losses from soil. Decadal and inter-annual variations are

less well constrained (average R2= 0.88 / 0.86 for decadal and inter-annual variability,

respectively), but still reasonably similar to the median of the uncertainty experiment.

Parameters governing present-day plant C uptake (αC3, aC3, θ) exert some influence

on the rate of increase in A and NPP, but have only little impact on the rate of vegetation

C build-up, which are much more strongly controlled by vegetation dynamics (0.67%

explained variance with ANalysis of VAriance, ANOVA, for the parameters kmort1 and

kest). Global SOM C uptake at the end of the 21st century, by contrast, is influenced to a

similar extent by parameters controlling present-day NPP (0.45% explained variance by

αC3, αa, θ and rgrowth) and parameters governing vegetation and SOM dynamics (0.40%

explained variance by finter, τlitter and kest).

Projected NBE at the end of the 21st century shows distinct regional patterns, however,

the changes compared to present-day NBE are not as robust as modelled changes in A and

NPP. The latitudinal breakdown of the development of NBE over the 21st century shows

that the rise in atmospheric CO2 increases C storage in both the tropics and the northern

extra tropics up to 2050 (Fig. 2.8). Thereafter climate change substantially weakens the

capacity of ecosystems to sequester C in the tropics and southern mid-latitudes by the end

of the 21st century, in agreement with the results of Cramer et al. (2001). This effect can
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Fig. 2.10: Global land-atmosphere flux [10-year running average, PgC yr−1] under the IS92a
HadCM2-SUL climate change scenario: a) NBE of the terrestrial biosphere, b) C ex-
change of the vegetation, c) C exchange of SOM pools. Negative values indicate C
storage in the respective pool, whereas positive values denote release to the atmosphere.

be attributed to a strong decline in precipitation over the tropics, a particular feature of

the climate scenario used in this study. In the northern extra tropics, where the strongest

climate change is simulated under this scenario, C sequestration is still substantial by the

end of the 21st century, but there is considerable uncertainty associated equally with soil

and vegetation processes.

Despite the large range of uncertainty in modelled water-stress (a result of varying

gm over a wide range) the expansion of savanna into arid grasslands of the tropics is

common to all simulations (Fig. 2.11a). All simulations show an expansion of high latitude

forests as well as an increased deciduousness of temperate and southern boreal forests

(Fig. 2.11b,c). The greater part of the vegetation C sink is located in this area, and its
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Fig. 2.11: Change in foliage projective coverage between 2000 and 2100 under the IS92a HadCM2-
SUL climate change scenario for a) tropical rain green (TrBR), b) temperate deciduous
(TeBS), and c) temperate herbaceous (TeH) PFTs; expressed as Prediction Index (PI,
see Appendix 2.6), i.e. mean change / standard deviation of change from the uncer-
tainty experiment. |PI|>2 indicates a robust model result. Typically, trends have similar
directions for much lower values of PI.

uncertainty controlled by the parameter fsapwood, which governs the rate of vegetation

C accumulation in newly establishing PFTs. A concurrent decline in precipitation and

increase in deciduousness in parts of Southern Africa and America leads to a reduction in

NBE.

2.4 Discussion

Of the 36 parameters included in the survey only few have an overriding influence on the

modelled terrestrial biosphere dynamics. In particular, LPJ-DGVM shows little sensitivity

to many of those parameters whose ‘correct’ values, in the absence of suitable measure-

ments, are particularly uncertain, e.g. several parameters describing allometry (kallom1,

kallom2, kallom3), stand structure (CAmax), and fire dynamics (rfire, fuelmin). Parameters

that contribute most to overall model uncertainty are those controlling net assimilation

rate and water exchange. This is in general agreement with the results obtained by Knorr

(2000) and Knorr and Heimann (2001a) for the BETHY model, and White et al. (2000b)

for BIOME-BGC. In particular, only a few parameters are associated with the uncertainty

in A at equilibrium, reflecting the big-leaf approach employed in these models (Friend,

2001).
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The uncertainty range of NPP is of a similar magnitude to the range among mod-

els reported from model inter-comparison studies (Heimann et al., 1998; Cramer et al.,

2001). This suggests that these differences might to a large extent be associated with

parameter-based uncertainty. Since NPP is the major driving force for plant performance

and vegetation dynamics, parameters that influence NPP have a strong influence on the

overall ecosystem dynamics simulated by the model. NPP plays the dominant role in

determining the sizes of the various C pools in equilibrium, as also noted by Gerber et al.

(2004).

Despite considerable uncertainty in modelled present-day and future net assimilation

and primary production, as well as C storage, some robust features are apparent from

the scenario analyses. Substantial increases in A because of increased water-use efficiency

occurred consistently in all simulations (as noted by Kicklighter et al., 1999), suggesting

that alternative parameter values do not change the direction of the process response. All

major regional responses of vegetation to changes in climate are simulated consistently

for the majority of simulations. Resulting regional patterns of C uptake or loss from

vegetation and soil are also consistently modelled, even though the magnitude of the

effect is relatively uncertain.

We evaluated the effect of parameter uncertainty on future responses of the terrestrial

biosphere as simulated by one particular DGVM, whereas Cramer et al. (2001) assessed

uncertainties associated with the different process representations encapsulated by differ-

ent models (i.e. six DGVMs, one climate scenario), while Schaphoff et al. (in review)

investigated uncertainties associated with different climate change projections produced

by different climate models (i.e. one DGVM, five different climate models, all driven with

the IS92a emission scenario). Results from the three studies agree well in terms of modern

NPP,Rh and NBE, as well as in inter-annual variability, and the overall decadal trend for

the scenario period when forced with the same climate data. Uncertainty in present-day

NBE is equally large among different DGVMs and results obtained using different param-

eterisations of one particular model. Under climate change, all three studies point to an

initial increase in terrestrial carbon stocks, followed by a decline in net C uptake in the

second half of the 21st century. The decline of biospheric C uptake and a potential net C

loss towards the end of the 21st century are in agreement with other model studies (Cox

et al., 2000; White et al., 2000a; Joos et al., 2001; Dufresne et al., 2002; Jones et al., 2003;

Friedlingstein et al., 2003).

The uncertainty range in modelled C uptake integrated over the entire 21st century in

the present study is 201 (117 to 264) PgC (vegetation) and 107 (32 to 212) PgC (soil).

These ranges compare to 151 to 340, and 28 to 220 PgC for vegetation and soil pools,

respectively, from the DGVM inter-comparison (Cramer et al., 2001), and to 0 to 150

PgC (vegetation) and -70 to 41 PgC (soils) for four different climate scenarios (excluding

the ‘older’ HadCM2 scenario, Schaphoff et al., in review). In all three studies, models

predict a trend towards increased NPP and vegetation growth as response to increased



60 2. Parameter-based uncertainty of a DGVM

atmospheric CO2 and temperature, particularly at high northern latitudes, concurrent

with an expansion of boreal forests. This trend is consistently modelled among different

DGVMs, future climate scenarios and model parameterisations. Strong regional differences

in changes of vegetation composition were, however, observed for tropical regions among

different climate scenarios, mainly as a result of different regional changes in precipitation

(Schaphoff et al., in review). The present study shows that simulated shifts in dominant

vegetation types, regional patterns of NBE and their change over time are relatively robust

to the choice of model parameterisation.

We applied a relatively simple method to constrain the parameter-based model uncer-

tainty in an attempt to approach a realistic uncertainty range for modelled present-day

and potential future NEE, as well as to demonstrate the effect of parameter-based un-

certainty on modelling terrestrial biosphere dynamics. A more sophisticated method of

constraining distribution functions for model output variables, assigning a probability to

results from each model run based on the distance between the run and the ‘best-guess’

region of a particular benchmark, was tested for the present-day analysis. However, results

were similar to those obtained using the simpler approach, and would not greatly affect

the conclusions of our study.

The obvious starting point to reduce parameter-based uncertainty would be to con-

strain NPP directly from observations, because of the importance of A and NPP in global

vegetation models. As detailed in Section 2.3.3, currently available NPP measurements

are probably insufficient for this purpose. C flux estimates from eddy-covariance mea-

surements that integrate C and H2O fluxes at the ecosystem scale offer some potential to

constrain the parameter space using inverse methods (Wang et al., 2001; Reichstein et al.,

2003; Knorr and Kattge, in press). αC3 and αa contribute most to the uncertainty in the

modelled seasonal cycle by amplifying its magnitude. However, the importance of these

parameters in determining monthly NEE were in most cases strongly anti-correlated with

rgrowth, rmaint and rea. This implies that a particular modelled seasonal cycle of NEE

might be obtained from a multitude of combinations of these parameters, such that these

parameters might be difficult to constrain based on net C fluxes. Partitioning the net

flux into uptake and respiratory components could potentially help to identify parame-

ter contributions, especially for respiratory processes (Wang et al., 2001). However, large

uncertainty still exists with respect to the correct flux separation (Janssens et al., 2001;

Ogee et al., 2004). Parameter correlations could, however, be derived by constraining

model results with flux data and thus reducing the parameter space (Reichert and Omlin,

1997; Knorr and Kattge, in press). The findings of the present study demonstrate clearly

that parameter importance varies between different sites. A representative collection of

high quality seasonal NEE data sets for all major biomes would thus allow uncertainty in

global terrestrial modelling to be reduced.

Measurements of the seasonal variations of atmospheric CO2 concentrations integrate

carbon fluxes over larger regions; hence they have the potential to avoid spatial bias.
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The largest reduction in absolute error may be obtained in the northern latitudes, where

the seasonal cycle appears to be most strongly controlled by light-use efficiency effects on

vegetation productivity. Atmospheric inversion studies likewise point to light-use efficiency

as a major controlling factor for seasonal variation in CO2 exchange (Kaminski et al.,

2002; Still et al., 2004). However, uncertainty in the concurrent fluxes of anthropogenic

and oceanic origin, atmospheric transport fields used to map emissions of the terrestrial

biosphere to the CO2 monitoring stations, as well as data availability and quality (Rayner

et al., 2005) limit the degree to which uncertainty in parameter values can be effectively

reduced.

Both eddy-covariance and CO2 measurements could potentially be used to constrain

parameters that govern short-term ecosystem processes (e.g. αC3, αa, θ, rgrowth). These

parameters contribute most to the parameter-based uncertainty in present-day NEE, and

amplify the rate of A and NPP increase as a response to future climate scenarios. How-

ever, in our global change case study these parameters contribute to only 4% and 45% of

the uncertainty in C uptake by vegetation and soil, respectively. Transient projections of

climate change effects on vegetation C storage are influenced to a much greater extent by

uncertainty in vegetation dynamics, primarily the rate at which forests can accumulate

C after disturbance, or in response to changing environmental conditions. Similarly, un-

certainty in modelled SOM change – although showing a strong influence of uncertainty

in litter fall – is strongly linked to parameters governing the average turnover time of the

SOM pools, particularly in regions in which soils become a source of CO2 in the future in

these scenario analyses. These results highlight the need for improved understanding of

the response of SOM to changing environmental conditions (e.g. Fang et al., 2005; Knorr

et al., 2005), as well as for improved understanding of potential changes in the competitive

balance between PFTs under climate change.

We evaluated parameter importance for average present-day conditions, and con-

strained the parameter space further using present-day observations of the global C cycle.

Parameters that appear of little importance in this approach may still have substantial

impact on model simulations under other than present-day conditions. For instance, Fang

et al. (2005) showed that uncertainty in the apparent Q10 of soil respiration could lead

to an up to 70% difference in projected soil C losses under future climate change in

temperate regions. Joos et al. (2001, using LPJ-DGVM) demonstrated that cumulative

land-atmosphere fluxes (2000-2100) differ by 188 PgC depending on whether a Lloyd-

Taylor temperature dependence of soil respiration or no temperature dependence at all

is assumed. Uncertainty in soil C changes through the 21st century, as simulated in this

study, is of a comparable magnitude (see Fig. 2.10), but associated with different param-

eters: The rate parameter of the Lloyd-Taylor equation was found not to be important

in determining present-day C cycling, and was thus not included in estimating the un-

certainty in the future C balance. Data assimilation, as discussed above, may improve

the identification of parameters that are of importance also under changing environmental
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conditions. These methods rely on present-day observations to test model performance

(e.g. Rayner et al., 2005), which still might be insufficient to reduce uncertainty of the

long-term response of some terrestrial processes, e.g. the long-term responses of photosyn-

thesis to enhanced CO2 concentrations, or soil respiration to global warming. Uncertainty

due to gaps in process understanding and uncertainties associated with alternative process

formulations at scales relevant to global terrestrial biosphere modelling (e.g. Knorr and

Heimann, 2001a) are important, but beyond the scope of the present study.

The uncertainty range of a particular model output variable depends on the choice

of distribution function for the parameters in question. We chose to apply the principle

of parsimony in assuming a uniform distribution function for all but one parameter. An

alternative choice would be for instance a bell-shaped function, simulating parameter

values distal from the mean of ‘best guess’ values with reduced probability. This would

tend to reduce the spread in model results, giving a more conservative estimate of the

potential model uncertainty. Some parameters are likely to co-vary but were assumed –

with one exception – to vary independently in our study; again, our approach is likely to

overestimate rather than to underestimate the true uncertainty range.

The exact ranking of the uncertainty contribution of individual parameters, or their

functional equivalents in other models, will be influenced by the structure of the partic-

ular model under investigation. Nevertheless, LPJ-DGVM may be considered exemplary

for the DGVM family of models, and we anticipate that many of our results in terms

of the importance of certain groups of parameters may be representative for the sensi-

tivity of DGVMs and other similar ecosystem models to their parameterisation. These

models generally follow similar approaches to simulate plant C and H2O exchanges with

the atmosphere. Certain parameter groups, for instance those controlling the light-use

efficiency of photosynthesis at the ecosystem scale, will very likely play a pivotal role in

model uncertainty for any DGVM, due to of the central role of NPP in determining vege-

tation structure and dynamics. The methodology presented here could be readily applied

to other models to further corroborate our findings.

This study focuses on the uncertainty in process-based terrestrial biosphere models

due to imperfect knowledge (or implicit uncertainty) of the ‘correct’ parameter values

used in scaled representations of ecosystem processes, and aims at providing quantitative

information about the confidence that can be placed in model results. However, other

aspects of model uncertainty were not addressed; for example, uncertainty due to incom-

plete knowledge of the true mechanisms underlying certain ecosystem phenomena, as well

as uncertainty in the driving environmental data, which may be equally important (e.g.

Knorr and Heimann, 2001a). Future steps towards a quantitative assessment of the un-

certainty in modelling terrestrial biosphere dynamics will need to account for uncertainty

related to model assumptions, e.g. the equilibrium of C cycle at the beginning of the

20th century, and to consider driving factors other than climate and atmospheric CO2

change, such as land-use change (McGuire et al., 2001) and N deposition (Vitousek et al.,
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1997). It should be noted that model robustness does not necessarily imply that model

predictions are correct. In fact, model failure to correctly predict observations considering

model uncertainty can point to areas in which model improvements are required. Better

evaluation data and improved process understanding, e.g. of the response of ecosystem to

disturbances, are indispensable for the reliable modelling of the terrestrial biosphere.

2.5 Conclusions

We presented an assessment of parameter-based uncertainty in modelling the present-day

and future terrestrial biosphere dynamics using one particular DGVM. Of the 36 pa-

rameters in our survey, only a limited subset of parameters is associated with most of the

present-day model uncertainty. An improved understanding of the scaling of leaf-level pho-

tosynthesis to ecosystems, the hydraulic coupling of vegetation and atmosphere, and plant

respiration processes appear to be the most important priorities to reduce parameter-based

uncertainty in the modelling of present-day ecosystem C cycling. The rate of C accumu-

lation in vegetation and the turnover time of SOM were identified as major contributors

to uncertainty in future C balance estimates, highlighting the need for more appropriate

experiments and better validation data sets to improve model performance.

The substantial uncertainty range in NPP in this study is of a similar magnitude to the

range observed between different DGVMs and other model-based estimates of global NPP.

Uncertainty propagation leads to considerable uncertainty in sizes of C pools. Soil C pools,

due to their long turnover times, represent the most uncertain model outputs. Despite

this, contemporary global vegetation distribution and NBE are relatively robust model

results. The overall response of LPJ-DGVM to a particular climatic forcing is maintained

among most of the alternative parameterisations tested in this study. In particular, the

response of vegetation to increased levels of CO2, shifts in vegetation patterns as a result

of climate change, and the effect of global warming on SOM pools are reasonably robust

model results. In effect, long-term trends in NBE are reliably modelled, although the

uncertainty range reaches -3.35 ±1.45 PgC yr−1 by the end of the 21st century under the

particular climate scenario used in this study.

Based on our analysis we recommend that uncertainty analyses should be an integral

part of the development and validation process for all process-oriented ecosystem models.
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2.6 Appendix

In latin hypercube sampling (LHS, McKay et al., 1979) the value range of each variable xj

is divided into n intervals of equal probability, and one value is selected at random from

each of these. The sample obtained for x1 is paired at random and without replacement

with LHS values for x2, and so on, to create a set of n xj-tupels (Helton and Davis, 2000).

Iman and Conover (1982) developed a method to induce correlation between individual

parameters to account for known or deduced relationships between parameters.

Partial correlation coefficients (PCC) were calculated to identify the relative importance

of the uncertainty contribution of a particular parameter to the total model output un-

certainty. The PCC is defined as the correlation coefficient between the terms xj − x̂j and

y− ŷ where xj and y are a particular parameter and output variable, respectively. x̂j and

ŷ are the estimated values of the linear regression:

x̂j = a0 +
n
∑

p=1

p6=j

apxp (2.3)

and

ŷ = b0 +
n
∑

p=1

p6=j

bpxp (2.4)

The concept of partial correlation allows the identification of the contribution of a param-

eter xj to the variation in the output variable y when the variation in y is influenced by

a number of co-varying factors, or parameters, xp. Since PCC relies on linear regression,

it provides a measure for the linear relationship between xj and y with the linear effects

of all other parameters xp removed. To identify potential non-linear monotonic effects,

these analyses were repeated using rank-transformed input variables (RPCC, Conover and

Iman, 1981). We did not find any non-monotonic effects with respect to the parameters in

this study. The PCC is independent of the probability distribution function of parameter

and output variable (for more details on properties of this coefficient see Helton and Davis,

2000). Parameters were ranked for each model output variable in terms of their absolute

value in PCC or RPCC, respectively. In this study, PCC and RPCC were similar for most

of the cases. We therefore report RPCC-values, and refer to PCC in those cases only,

where both correlation coefficients differ substantially, indicating a non-linear sensitivity

of the model to that specific parameter.

Root mean square error (RMSE) was calculated between modelled and measured C ex-

changes for six forest sites of the EUROFLUX network as

RMSE =

√

√

√

√

1

n

n
∑

m=1

(Csim,m − Cobs,m)2 (2.5)

where Csim,m and Cobs,m are the modelled and measured C exchanges for a particular
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month m, and n is the number of month in the record.

Model performance against the observed seasonal signal of atmospheric CO2 at a mon-

itoring station was evaluated as the normalised mean square deviation (NMSD), as in

Heimann et al. (1998),

NMSD =
1

12

12
∑

m=1

(

CT,m + CF,m + CO,m − COBS,m

σm

)2

(2.6)

where CT,m, CF,m, and CO,m are the monthly CO2 concentrations resulting from the

corresponding biospheric, fossil fuel and ocean flux, respectively. COBS,m is the 10-year

mean observed monthly atmospheric CO2 concentration (1983-1992) and σm the corre-

sponding standard deviation of the observed value for each month between modelled and

measured monthly concentrations.

The robustness of modelled responses to climate change was evaluated as prediction index

(PI)

PI =
xsim,2100 − xsim2000

σsim
(2.7)

either as difference between 10-year mean values for model output x in 2000 and 2100,

or in the case of NBE as difference from zero. Model responses were considered robust

when the absolute value of PI exceeded 2.0; usually trends agreed in sign far below this

value.
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Abstract

The hydraulic limitation theory proposes that the decline of forest productivity with

age is a consequence of the loss of whole-plant and leaf-specific hydraulic conductance

with tree height caused by increased friction. Recent theoretical analyses have sug-

gested that tapering (the broadening of xylem vessel diameter from terminal branches

to the base of the stem) could completely compensate for the effect of tree height on

hydraulic conductance, and thus on tree growth. The data available for testing this

hypothesis are limited, but they do not support the implication that whole-tree and

leaf-specific hydraulic conductance are generally independent of tree height. Taper-

ing cannot exclude hydraulic limitation as the principle mechanism for the observed

decline in growth. Reduction of the leaf-to-sapwood area ratio, decreased leaf water

potential, loss of leaf-cell turgor or osmotic adjustments in taller trees could reduce

the effect of increased plant hydraulic resistance on stomatal conductance with height.

However, these mechanisms operate with diminishing returns, as they infer increased

costs to the tree that will ultimately limit tree growth. To understand the decline

in forest growth, the effect of these acclimation mechanisms on carbon uptake and

allocation should be considered.

Keywords: plant hydraulic architecture, hydraulic limitation theory, leaf-specific con-

ductance, pipe-model, WBE
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3.1 Introduction

The growth rate of trees declines with age. The leading hypothesis to explain this is

decreased hydraulic conductance as a consequence of increased tree height (Ryan and

Yoder, 1997). Assuming a simple pipe-model of the plant’s hydraulic system, i.e. a leaf

attached to a unit stem and a unit root pipe (Shinozaki et al., 1964a,b; Jarvis, 1975), the

hydraulic path length – and along with it the resistance of the plant’s hydraulic system due

to friction – increases with tree height (Whitehead and Hinckley, 1991). Increased stomatal

closure to prevent a breakdown of the hydraulic transport system due to cavitation (Ryan

and Yoder, 1997), or lower leaf water potentials triggering leaf-cell turgor loss or osmotic

adjustment would reduce daily net photosynthesis. Less growth would be the ultimate

result, as the other carbon costs (respiration, foliage production and root growth) vary

little, or increase slightly with stand age (Ryan and Waring, 1992; Mencuccini and Grace,

1996b). Increased respiration by itself, as a consequence of the increasing amount of

living woody biomass with tree size (Yoda et al., 1965), cannot explain the decline in

forest productivity. Maintenance respiration of the sapwood accounts for only 5-12% of

the annual carbon fixation (Ryan et al., 1995), and the larger fraction of respiration is

associated with growth processes that generally decline as growth declines (Ryan and

Waring, 1992).

The hydraulic limitation theory has been controversial (Becker et al., 2000b; Bond and

Ryan, 2000; Mencuccini and Magnani, 2000). From the formal hydraulic model of White-

head et al. (1984), one might expect acclimation of the ratio between supporting sapwood

area and transpiring leaf area. Such an acclimation could result in homeostatic balance

between the plant’s transport capacity and transpirational demand of the leaves, to either

minimise, or compensate for the potential hydraulic limitation of stomatal conductance

due to height. Tree height would still affect tree growth, because hydraulic adjustment

would increase the relative share of carbon production that is allocated to sapwood con-

struction and maintenance, thereby diminishing the returns per unit carbon investment.

Recent theoretical analyses (West et al., 1999; Enquist, 2002) have suggested that the

observed tapering of xylem conduits, i.e. the broadening of xylem vessels basipetally

(Zimmermann, 1978; Pothier et al., 1989), could produce hydraulic homeostasis of the

plant. This conclusion is derived from a model of plant branching networks based on the

assumption of minimised internal transport resistance while maximising the plant’s surface

area. This model describes the plant’s architecture and hydraulic system as a self-similar

fractal, and in a more detailed way than the pipe model as it allows for branching and for

changes in the xylem anatomy between different branch segments. A basipetal increase

in conduit diameter would permit the total resistance of a tube running from trunk to

petiole to remain constant, independent of tube length (West et al., 1999).

Here, the published evidence relevant to the scaling of hydraulic resistance as predicted

by West et al.’s model is reviewed. I discuss whether the data support the assumptions

of the model and the conclusions drawn from it. The aim is to evaluate whether tapering



3.2. Review of theory and experimental evidence 69

would suffice to discard the hydraulic limitation theory as the most likely explanation for

the observed age-related decline in forest productivity.

3.2 Review of theory and experimental evidence

Can vessel tapering compensate for height growth?

The architecture of the branching network in the general plant model (hereafter WBE)

by West et al. (1999) is described by the scaling of branch diameter, branch length, and

conduit diameter of adjacent branch segments of the tree according to simple power laws

(Appendix 3.4, eq. 3.5). Three parameters define the relationships between branch diame-

ter, branch length, and conduit diameter of adjacent branch levels. Conduits are assumed

to operate as if they were tightly bundled, not interconnected, and to have a uniform

diameter within a branch segment. They form a continuous tube, represented by a linear

series of vessels, conserving the total numbers of tubes in each segment. Thus, total plant

hydraulic resistance depends linearly on the total resistance of a single tube. Total plant

resistance can be approximated by the Hagen-Poiseuille formula, which describes capillary

flow (Nobel, 1983; Becker et al., 2000a). Tapering is included into the model by scaling

conduit diameter such that it increases basipetally, thus allowing the ratio of conductive

to non-conductive tissue to vary between branch segments.

An intuitive way to see why tapering can compensate for the longer path length of

the tree with increasing tree height in the WBE model is to look at total path length L

and resistance Z with increasing number of segments. Since, in the WBE model, length

and conduit diameter, and thus resistance, of the petiole are assumed to be invariant, the

total path length and resistance of a single tube can be described as simple sums of petiole

length lN and resistance ZN , respectively, with N the number of branching levels in the

network:

L =
∑N

k=0
lk = lN

∑N

k=0
mN−k (3.1)

and

Z =
∑N

k=0
Zk = ZN

∑N

k=0
iN−k (3.2)

The scaling factors m and i linking the two adjacent levels k and k − 1 can be derived

from the basic equations of WBE (see Appendix 3.4 for derivations):

m =
lk−1

lk
= nβ/3 (3.3)

i =
Zk−1

Zk
= nβ/3−2ᾱ (3.4)

where n is the number of daughter branches per branch, ᾱ and β are the scaling

factors for segment conduit diameter and length, respectively. For simplicity, n, ᾱ and β
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Fig. 3.1: Total plant hydraulic resistance (Z, in m−1s−1×10−15) as a function of total path length
(L, in m), assuming that lN = 0.05m, aN = 10µm, and β = 1.0 for different tapering
coefficients ᾱ. 0.0 is the pipe-model theory; 0.167 WBE; 0.09 and 0.29 are estimates of
the 95% confidence interval of the tapering parameter estimated by Becker and Gribben
(2001), assuming β = 1.0

are assumed to be level-independent, that is constant for all branch segments (although,

as shown below, this is not a requirement). Three conclusions can be drawn from the

limiting behaviour of length and resistance for a large number of branching levels:

1. For a network without tapering (ᾱ = 0, pipe-model), hydraulic resistance grows in

proportion to path length (m=i), consistent with the hydraulic limitation theory in

its original form (Yoder et al., 1994; Ryan et al., 1997).

2. Any (level-independent) tapering (ᾱ > 0) will cause hydraulic resistance to grow

slower than path length, since then m always exceeds i. The extent to which this

effect influences the capacity of trees to compensate for height growth is sensitive to

assumptions about the scaling of tapering and branch length (Fig. 3.1, Becker et al.,

2000b).

3. Total plant hydraulic resistance (eq. 3.2) approaches an asymptotic value with

increasing number of segments when i < 1. Unlike hydraulic resistance, path length

(eq. 3.1) always increases in the WBE model, because m ≥ 1 for any plausible

value of β. Thus, total plant hydraulic resistance becomes independent of total

path length, when the tapering exponent ᾱ fulfils the inequality ᾱ > β/6 (eq. 3.4).

Two assumptions are introduced in the WBE model, namely that biomechanical

constraints and tapering are uniform, and the branching network is volume-filling,

leading to the special case of a self-similar fractal model with β = 1 (West et al.,

1999). Eq. 4 thus implies for the WBE model that ᾱ would have to be greater than

or – in the limiting case of very large trees – equal to 1/6.

The original version of WBE (West et al., 1997) minimised the energy required to
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distribute resources without any variation in xylem diameter. Tapering was introduced

in a subsequent version of the model, ostensibly because hydraulic constrictions would

otherwise preclude the existence of tall trees and cause leaves high in the canopy to receive

less water than leaves deeper in the canopy (West et al., 1999). However, WBE describes

a fractal-like structure, so that all leaves have equal supply irrespective of their position

within the canopy and even with zero tapering, since all tubes have equal path length.

Evidence even for quite small trees (Zimmermann, 1978; Mencuccini, 2002, citing Mag-

nani, unpublished results) indicates that the degree of tapering diminishes basipetally.

Also, James et al. (2003) found that conduits tapered within the crown of several tropical

tree species, but lumen diameters were virtually constant below the base of the crown.

These results raise concerns that the assumption of a uniform tapering might be too strong

(Mencuccini, 2002; Becker and Gribben, 2001). A declining rate of tapering does not nec-

essarily invalidate tapering as a mechanism to avoid the adverse effects of tree height,

contrary to the assumption of Becker and Gribben (2001). In the derivation of equation

3.4, no assumptions were made that require the coefficients to be level-independent (see

Appendix 3.4). In fact, any combination of n, β and ᾱ that results in i < 1 for a partic-

ular segment k will achieve this. It is not necessary to assume fractality to minimise the

hydraulic resistance and to decouple total plant hydraulic resistance from plant height,

agreeing with the more mathematically exact account of Dodds et al. (2001).

Recent results from McCulloh et al. (2003) for vines and ring-porous trees suggest that

the total number of conduits per segment varies between adjacent segments, conflicting

with the assumption made in WBE. This would be expected from the application of

Murray’s law to the hydraulic architecture of plants. If conduits serve transport purposes

only (as in ring porous trees), the construction cost of conduits can be assumed to be

proportional to conduit volume (McCulloh et al., 2003). Murray’s law applied to plant

vascular systems implies for such a case that the original pipe-model (i.e. ᾱ = 0 or no

taper) would be optimal for a constant number of conduits. Any degree of taper without

variation in total tube number would be less efficient and therefore violate the energy

minimisation principle. If the number of conduits were allowed to vary between segments

in the WBE model, as suggested by the data in McCulloh et al. (2003), the required

taper to decouple hydraulic resistance from path length cannot be calculated by eqns.

3.1-3.4. Whole-plant hydraulic conductance then becomes difficult to predict, limiting the

capacity of the WBE to actually predict the whole-plant effect of tapering on hydraulic

conductance.

Are the predictions of WBE confirmed by observations?

To judge whether WBE adequately describes the hydraulic architecture of trees, the dis-

tribution of hydraulic resistance within the tree needs to be modelled correctly, and the

model predictions of the scaling between size parameters (e.g. diameter) and hydraulic

resistance should agree with relevant measurements. Unfortunately, although plant hy-
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draulic architecture has long been identified as an important subject (Zimmermann, 1978),

surprisingly few relevant data are available. Only a few studies have been designed to ex-

clude the effect of differences in environmental factors (e.g. understorey versus canopy

trees, unequal access to groundwater resources, Bond and Ryan, 2000), and few analyses

allow the assessment of whole-plant hydraulic resistance (Mencuccini, 2002).

West et al. (1999) claimed that the degree of tapering predicted by their model agrees

with the observed distribution of hydraulic resistance in the two Acer species analysed by

Yang and Tyree (1993). However, no data on the scaling of conduit tapering and branch

length are available from Yang and Tyree (1993) to confirm that the observed agreement

is a consequence of a correct assumption of the WBE model. In a re-analysis of data by

Zimmermann (1978), Becker and Gribben (2001) found that the parameter estimate for

the tapering parameter ᾱ is sensitive to the assumptions made on the – unknown – scaling

of segment length. As only a slight deviation will yield strongly different results in terms

of the overall hydraulic resistance (Figure 3.1), these data cannot indicate if the predicted

degree of tapering is sufficient to compensate for height growth.

Becker and Gribben (2001) showed that WBE is potentially useful in interpreting con-

duit tapering by producing a good fit of the model to the data of Zimmermann (1978),

although the estimated value of the tapering parameter ᾱ was uncertain. A meta-analysis

of existing studies on tree hydraulic architecture by Mencuccini (2002) corroborates the

capacity of the WBE model to predict the scaling of hydraulic conductivity of segments

to the segment’s diameter, illustrating the fact that larger stems are more permeable

(Mencuccini and Grace, 1996a; Becker et al., 2000b). However, the data do not sup-

port the scaling of whole-tree hydraulic resistance to diameter (and total plant biomass):

the observed scaling coefficients are smaller than predicted (Table 3.1), and whole-plant

hydraulic conductance declines with increasing size, contradicting the WBE model.

Smaller scaling coefficients than predicted by WBE do not necessarily imply that the

water supply to leaves (leaf-specific hydraulic conductance) is reduced with height, as

data also support the hypothesis that leaf-to-sapwood area ratio declines with tree height

(Whitehead et al., 1984; Mencuccini and Magnani, 2000; McDowell et al., 2002b). Yet,

there is a significant reduction of leaf-specific hydraulic conductance with height in three

out of the four studies summarised in Table 3.1; in the fourth, the sample size was too

limited to draw any significant conclusion (Mencuccini and Magnani, 2000). Similar results

were obtained for Pinus ponderosa (Ryan et al., 2000) and Fagus sylvatica (Schäfer et al.,

2000). Saliendra et al. (1995) found no evidence for acclimation of either specific sapwood

conductance or leaf area with increasing path length in Betula occidentalis, however a

more than two-fold decline in whole-plant leaf specific conductance between juvenile and

adult individuals. Apparently, the acclimation of leaf area with height is not sufficient to

prevent leaf-specific hydraulic conductance from declining with height; it merely minimises

the reduction in leaf-specific hydraulic conductance (McDowell et al., 2002a).
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Species Segment diameter Stem diameter Biomass

b SE P b SE P b SE P

Acer rubruma 2.66 0.05 ns 1.72 0.08 *** 0.65 0.03 **

Acer saccharumb 1.68 0.12 * 0.65 0.05 ns

Pinus sylvestrisc 2.63 0.08 ns 1.23 0.14 *** 0.50 0.05 ***

Pinus banksianad 1.34 0.22 * 0.52 0.09 *

All four species 1.32 0.06 *** 0.54 0.02 ***

a Yang and Tyree (1994)
b Tyree and Sperry (1988); Yang and Tyree (1994)
c Mencuccini and Grace (1996a)
d Pothier et al. (1989)

Tab. 3.1: Allometric scaling of hydraulic conductivity of stem-segment hydraulic conductance to
stem-segment diameter, and aboveground hydraulic conductance to diameter at breast
height and aboveground biomass based on reduced-major-axis regression (c.f. Mencuc-
cini, 2002). Analyses using ordinary least square regression obtained similar results.
Abbreviations: b = regression coefficient, SE = standard error, and P = significance
of the t-test for the difference between the regression coefficient and theoretical slopes
predicted by the WBE (2.67 for segment diameter, 2.0 for stem diameter, and 0.75 for
biomass). ns = not significantly different P>0.05; * P<0.05; ** P<0.01; *** P<0.001.

Does acclimation to increased hydraulic resistance affect forest growth?

A recent study on a moist-tropical Eucalyptus saligna plantation suggested that a decline in

growth occurred, even though an acclimation of leaf area with height compensated for the

hydraulic effect of height (Barnard and Ryan, 2003). Direct and indirect evidence suggest

that maintenance and growth respiration costs of the stem are not greater in taller trees

(Ryan and Waring, 1992; Mencuccini and Grace, 1996b), so one cannot invoke increasing

respiration as an explanation. Instead, the hydraulic limitation theory might need to be

extended. Even in the absence of any hydraulic limitation related to path length, tree

height might affect leaf water potential through gravity (Woodruff et al., 2004). Osmotic

adjustments as a response to loss of turgor (Woodruff et al., 2004), or increased leaf

construction costs to maintain lower minimum leaf water potentials (Barnard and Ryan,

2003; Koch et al., 2004) in taller trees, could only partly offset reductions in growth,

since these adaptations would divert resource allocation from photosynthesis. Similarly,

increased belowground carbon allocation and decreased leaf-to-sapwood area ratios to

minimise the increase of total plant hydraulic resistance with height (Magnani et al., 2000)

could mitigate the effect of tree height on stomatal conductance, but only at increased

costs per unit foliage, thereby ultimately limiting tree growth.

3.3 Concluding remarks

The WBE model shows that theoretically tapering could compensate for the effect of tree

height on hydraulic resistance, and therefore limit the hydraulic effect of tree height on

tree growth. The predicted scaling of hydraulic conductance matches observed scaling
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on a segment scale, but not at more aggregated levels. Thus, either the WBE model

lacks an important process, or one or more of its assumptions (e.g. conservation of total

tube number, uniformity of tapering, or the volume-filling and area-preserving branching

network) are invalid. However, the data available are insufficient to evaluate all of the

assumptions underlying the WBE model, even though they indicate that the assumption

of constant tube numbers is too strong. The data nevertheless do not support the predic-

tion of the WBE model that whole-tree hydraulic conductance is generally independent

of height. Tapering cannot exclude the hydraulic limitation hypothesis as being the prin-

cipal mechanism for the observed decline in stand productivity with age. Instead, the

hydraulic limitation theory should be extended to account for hydraulic acclimation and

the associated consequences for gross primary production and carbon allocation. For the

mechanistic modelling of forest development with age it is essential to understand tree

hydraulic architecture and its implications for tree growth.
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3.4 Appendix

The initial equations from the West et al. (1999) model (WBE) describe a fractal network

for the adjacent levels of branches k and k+1 :

rk+1

rk
= n

−αk/2

k

ak+1

ak
= n

−ᾱ/2

k

lk+1

lk
= n

−βk/3

k (3.5)

where n is the number of daughter branches, α, ᾱ and β are the scaling coefficients for

branch diameter r, tube radius a, and segment length l, respectively. Since in the WBE

assumes invariant petiole conduit diameter and length, it is more convenient to invert the

equations in A1. The hydraulic resistance Z of a single tube j within a branch segment

k can be approximated by the Hagen-Poiseuille formula, which describes capillary flow.

This formula neglects the substantial contribution of the pit membrane resistance to total

resistance, but this does not affect relative comparisons of resistance Nobel (1983); Becker

et al. (2000b).

Zj
k =

8 × η × lk
π × a4

k

(3.6)

where η is viscosity. Assuming the number of total tubes are preserved, the ratio of

resistances i between adjacent levels is given by

i =
Zk−1

Zk
∝ lk−1

a4
k−1

· a4
k

lk
−→

n
−4ᾱk−1

k−1

n
−βk−1/3

k−1

= n
βk−1/3−2ᾱk−1

k−1 (3.7)
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Abstract

Changing carbon allocation in trees to counteract increasing hydraulic resistance with

tree height has been hypothesised to lead to the commonly observed age-related de-

cline in aboveground productivity of forests. We show the implications of this decline

in forest growth, and hence forest age structure, on the carbon dynamics of European

forests in response to historical changes in environmental conditions. Incorporating

hydraulic acclimation into a global terrestrial biosphere model (LPJ) improves the

simulated increase in biomass with stand age. Application of the advanced model, in-

cluding a generic representation of forest management in even-aged stands, for 77 Eu-

ropean provinces shows that model-based estimates of biomass development with age

compare favourably with inventory-based estimates for different tree species. Model

estimates of biomass densities on province and country-levels, and trends in growth

increment along an annual mean temperature gradient are in broad agreement with

inventory data. However, the level of agreement between modelled and inventory-

based estimates varies markedly between countries and provinces. The model is able
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to reproduce the present-day age structure of forests and the ratio of biomass removals

to increment on a European-scale based on observed changes in climate, atmospheric

CO2 concentration, forest area and wood demand between 1948 and 2000. Vegetation

in European forests is modelled to sequester carbon at a rate of 100 TgC yr−1, which

corresponds well to forest inventory-based estimates.

Keywords: age-related decline, plant hydraulic architecture, Magnani-hypothesis, LPJ,

DGVM, forest management

4.1 Introduction

The growth rate of forests declines markedly with stand age after canopy closure (Kira

and Shidai, 1967; Gower et al., 1996). A profound understanding of this phenomenon is

important, as changes in the age structure of forests influence large-scale accumulation

of biomass. The current net C uptake in forest ecosystems is partly attributed to both

changes in age structure from afforestation and forest management (Goodale et al., 2002;

Nabuurs et al., 2003). Propagating present forest age structure into the future, Kohlmaier

et al. (1995) have demonstrated that age-related changes of forest growth can have signif-

icant effects on land-atmosphere flux estimates under changing environmental conditions.

Two approaches are frequently used to estimate regional carbon balance in forests. The

first, book-keeping methods, are based on forest inventories and consider stand dynamics,

and thus evidence for the age-related decline in forest growth, implicitly through changes

in measured stocks through time. The second approach uses ecosystem models which

mechanistically describe processes of growth and turnover in forests and simulate forest

growth also under changing environmental conditions.

Consecutive forest inventories are routinely carried out at least since the 1960s for most

of the countries in the Northern hemispheric temperate and boreal zone. These inventories

integrate all factors affecting forest growth on stand and regional scale from forest man-

agement activities and changed environmental conditions such as climate change, CO2-

and N-fertilisation (Goodale et al., 2002). Originally designed for commercial forestry

purposes, such inventories have recently been used to infer bottom-up carbon balances

(Kauppi et al., 1992; Dixon, 1994; Kurz and Apps, 1999; Caspersen et al., 2000; Goodale

et al., 2002; Nabuurs et al., 2003; Smith et al., 2004). Nabuurs et al. (2003), for instance,

used inventory data to estimate a net C uptake of 0.14 PgC yr−1 over 1.4 × 106 km2

of European forests in the 1990s based on a book-keeping approach and including the

wood-products cycle. Inventories give only limited insight into the ecology of vegetat-

ion dynamics, and therefore cannot be used directly for predictive analysis of potential

future environmental changes in forest ecosystems. However, they provide a data-base

to study regional variations in forest stock as well as forest growth changes over stand

age, and thereby a useful constraint for aboveground vegetation carbon estimates from

process-based ecosystem models (Venevsky, 2001; Waring and McDowell, 2002).
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Terrestrial biosphere models provide a mechanism to scale detailed process knowledge

obtained from field and laboratory experiments to larger regions, and are thus important

tools to investigate the response of the terrestrial biosphere to changing environmental

conditions (Prentice et al., 2000). These models are frequently used to assess the impact

of climate change on the terrestrial carbon cycle (Cox et al., 2000; Cramer et al., 2001;

Dufresne et al., 2002). There have been first attempts to include land-use history into

terrestrial biosphere models (McGuire et al., 2001; Levy et al., 2004), however, inclusion

of realistic stand development has been limited to the application of static rules derived

from forest statistics (Kohlmaier et al., 1995; Häger, 1998). Most of these models consider

only elementary representations of ageless grid scale vegetation with simple allocation

rules to partition net primary production into different carbon pools representing plant

tissues. However, even complex stand-scale forest growth models are not generally able to

adequately reproduce the age-related decline, thus requiring age-dependent factors to fit

observed growth curves (Kramer and Mohren, 2001; Waring and McDowell, 2002).

Hypotheses to explain the age-related decline in forest growth have been the subject of

intensive debate (Ryan et al., 1997; Becker et al., 2000a; Mencuccini and Magnani, 2000;

Ryan et al., 2004; Zaehle, 2005). Hydraulic limitation, resulting from increased hydraulic

resistance of the plant’s vascular system with increasing path length has been suggested

to be the dominant cause (Yoda et al., 1965; Ryan et al., 1997). The original hypothesis

proposed that increased friction of the plant vascular system of taller trees would result

in earlier stomatal closure, and subsequently in reduced photosynthetic carbon uptake

(Ryan and Yoder, 1997). A decline in leaf-specific hydraulic conductance of the sapwood

has been reported for a number of tree species (Yang and Tyree, 1993; Mencuccini and

Grace, 1996a; Hubbard et al., 1999; Schäfer et al., 2000; Delzon et al., 2004). An ac-

companying decrease in the ratio of transpiring leaf area to supporting sapwood area, as

expected from the application of Darcy’s law to plant hydraulics (Waring et al., 1982),

has been frequently, though not always, observed (McDowell et al., 2002a). While such

an acclimation apparently minimises the effect of path length on leaf-specific hydraulic

conductance (McDowell et al., 2002a), it still bears a cost, because carbon is allocated

away from photosynthetically active tissue (Zaehle, 2005).

Summarising various aspects of the ‘hydraulic limitation’ hypothesis, Magnani et al.

(2000) suggested that homeostasis in plant hydraulic architecture is responsible for this de-

cline, based on data on growth, allocation and hydraulic conductance in Scots pine (Pinus

sylvestris L.). They proposed that allocation of carbon to conductive sapwood and ab-

sorbing roots should be optimal with respect to achieving minimal whole-plant leaf-specific

hydraulic resistance whilst supporting a maximum of transpiring leaf-tissue, thereby max-

imising NPP. Increased allocation to fine roots with tree height decreases below-ground

plant hydraulic resistance. This decrease in below-ground resistance is assumed to com-

pensate for the increase in leaf-specific resistance of the stem as path length increases with

tree height, thereby maintaining a near-constant whole-plant leaf-specific hydraulic con-
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ductance. Increasing investment costs to maintain similar levels of whole-plant leaf-specific

hydraulic conductance with increasing tree height reduces growth efficiency, resulting in a

decline in forest growth. Magnani et al. (2002) have investigated the functional relation-

ship predicted from this hypothesis to variations in annual mean temperature and climatic

water deficit and showed that this theory is adequate for larger-scale predictions of carbon

allocation to plant tissues, and therefore suitable for the inclusion in large-scale ecosystem

models.

An advanced representation of the age-dependent forest growth rate in terrestrial mod-

elling may improve estimates of regional-scale biomass development, and thereby increase

confidence in the predictive capacities of such models under changed environmental con-

ditions (Venevsky, 2001). Using this comprehensive theory of changing carbon allocation

with plant size (Magnani et al., 2000), we test the capacity of a particular terrestrial

biosphere model, the Lund-Potsdam-Jena dynamic global vegetation model (LPJ, Smith

et al., 2001; Sitch et al., 2003), to correctly predict age-dependent changes in forest growth

at scales that are relevant to regional scale carbon budgets. Vegetation dynamics in LPJ

are modified to represent growth dynamics in managed, even-aged forests. We evaluate

the stand-scale growth function in the model (with both the advanced and original alloca-

tion formulations) and its ability to simulate the age-related decline in forest growth with

biomass estimates obtained from forest growth and yield-tables (Schober, 1987). Biomass

estimates at a regional scale, at which the model is commonly applied, are compared

with estimates derived from a collection of forest inventory data for different European

provinces, covering a large ecological gradient (Schelhaas et al., 1999). Europe is par-

ticularly suitable for such a model test, as its forests are predominately managed and

even-aged. The present-day forest C balance is influenced by the response of forest growth

to past changes in land-use, intensity of wood-harvesting, and other environmental factors

such as climate and atmospheric carbon dioxide concentrations ([CO2]). The effect of

these factors on vegetation C stock dynamics are modelled with the advanced LPJ model.

Results are compared with estimates derived from consecutive forest inventories.

4.2 Methods

Model performance is assessed in three steps (see Section 4.2.3). First, stand-scale predic-

tions of biomass are evaluated. Secondly, the applicability of the theory to other stands

representative of European forest ecosystems is assessed. Finally, the present-day forest

ecosystem C-balance in European forests is inferred from a regional application of the

model. The steps are detailed below:

1. In Section 4.3.1, the age-related shifts in growth rate are evaluated within the LPJ-

framework of coupled C and H2O cycles at the stand scale. Growth trends generated

by the advanced (i.e. based on Magnani’s theory on C allocation) and original

LPJ model formulations are compared against a yield-table for Scots pine stands in



4.2. Methods 81

Germany (see Section 4.2.2). Yield-tables provide detailed descriptions of increment

and removals in the typical development of forest stands that allow to assess the

changes in growth rate with forest age. Mortality in the stand, which influences

the development of biomass with stand age, is prescribed in the simulations from

the yield-table to achieve consistency between model and data. Forest growth has

substantially increased since the time of the construction of these tables, resulting

from improved site management and environmental changes (e.g. Mund et al., 2002).

These changes need thus to be accounted for in the model-data comparison.

2. Terrestrial biosphere models are typically applied on larger scales, where less in-

formation is available to constrain the stand scale dynamics of forests. A generic

representation of vegetation dynamics in managed forests is implemented into LPJ

to model stand establishment and mortality on a regional scale (see Section 4.2.1).

In Section 4.3.2, model performance is evaluated against a comprehensive data-set

of forest biomass estimates in terms of ecological gradients and a broad range of

species based on forest inventories for different tree species and 77 provinces in Eu-

rope obtained from the EEFR-database (see Section 4.2.2). At this stage we assume

Magnanis theory holds for all tree species. We evaluate whether the modelled bio-

mass densities are consistent with the data, and thereby infer the broad applicability

of the theory within and across plant functional types.

3. Regional forest carbon balances largely depend on the transient effects of land-use

and other environmental changes on forest growth, while Section 4.3.2 only gives

an evaluation of the model representation of forest growth with age. In Section

4.3.3, the effects of land-use, wood-demand and environmental changes (climate

and atmospheric [CO2]) on the present-day C balance are analysed by explicitly

considering forest age-structure in a terrestrial biosphere model. These factors are

hypothesised to be to a large extent responsible for the European forest growth

trends as inferred from forest inventory for the period 1948-2000.

4.2.1 LPJ

The Lund-Potsdam-Jena model (LPJ, Smith et al., 2001; Sitch et al., 2003) is one of

a family of models derived from the BIOME equilibrium biogeography model (Prentice

et al., 1992). This study uses the LPJ version as described in Sitch et al. (2003), with

improved representation of hydrological processes as described in Gerten et al. (2004), the

leaf dark respiration formulation as in Haxeltine and Prentice (1996a), and adapted for

the use of stand scale forest simulations (LPJ-GUESS) as in Smith et al. (2001). Sitch

et al. (2003) give an extensive overview on the model. Here, only the model detail relevant

to this study is described.

Vegetation is described in terms of plant functional types (PFTs), with different pho-

tosynthetic (C3, C4), phenological (deciduous, evergreen), and physiognomic (tree, grass)
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attributes. Of these, boreal and temperate needleleaved evergreen and broadleaved sum-

mergreen PFTs are considered in this study, as well as an herbaceous understorey. Gross

primary production (GPP) is calculated as a function of absorbed photosynthetically ac-

tive radiation, temperature, atmospheric [CO2], day length, and canopy conductance using

a modified form of the Farquhar scheme (Farquhar et al., 1980; Collatz et al., 1992), with

implicit leaf-level optimised nitrogen allocation (Haxeltine and Prentice, 1996a). F.-W.

Badeck (unpublished data) adapted the model to avoid unrealistically high leaf nitrogen

concentrations at low temperatures. Carbon and water cycling is coupled through an

empirical convective boundary layer parameterisation (Monteith, 1995). Soil hydrology is

simulated using two soil layers (Haxeltine and Prentice, 1996b). Plant water uptake is mod-

elled taking into account the plant hydraulic architecture (this study, see Appendix 4.6.2).

Annual net primary production (NPP) is calculated by subtracting autotrophic respiration

(Ra) from GPP. NPP is allocated to three carbon pools representing leaves, sapwood, and

fine-roots on the basis of allometric relationships. Turnover of plant tissue, plant mortality

and/or management redistribute C from living biomass to above and below-ground litter

pools, which in turn provide input to a fast and a slow decomposing soil carbon pool.

Decomposition depends on a modified Arrhenius formulation (Lloyd and Taylor, 1994),

which implies a decline in apparent Q10 values with temperature, and an empirical soil

moisture relationship (Foley, 1995).

Changes to the original model formulation

C allocation in plants: The original LPJ allocation scheme assumes a constant ratio of

leaf area to sapwood cross-sectional area, a plant size independent, but drought controlled

ratio of leaf to root mass and a fixed height to diameter relationship (‘size-independent al-

location’, Sitch et al., 2003, Fig. 4.1). In the hydraulic acclimation theory (‘size-dependent

allocation’, as in Magnani et al., 2000, see Appendix 4.6.1 for derivation of the allocation

scheme), the leaf to sapwood cross-sectional area ratio decreases with increasing height, in

response to increasing friction with path length. Simultaneously, plants allocate relatively

more C to fine roots, thereby reducing plant below-ground hydraulic resistance, to main-

tain a constant leaf-specific water supply with increasing tree height (Fig. 4.1). Table 4.1

summarises the key model parameters introduced into the model that differ from Sitch

et al. (2003).

Vegetation dynamics in managed forests: Each 10’ × 10’ grid cell in LPJ is subdivided

into fractions of forests, crops and grasslands, as described in (Zaehle et al., in prep.).

These fractions, as well as the fractional coverage of each PFT in the forest part of the

grid cell, are prescribed from land-use data (Section 4.2.2). To model an entire forest

landscape comprising forest stands of different ages, the fraction of the grid cell covered by

each PFT is further subdivided into stands consisting of even-aged 10-year age-classes (or

cohorts) with a herbaceous understorey. Appendix 4.6.3 gives the details of this module;
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Fig. 4.1: Height dependence of a) the ratio of leaf to sapwood cross-sectional area, b) the ratio of
leaf to root mass, for the original LPJ formulation (‘size-independent’, Sitch et al., 2003),
and the acclimation hypothesis by Magnani et al. (2000, ‘size-dependent’), under constant
environmental conditions. c) Changes in leaf-specific hydraulic resistance of the whole-
plant (Ru

tot
) and the shoot (Ru

shoot
) with tree height as predicted with the size-dependent

allocation scheme under constant environmental conditions. Note that Ru
tot

must decline
with height to ensure comparable water supply to leaves, as the gravitational potential
increases with height (see Appendix 4.6.1, eq. 4.7).

kr
a ks

b τr
c τs

d Eun
e

SLA
f Ψleafmin

g Trot
h

TeNE 2.3 1.3 1.5 0.025 4.2 9.8 -2.0 120

TeBS 2.3 3.0 1.5 0.02 4.2 41.2 -2.0 150

BNE 2.3 1.3 1.5 0.025 4.2 9.8 -2.0 100

BBS 2.3 3.0 1.5 0.02 4.2 41.2 -2.0 80

TeH 2.3 n.a 1.5 n.a. 4.2 41.2 -1.5 n.a

a specific root hydraulic conductance [10−7 m3 kg−1 s−1 MPa−1]; Roberts (1977); Magnani et al. (2000),
similar to Rüdinger et al. (1994); Steudele and Meshcheryakov (1996); Nardini et al. (1998).

b specific sapwood conductance [10−3 m2 s−1 MPa−1]; Magnani et al. (2000); Larcher (2001).
c turnover time of fine roots [yr−1]; Vogt et al. (1996); Eissenstat and Yanadi (1997); Eissenstat et al.

(2000); Magnani et al. (2000).
d turnover time of sapwood [yr−1] Bartelink (1998); Magnani et al. (2000).
e maximum transpiration rate per unit leaf area [10−8 m s−1]; Magnani et al. (2000).
f specific leaf area; Reich et al. (1992); Magnani et al. (2000).
g minimum leaf water potential [MPa]; Larcher (2001); Hickler et al. (2004).
h PFT-specific rotation period length in equilibrium [yr]; Nabuurs and Mohren (1995).

Tab. 4.1: Parameter values for the ‘size-dependent’ allocation scheme (see Appendix 4.6.1), as well
as rotation period length in equilibrium for woody PFTs (see Appendix 4.6.3).
TeNE: temperate needle-leaved evergreen, TeBS: temperate broadleaved summergreen,
BNE: boreal needle-leaved evergreen, BBS: boreal broadleaved summergreen, TeH: tem-
perate grass (C3). All other parameters as in Sitch et al. (2003)



84 4. Hydraulic acclimation and regional carbon balances

the important features are summarised as follows:

Balances and fluxes of C and H2O are calculated for each stand separately. The

average current annual increment at equilibrium (see Section 4.2.3) is used to determine

the grid cell specific productivity, and thereby the initial amount of total fellings from

forest management for each PFT. This locally adapted level of harvesting allows to scale

country-wide trends in wood demand derived from forest statistics (Section 4.2.2) to a fine-

resolution grid in the transient phase of a simulation. However, this assumes steady-state

at the beginning of the transient simulation (1901). Estimates of the natural self-thinning

in each stand (adapted from Smith et al., 2001), as well as the amount of clear-cut felling

required to maintain a PFT specific rotation-period (Trot) are used to partition the total

fellings into thinnings and clear-cut fellings. The fraction of forest lost due to stand-

replacing fires in each age-class are estimated with the regional fire module of LPJ (Reg-

FIRM, Venevsky et al., 2002), taking account of aboveground litter stocks and moisture

and PFT-specific fire resistances. Cleared fractions of the grid cell, either by management

or fire, are transferred into an ‘area pool’ from which new cohorts are established every

ten years. The level of total fellings can have an effect on the average rotation time of the

forests, and on the area available for replanting, thereby affecting forest age-structure in

addition to changes in forest area.

Representation of autotrophic respiration (Ra): Two alternative hypotheses exist to

calculate Ra. The approach implemented in LPJ deduces Ra from tissue size, a tissue-

specific, temperature-dependent maintenance respiration rate and a substrate-dependent

growth respiration rate (‘LPJ-g&m’, Sitch et al., 2003). An alternative approach is to

assume Ra to be entirely substrate dependent (‘LPJ-sub’). This implies that Ra is a

constant fraction of GPP, as often observed over longer time-scales (Waring et al., 1998),

or as emergent property of a model (Dewar et al., 1999). With increasing temperature,

the fraction of GPP lost to Ra is greater in ‘LPJ-g&m’ than in ‘LPJ-sub’. In this study,

the ‘LPJ-g&m’ formulation is used unless explicitly stated otherwise.

4.2.2 Data

Forest yield-tables and inventory data

Estimates of the typical age-dependent development of growing stock, gross annual in-

crement, biomass losses due to harvesting and natural mortality in German Scots pine

stands are obtained for high, medium and low productivity site-classes from yield tables

by Schober (1987). Biomass expansion equations from Marklund (1988) and the CO2FIX

model (Version 2.0, Masera et al., 2003) are used to estimate total stand C and increments,

as described in Kaipainen et al. (2004).

Timber stocks and increments across large heterogeneous regions can be obtained from

forest inventories. These rely on a large number of field measurements – typically taken

from managed forests – specifically designed to supply statistically sound measurements on
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Fig. 4.2: Provinces of the EEFR-data base and fractional coverage of a) broadleaved and b) ev-
ergreen forests, separated into boreal (blue) and temperate (red) PFTs by bioclimatic
limits.

larger scales (Köhl et al., 1997). Forest inventories give relatively accurate information on

the aboveground growing stock volume in forests. However, total C stocks in vegetation

need to be inferred using biomass expansion factors (BEFs, Kauppi et al., 1992; UN-

ECE/FAO, 2000; Watson et al., 2000). Estimates of soil C stocks can only be derived

from modelling (e.g. Liski et al., 2002).

Forest inventories of European countries are yet to be harmonised, and differ in their

method of estimating growing stock, sometimes even between provinces within countries

(Köhl et al., 2000). Estimates of standing volume and gross annual increment are taken

from the EEFR-database (Schelhaas et al., 1999), which is a collection of national invento-

ries of 32 European countries on a provincial level. These data have been collected mainly

between 1985 and 1999. For the evaluation of regional growth patterns, data are standard-

ised in 20-year age-classes by tree species and province to achieve comparability between

countries. Sufficient data are available for 74 (broadleaved trees) and 77 (coniferous trees)

provinces. Estimating total vegetation C from growing stock is still a subject of intensive

research (Laitat et al., 2000; Lehtonen et al., 2004). Since the database contains no in-

formation to enable conversion of volume data into total vegetation C, such as diameter

at breast height and tree height (Wirth et al., 2004), country-specific BEFs for coniferous

and broadleaved trees were used, based on UN-ECE/FAO (2000, see Table 4.2).

Data to drive the model

Monthly fields of mean temperature, precipitation and cloudiness are taken from the

CRU2000 monthly climate data on a 10’ × 10’ European wide grid, for the years 1901-2000,

provided by the Climate Research Unit (CRU, Mitchell et al., 2004). Data on the annual

CO2 content of the atmosphere are obtained from Keeling and Whorf (2003). Available

water holding capacity, percolation coefficients and soil water characteristics are derived
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Country

Below-ground Biomass

(Broadleaved & Conifers)

Above-ground

biomass

(Conifers)

Above-ground

biomass

(Broadleaved)

Belgium (BE) 0.09 0.39 0.52

Denmark (DK) 0.18 0.40 0.55

Finland (FI) 0.10 0.53 0.64

France (FR) 0.07 0.40 0.53

Germany (DE) 0.14 0.50 0.50

Italy (IT) 0.12 0.42 0.56

Luxembourg (LU) 0.12 0.52 0.66

Netherlands (NL) 0.27 0.61 0.74

Norway (NO) 0.10 0.51 0.69

Poland (PL) 0.07 0.41 0.58

Sweden (SE) 0.11 0.58 0.67

Switzerland (CH) 0.18 0.41 0.68

United Kingdom (UK) 0.14 0.43 0.83

Tab. 4.2: Country-scale conversion factors to scale inventoried volume data to total vegetation
biomass [Mt oven-dry m−3 o.b.], taken from Annex 3B.1 (UN-ECE/FAO, 2000). Data
are transformed to carbon density assuming a carbon density in biomass of 0.5 kgC kg−1.

from soil texture (IGBP-DIS, 2000, aggregated to the 10’ × 10’ grid), based on Saxton

et al. (1986). Soil thermal properties are also based on the IGBP-DIS soil data set (2000),

as in Melillo et al. (1995).

Actual distribution of tree species is derived from a compilation of an area corrected

forest cover map (Schuck et al., 2002), an analysis of ICP level 1 and 2 data (Köble and

Seufert, 2001), and bioclimatic limits as in Sitch et al. (2003, Fig. 4.2). Land-use history

for Europe on the 10’ × 10’ grid are constructed from FAO land-use statistics (1961-2000,

FAOSTAT, 2004) and forest resource assessments (1948-1960, FAO, 1948, 1955, 1960), see

Appendix 4.6.4. Changes in felling intensity and country-specific parameters describing

stem volume to total tree biomass ratios, harvest efficiency, partitioning of removals to

fuel and industrial wood are also based on FAO forest resource assessments (FAO, 1948,

1955, 1960, 1976; UN-ECE/FAO, 1985, 1992, 2000). Sufficient data are available for all

European countries with the exception of Belarus, Moldova, Russia and Ukraine.

4.2.3 Modelling protocol

Stand-level model evaluation

LPJ is run at a typical location (52◦N, 10◦E) with constant, thirty-years monthly average

climatology and atmospheric CO2 concentration (averaged over the years 1941-1970) to

reduce a potential bias due to confounding effects of past changes in environmental condi-

tions on stand development (Mund et al., 2002). Diameter and height from the yield-tables

are used to estimate the parameters kallom2 and kallom3 in LPJ’s diameter to height rela-

tionship (Eq. 4.12, see Appendix 4.6.1), using a Nelder-Mead simplex method. Vegetation
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dynamics are controlled in this experiment by prescribing mortality in the stand from the

volume loss of the yield table. We vary one parameter at a time by ±10% around the

standard value to estimate parameter sensitivity, and then vary all parameters at the same

time, equally by ±10%, to examine the extreme cases.

Regional evaluation of modelled growth patterns

The model, including the generic representation of vegetation dynamics in managed forests

(see Section 4.2.2), is spun up to pre-industrial equilibrium in terms of stable vegetation

and soil C pools, as well as vegetation dynamics, including age-class distribution and

total fellings. For this spin-up, LPJ is run for 900 simulation years recycling monthly

climatology for the years 1901 to 1930 with pre-industrial atmospheric [CO2], as well as

assigned present-day forest area and tree species distributions. In the transient phase,

climate and atmospheric [CO2] vary as observed between 1901 and 2000. For comparison

with regional inventory data, averages of growing stock in 1986-1995 are calculated and

aggregated to twenty-year age-classes for each district of the EEFR-database. Model-data

agreement for each of these regions and tree species is assessed as root mean square error

(RMSE),

RMSE =

√

√

√

√

1

n

n
∑

i=1

(mi − di)
2 (4.1)

where mi and di are the simulated and inventory-derived estimates of biomass in

kgC m−2 for an age-class i, respectively.

Regional application of the model to infer forest C balance

LPJ is spun up to equilibrium as in Section 4.2.3 above, but reconstructed land-use pat-

terns from the beginning of the century are incorporated. This section follows a factorial

design with three separate runs in order to attribute changes in age-structure, vegetat-

ion biomass and land-atmosphere fluxes to observed changes in climate and atmospheric

[CO2] (‘C’), changes in land-use (‘L’), and changes in wood demand (‘D’) between 1948

and 2000. In ‘C’, only climate and atmospheric [CO2] are varied, with forest area and

wood demand held constant at 1901 levels. In ‘L’, land-use patterns are changed in addi-

tion (see Section 4.2.2, and Appendix 4.6.4), with wood demand on a per grid cell basis

held constant at 1901 levels, implying a change in removals per area inversely proportional

to the change in forest area. In ‘D’, in addition to climate, atmospheric [CO2], and land-

use, wood demand is adjusted for the period 1948-2000 as derived from the FAO forest

resource assessments (Section 4.2.2). Afforestation after 1948 is the only factor (apart

from environmental changes) influencing forest soil C stocks, in ‘L’ and ‘D’. Soil C pools

of afforested land are initialised with results of LPJ’s cropland module (Bondeau et al.,

in prep.), taking account of the actual crop and grassland distribution. Cropland soil C
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Fig. 4.3: Five-year running mean of a) biomass in vegetation [kgC m−2], and b) net increment
[kgC m−2 yr−1] of Pinus sylvestris in Germany (Schober, 1987) for low, medium and high
fertility site classes, compared to a model run of LPJ with size-independent allocation
scheme (Sitch et al., 2003), and size-dependent allocation (Magnani et al., 2000). Vegetat-
ion biomass is the integral of net increments and removals from thinnings. c) and d) show
the parameter sensitivity for the five parameters of the size-dependent allocation scheme
(see Table 4.5 for parameter-key) as difference in vegetation biomass and increment in a
60-years old stand.

stocks are typically lower than soil C stocks in forests (Guo and Gifford, 2002). Effects of

previous land degradation (e.g. Glatzel, 1999) are not taken into account.

4.3 Results

4.3.1 Stand-level model evaluation

Figure 4.3 shows that, in the yield-table, the growth rate declines markedly after canopy

closure for all three site classes considered, attaining peak biomass at around 100 years. In

the original LPJ formulation, carbon is allocated to plant tissues with fixed proportions

of leaf, root and sapwood area (Fig. 4.1). After canopy-closure, this scheme predicts

an increasing proportion of GPP lost through maintenance respiration to support the

increasing living biomass with stand age (Yoda et al., 1965; Kira and Shidai, 1967). On the

stand level, this increase contributes little to the age-related decline in the net increment

of trees, seen in Figure 4.3 as constant growth rate in stands older than 45 years. These

results agree with experimental evidence presented in Ryan and Waring (1992) and Ryan

et al. (1995). A slight increase in growth with age is modelled, resulting from larger

per-unit leaf area photosynthesis at lower LAI as stands become less dense with age.

Following Magnani et al. (2000), the proportional allocation of C to fine roots and shoot

increases with increasing tree height to maintain comparable levels of canopy conductance
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compensating for an increase in above-ground hydraulic resistance with path length (see

Fig. 4.1). The resulting additional allocation of biomass away from photosynthetic tissue

is costly, and results in reduced growth efficiency with age. However, while the relative

decline in growth is correctly modelled in LPJ with the size-dependent allocation scheme

by Magnani et al. (2000), the actual size of growing stock and increment is less than

predicted from the yield table with the original parameterisation of physiology in LPJ

(results not shown). In the size-dependent scheme below-ground costs are higher, because

of the considerably higher turnover of fine roots compared to the original value in LPJ (fine

root longevity of 0.65 years as opposed to 3.0 years). Setting the growth predicted from

the yield-table and the biomass-allocation patterns derived from Magnani as a constraint

to modelled gross primary production from LPJ, values for LPJ parameters affecting

the rate of assimilation per unit leaf area can be inferred. After adjusting the radiation

use efficiency in LPJ (by changing αa from 0.5 to 0.75) both simulated biomass and net

increment compare well with the yield-table based estimates, as demonstrated in Figure

4.3.

The size-dependent allocation scheme has five parameters that functionally link root,

shoot and leaf C pools (kr, ks, τr, τs, Eun, see Table 4.1). The decline of forest growth is

robustly modelled, when varying one parameter at a time by ±10% around its standard

value (dark grey area in Fig. 4.3). Decreasing growth efficiency still leads to a decline of

forest growth with age when varying all parameters at the same time by ±10%. However,

the decline is considerably less, if the costs of sustaining a unit leaf area are low (e.g. high

kr in combination with low Eun), seen as the upper uncertainty bound in Figure 4.3b.

While changes in the allometric ratios of leaf mass to sapwood area or leaf to root mass

with height are similar between alternative parameterisations, modelled biomass density

in 140-years old stands differs by up to ±50% from the result obtained under standard

parameterisation. The investment costs of roots, i.e. root hydraulic conductance and

root longevity, are more important than the corresponding parameters for sapwood. The

maximum transpiration rate per unit leaf area (Eun) exerts the strongest influence on

model results. Lower values of Eun decrease the investment costs per unit leaf area,

thereby enhancing growth, however, at the increased risk of water limiting photosynthesis

in dry conditions.

4.3.2 Regional evaluation of modelled growth patterns

Modelled biomass densities for different age-classes compare favourably with estimates de-

rived from the EEFR-database for most regions and for both coniferous and broadleaved

PFTs (Table 4.3), as shown exemplary for a boreal (Northern Finland), temperate (Ger-

many, Hessen), and Mediterranean (Italy) province/country in Figure 4.4. The coefficient

of determination between biomass estimates of different age-classes from EEFR-data and

LPJ for individual provinces is typically higher than 0.75, with few exceptions in provinces

where inventoried biomass is very low (e.g. northern Norway), or shows unrealistic changes
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Fig. 4.4: Comparison of vegetation C estimates (including the below-ground component) derived
from the EEFR-data base (Beech, Birch, Oak, Pine and Spruce) to estimates by LPJ for
a boreal (Northern Finland), temperate (Hessen, Germany), and mediterranean (Italy)
province. a) Boreal or temperate broadleaved summer green PFT, b) boreal and tem-
perate needle-leaved evergreen PFT.

from age-class to age-class (e.g. Scots pine in Wales). For a given province, the largest

contribution to the model error is typically due to overestimation of biomass in old stands.

This could be attributed to either under prediction in the age-related decline or under-

estimated harvest intensity/mortality in older stands. It is not possible to confirm either

hypothesis from the data available.

Figure 4.5 shows that the average biomass densities of data and model compare rela-

tively well for most countries, for which suitable data are available. Average model errors

(expressed as RMSE, see Section 2.3.2) by region are 3.70 (0.49-8.89) kgC m−2 for conifer-

ous and 2.07 (0.56-7.02) kgC m−2 for broadleaved PFTs (Table 4.3). The disagreement is

larger for conifers because of systematic overestimation of biomass by the model in parts

of France, Poland and Scandinavia (see below). The fact that inventoried biomass differ

substantially between coniferous species (i.e. spruce and pine), but are quite similar for

broadleaved species (i.e. oak, beech and birch) also contributes to the larger difference in

conifers. For instance, the coniferous PFT modelled by LPJ agrees well with Scots pine

in the southern German provinces of Bavaria and Baden-Württemberg, where vegetation

C stocks are generally high, but better with Norway spruce in the eastern province of

Brandenburg, where inventoried biomass densities are low. Average conifer RMSE for

all three regions are, however, fairly similar, resulting from the substantial difference in
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Fig. 4.5: Biomass densities [kgC m−2] in European forests by country as estimated from the EEFR-
database (Beech, Birch, Oak, Pine and Spruce) and simulated with LPJ, giving equal
weight to each age-class to facilitate comparison between data and model (see Table 4.2
for country-key). a) Boreal or temperate broadleaved summer green PFT, b) boreal and
temperate needle-leaved evergreen PFT.

Country
LPJ-g&m LPJ-sub LPJ-g&m LPJ-sub

Beech Bircha Oak Beech Bircha Oak Pine Spruce Pine Spruce

Norway n.a. 1.96 n.a. n.a. 1.79 n.a. 4.60 3.18 1.99 1.35

Finland n.a. 0.76 n.a. n.a. 0.90 n.a. 4.59 4.09 1.86 1.44

Sweden n.a. 2.04 n.a. n.a. 2.10 n.a. 3.63 2.44 1.59 1.46

Denmark 3.93 n.a. 0.95 4.02 n.a. 0.47 6.27 1.45 4.58 1.09

Poland 2.14 2.11 1.38 2.00 2.23 1.25 4.28 1.46 4.36 1.88

Germany 2.30 n.a. 1.19 2.23 n.a. 1.18 2.47 2.80 2.02 3.95

Netherlands 7.02 1.93 4.78 6.82 2.01 4.44 1.38 2.52 1.67 3.12

United Kingdom 5.04 n.a. 1.96 5.00 n.a. 2.03 4.89 3.00 3.53 3.70

France 2.19 n.a. 2.57 2.39 n.a. 2.82 7.40 5.25 7.31 5.30

Italy 2.68 n.a. n.a. 2.82 n.a. n.a. 3.31 2.68 4.36 3.62

Average 2.44 1.83 1.95 2.51 1.90 2.03 4.25 3.15 2.77 2.34

a Data for Norway and Sweden are for all broadleaved species, assembled in group.

Tab. 4.3: Country average root mean square error [RMSE, kgC m−2] of biomass estimates of LPJ as
compared to the EEFR-database according to tree species (see Section 4.2.3). Averages
for all European countries are obtained as forest area-weighted mean. ‘LPJ-g&m’ refers
to the standard LPJ formulation of Ra, whereas ‘LPJ-sub’ refers to the substrate limited
mode (see Section 4.2.3).
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Fig. 4.6: Average relative error of biomass estimates by LPJ, expressed as the ratio of root mean
square error and inventory-based biomass density for a,c) broadleaved and b,d) conifer-
ous PFTs (or tree species), using either ‘LPJ-g&m’ or ‘LPJ-sub’.

biomass density between Norway spruce and Scots pine in these provinces.

Spatial maps of the relative model-data difference (Fig 4.6 a,c) suggest that for broad-

leaved species relative differences between model and data are largest in southern Norway

and southern France, but relatively low for most other regions. The error in these regions

results from over prediction in simulated biomass. However, in Norway the largest error

occurs in regions where inventoried stocks range between 1.5 and 2.4 kgC m−2, such that

the absolute over prediction is quite low, whereas in southern France inventoried biomass

ranges between 5.0 and 6.5 kgC m−2. The error mostly results from overpredicted simu-

lated biomass stocks in older stands. However, it is not clear, whether past disturbance

or a too slow decline in the simulated growth rate is the cause for this.

Similar maps for conifers (Fig. 4.6b,d) show the largest model-data differences in

France, Poland and Scandinavia. In Poland and France, larger model-data differences may

be partly attributed to the low coefficients to scale volume data to biomass (Table 4.2). The

systematic overestimation is reduced when the European average BEFs are used instead

of the country-specific coefficients for the volume-biomass conversion (Table 4.2, results

not shown). However, modelled biomass densities in southern France would still be too

high. A comparison of NPP modelled by LPJ with results from the NPP -intercomparison
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Fig. 4.7: Average growth rate in the first 20 years after stand establishment along a gradient in
annual mean temperature for EEFR-provinces in Norway, Sweden and Finland for a)
broadleaved and b) coniferous PFTs (or tree species).

(Cramer et al., 1999; Kicklighter et al., 1999), and data from the Ecosystem Model-Data

Intercomparison project (EMDI, Olson et al., 2001) suggests that NPP in boreal ecosys-

tems is overestimated with the standard LPJ formulation of Ra (‘LPJ-g&m’; results not

shown). Using the alternative formulation (‘LPJ-sub’), this overestimation is reduced.

Biomass estimates for Scandinavian conifers simulated with ‘LPJ-sub’ are in better agree-

ment with the data (see Fig. 4.6d). However, improvement with this alternative formula-

tion is not unequivocal, with slight deterioration in the model-inventory data agreement

for temperate conifers, and broadleaved species. This increased difference results partly

from a smaller age-related decline in growth rate predicted with ‘LPJ-sub’, as increasing

sapwood respiration costs no longer contribute to Ra. Overall model error is, however,

substantially reduced (Table 4.3), primarily because of the improved estimation of biomass

in boreal Europe.

Figure 4.7 shows that net increments estimated for the first 20 years of stand develop-

ment from the EEFR-database decline significantly with decreasing annual mean temper-

ature on a South to North gradient in Scandinavia, for Scots pine and Norway spruce, and

broadleaved species (pooled into one group to obtain a greater spatial coverage). Such a

trend is also apparent in estimates of increment from LPJ, irrespective of the hypothesis

used to model Ra. In the EEFR-data, no trend is notable with respect to climatic water

deficit within a country. It is not possible to assess the gradient across countries along a

East-West transect, because different country-specific biomass expansion factors lead to

significant, but artificial, gradients when pooling the data of two or more countries.
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4.3.3 Regional application of the model to infer the forest carbon balance

Simulated C stocks in vegetation (11.3 PgC, corresponding to 7.4 kgC m−2) as well as

litter and soil (17.9 PgC, corresponding to 11.8 kgC m−2) are larger than estimates based

on forest inventories for vegetation (7.7 PgC excluding woodlands, plus 1.0 PgC dead

wood, the total corresponding to 6.0 kgC m−2) and soil (13.0 PgC, plus 0.7 PgC forest

floor, the total corresponding to 9.2 kgC m−2) (Goodale et al., 2002). Some overestimation

of vegetation C would be expected based on the results in Section 4.3.2, particularly in

boreal ecosystems (see Figure 4.6b). In addition, all forests were assumed to be managed as

‘high forest’ with rotation period lengths between 80 and 150 years, whereas management

strategies may differ regionally. Management strategies such as ‘coppice with standards’,

as practiced in the Mediterranean region, or forests with shorter rotation times would

imply lower average vegetation C stocks. The biomass estimate of LPJ also accounts

for understorey vegetation, whereas inventory-based estimates typically only account for

biomass in trees above a diameter threshold. Considering model and data uncertainty,

however, the simulated C stock estimates appear acceptably close to the inventory-based

estimates.

Figure 4.8a shows that observed climatic changes and CO2 fertilisation in the 20th

century (‘C’) lead to a continuous rise in simulated forest vegetation C stocks between

1950 and 2000, reaching an average rate of increase of about 40 gC m−2 yr−1 over Europe

in the 1990s. Forest area increase (depicted in Fig. 4.8d) more than compensates the

growth enhancement per unit area until the 1960s (‘L’) because of the large proportion

of very young stands (but see also Appendix 4.6.3). Thereafter forest vegetation C in-

creases per unit area are quicker than with environmental changes alone (1990s average:

58 gC m−2 yr−1) as the afforested stands reach their maximum growth rate. Increasing

harvest rates since the 1950s lead to somewhat smaller increases in the growth rate after

1975, when changes in wood demand are also considered (‘D’). Growth rates reach similar

levels in the late 1990s, when wood demand shows a marked decline (Fig. 4.8c).

Observed climatic changes and CO2 fertilisation in the 20th century (‘C’) result in a

net increase in the vegetation carbon stock of about 57 TgC yr−1 in the 1990s, distributed

almost equally across Europe (Table 4.4). Afforestation since 1948 in addition to changing

environmental conditions (‘L’) leads to a net uptake of 107 TgC yr−1 in vegetation. The

simulated forest age-class distribution is in good agreement with present-day inventory-

based estimates from (UN-ECE/FAO, 2000, see Fig. 4.8b). This shift towards younger

forests increases overall forest increment, as demonstrated in Figure 4.3. The amount

of wood removed from forests has not been constrained by inventory-based estimates of

removals (see Appendix 4.6.3). Instead, it is based on the average forest increment in

equilibrium, modified by the observed changes in removals since 1948 (‘D’). The modelled

removals of about 95 TgC yr−1 in the 1990s are surprisingly close to the 96 TgC yr−1

estimated for 1990 from inventory data (Nabuurs et al., 2003, Fig. 4.8c). In ‘D’, the

modelled removal to increment ratio in the 1990s of 0.53 is very close to the 0.55 obtained
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Fig. 4.8: a) 10-year running average of the net increase in vegetation C stocks resulting from
the effect of observed changes in climate and atmospheric [CO2] (‘C’), the former plus
increasing forest area (‘L’) and all of the aforementioned factors and including changes
in wood demand (‘D’) for Europe, excluding Belarus, Moldova, Russia and Ukraine. b)
Age-structure of forests in the 1990s, as simulated by LPJ and documented in forest
statistics (black line, UN-ECE/FAO, 1992, 2000). c) Removals of timber from forests,
including an estimate based on forest statistics from Nabuurs et al. (2003). d) Change
in forest area, as derived from forest statistics (similar in ‘L’ and ‘D’).

from (UN-ECE/FAO, 1992, 2000). Taking all forcing factors into consideration, modelled

net C uptake in forest vegetation is about 100 TgC yr−1 in the 1990s.

Estimates of present-day net C uptake are within the range of estimates obtained by

inventory-based studies (see Table 4.4). Nabuurs et al. (2003) estimate an average increase

in vegetation C of 48 TgC yr−1 between 1950 and 1999, tracking net increments and

removals in European forest based on inventory data between 1948 and 2000. They note

that net increments in the inventory data prior to 1976 may have been underestimated,

resulting in an underestimation of C uptake of up to 15 TgC yr−1. Average net C uptake

in vegetation would still be 10 TgC yr−1 smaller than the average uptake between 1950

and 1999 of about 73 TgC yr−1 estimated in this study.

A full forest sector carbon balance comprises includes changes in litter and soil C

stocks, as well as in wood products. For a given grid cell, the development of net eco-

system production (NEP ; the difference of NPP and carbon losses from heterotrophic

respiration, Rh, where positive values denote terrestrial C uptake) with stand age is in



96 4. Hydraulic acclimation and regional carbon balances

Terrestrial carbon uptake

Vegetation Litter & Soil Products Total Reference area

[TgC yr−1] [106 km2]

LPJ

Climate and [CO2] change 57.1 -1.9 0.1 55.4 1.23

+ Land-use change 106.7 9.7 -0.1 116.3 1.51

+ Wood-demand change 100.3 7.6 3.2 111.1 1.51

Literature

Nabuurs et al. (2003) 98 42 2 142 1.4

Liski and Kauppi (2000) 110 1.76

Päivinen et al. (1999) 69 1.4

Kauppi and Tomppo (1993) 130-194a 1.44

Net Ecosystem Production Reference area

[TgC yr−1] [106 km2]

LPJ

Climate and [CO2] change 146.0b 1.23

+ Land-use change 194.2b 1.51

+ Wood-demand change 189.8b 1.51

Literature

Papale and Valentini (2003) 278cd 1.51

a but excluding wood products. Also this estimates refers to the 1980s.
b flux estimates do not account for C losses from wood products or biomass burning
c flux estimates do not account for C losses from any disturbance
d derived from scaling the average annual uptake per unit area to the European forest area, as in Janssens

et al. (2003).

Tab. 4.4: Changes in terrestrial C pools [TgC yr−1] in the 1990s as modelled with LPJ, and from
inventory-based studies, as well as net ecosystem production [NEP=NPP -Ra, TgC yr−1]
estimated with LPJ and from eddy-covariance measurements. Positive NEP denotes an
increase in terrestrial C stocks.

general agreement with several chronosequence studies of NEP in different forest ecosys-

tems based on eddy-covariance data (Churkina et al., 2003; Law et al., 2003; Campbell

et al., 2004; Kolari et al., 2004; Kowalski et al., 2004, results not shown). Clear-cut fellings

turn forest stands from a moderate C sink to a moderate net C source. Stands begin

to sequester C some years after the disturbance, however, the exact timing of this varies

between regions depending on the growth rate of forests and the amount and decay rate of

slash. Net C uptake generally peaks around the time of canopy closure, however, as long

as thinning, i.e. C removal from the site, continues, stands exhibit a positive NEP. LPJ

estimates of annual C exchange are generally lower than eddy-covariance based estimates

(e.g. Kolari et al., 2004). However, a detailed analysis of the causes for this is beyond the

scope of the present analysis, and site specific management actions may have contributed

to the apparent underestimation.

European scale forest NEP obtained from upscaling eddy-covariance measurements

of several forest stands (Papale and Valentini, 2003) amounts to 278 TgC yr−1. This
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is substantially higher than the 189 TgC yr−1 obtained in this study, taking account of

forest age structure – and the associated shifts in NEP – which is in agreement with

European-scale forest age structure from forest statistics. However, the present study

probably underestimates soil C uptake, as it does not account for the effect of earlier soil

degradation (Glatzel, 1999). The effect of the cessation of litter raking alone is estimated

to cause a net uptake of 42 TgC yr−1 in soils (Table 4.4, Nabuurs et al., 2003). On

the other hand, the flux-data based estimate might overestimate whole European forest

NEP, because most of the sites considered are middle-aged forests, which typically show

a strong C uptake, and the sparse network may not be representative for the European

forest structure (Valentini et al., 2000a).

Wood products do not contribute to a large proportion of the overall C uptake in

forests in this study (Table 4.4). This is in agreement with findings from (Nabuurs et al.,

2003), although they used estimates of wood products stored in Germany to initialise the

products pools. In contrast, the pools are assumed to be in equilibrium at the start of

the simulation in this study. Given that the products-pool sizes and the resulting flux are

small compared to the fluxes of NPP and Rh, uncertainty in the estimation of these pools

will not change the overall results of this study.

4.4 Discussion

In this study, we evaluated biomass predictions of a generalised ecosystem model with

forest inventory data. We demonstrated that the original pipe-model formulation of LPJ

does not suffice to model stand development adequately and proposed an improved model

formulation (Section 4.4.1). The advanced model, coupled to a generic representation of

forest management, captures the important features of regional forest inventories, however,

substantial differences remain (Section 4.4.2). Nonetheless, the model is able to reproduce

present-day age-structure and harvest ratio, and predicts a net carbon uptake in vegetation

that is compatible with observations (Section 4.4.3).

4.4.1 Tree growth in LPJ

This study has shown that Magnani’s hypothesis on changing C allocation to plant tissues

with tree height can be successfully used within the framework of a general ecosystem

model to predict stand-scale evolution of biomass densities with stand age (Section 4.3.1).

Furthermore, it has been demonstrated that a suitably parameterised model using this

algorithm can be used to estimate plausible biomass stocks at a regional scale despite

the fact that the model was only calibrated for one tree species (Section 4.3.2, Fig. 4.6).

Clearly, the results presented here show how simulations can be improved by using the

Magnani-hypothesis but do not constitute a proof of the hypothesis in itself. Such a test

would comprise intensive field work along a chronosequence for several different plant

functional types and across different ecotones. However, this study demonstrates the



98 4. Hydraulic acclimation and regional carbon balances

potential applicability of such a theory. Further field work is highly desirable, particularly

because the hypothesis is of an adequate complexity to be incorporated into generalised

ecosystem models. Such data would either confirm the results in this study, or point to

further improvements on the algorithms used.

Two aspects that specifically require more ecological understanding are the maximum

transpiration rate per unit leaf area (Eun), and how this rate changes along environmental

gradients, as well as the increase in below-ground allocation with stand age for which

evidence is still conflicting (see discussion in Ryan et al., 2004). Fine root investment

in the size dependent allocation scheme depends primarily on the assumed specific root

hydraulic conductance, and fine root turnover times. Although data available for specific

root hydraulic conductivity (Roberts, 1977; Rüdinger et al., 1994; Steudele and Meshch-

eryakov, 1996; Nardini and Tyree, 1999; Magnani et al., 2000) are sparse and do not allow

generalisation, the estimates are of the same magnitude. Field data suggest that fine root

longevity is similar to the time-scale suggested by Magnani et al. (2000), and conservative

across different plant functional types (Vogt et al., 1996; Eissenstat et al., 2000).

Evidence supports the hypothesis that despite considerable differences in sapwood

leaf-specific conductivity across species, leaf-specific whole plant conductance of well-

watered mature plants is rather conservative even across different angiosperm and conifer-

ous species (Becker et al., 1999). A constant maximum transpiration rate is also supported

by long-term ecosystem manipulation experiments (Cinnirella et al., 2002). The precise

value of the parameter Eun is likely the result of a compromise between high carbon gains

due to low water limitation and low investment costs into supporting tissue (Givinish,

1986; Cannell and Dewar, 1999; Sperry et al., 2002), and probably a function of environ-

mental conditions (Magnani et al., 2002). However, little is known about the variation of

this parameter in response to the climatic water deficit (i.e. long-term average humidity).

4.4.2 Evaluation of simulated growth patterns using inventory data

The comparison of simulated and inventory-based biomass estimates has shown that, in

general, a simple, globally parameterised model is capable of reproducing large-scale trends

in growth, both with respect to time (age structure, Fig. 4.4) and location (e.g. temper-

ature gradient, Fig. 4.7). The data of the EEFR-database provide a plausibility check

of simulated biomass densities with age, but they are of limited use in attributing causes

to the model-data differences. Nevertheless, the large-scale differences between model

and data do suggest that NPP in boreal ecosystems modelled with the standard LPJ Ra

formulation is overestimated (Fig. 4.6).

Inventory-based biomass estimates differ substantially between provinces of the same

country, and far more pronounced than simulated estimates, leading to substantial dif-

ferences in the coincidence between simulations and data. The inventory-based estimates

have been obtained using country specific BEFs that may not adequately represent re-

gional differences in carbon allocation within a country. More likely, however, these differ-
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ences are due to regional variations in soil fertility, and thus nutrient limitation on plant

photosynthesis, which are not taken into account in the current version of LPJ. Further

refinement of LPJ to increase the accuracy with which regional variations in biomass are

modelled therefore requires an advanced representation of nutrient limitation, and in first

order C-N interactions, on plant growth. Differences in inventoried biomass stocks be-

tween tree species of the same plant functional type suggest that more physiological detail

to model the differential growth rates of different tree species would further enhance the

models capacity to provide accurate biomass estimates in regional scale applications.

The overestimation of biomass in old stands in LPJ-simulations may be a consequence

an underestimation of either the age-related growth decline or thinning intensity. The

removals of biomass from each age-class cannot be inferred from the EEFR data-base

itself. Yield-tables, which are representative of typical management regimes in a particular

region, may provide volume loss and tree density data for different age-classes. The LPJ

forest management module shows a broad agreement in biomass loss with stand age with

a limited number of these yield-tables. Further evaluation systematically using yield-

tables from different countries, and for different forest types, may further increase the

confidence placed in the thinning intensity predicted by LPJ. Nevertheless, a gap will

remain between these idealised, and sometimes outdated, data and forest inventories that

take account of actual, present-day forest management and the effect of past natural

disturbances on growing stocks. Access to higher resolution inventory data, comprising

stand-level information and also tracking stand volume removals, would greatly help to

reduce this type of uncertainty.

The average European-wide harvest ratio modelled with LPJ agrees surprisingly well

with the average harvest ratio from the 1992 and 2000 forest resource assessments. Despite

the overall agreement the modelled and observed ratios differ considerably for individual

regions, but in a non-systematic way. Modelled harvest ratios for some Central European

countries are higher than in reality, suggesting that modelled growth stimulation has not

been as strong as observed in these countries. Countries with a high proportional share

of young forests due to reforestation, for instance Ireland, show a much lower simulated

harvest index than documented in the forest statistics. Probably some of the forests

in Ireland are in reality quite intensively managed with short rotation times, e.g. to

prevent losses to infectious diseases, whereas in the simulations final felling of afforested

forests is only allowed after these have reached the prescribed PFT-specific rotation period

time. Theoretically, the framework of LPJ is flexible enough to account for these regional

differences in management, which will probably be most important in southern Europe,

where ‘coppices with standards’ occupy significant fractions of the area that is classified

as forest. Data to improve simulation results would not only encompass a consistent

description of management practices, e.g. timing and extent of thinning, across Europe,

but also geolocation of the different management types.
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4.4.3 European forest C balance

Carbon uptake in vegetation estimated from the advanced model is well within the un-

certainty bound of the estimates based on forest inventories (Liski et al., 2003). The

simulations in this study suggest that observed climate change, and even more so, CO2-

fertilisation account for more than 50% of this uptake. Nitrogen availability is unlikely to

have limited the fertilising effect of CO2 because of the very high levels of N-deposition

over large parts of Europe in the recent decades. On the other hand, forest growth is

directly affected by increased N-deposition, and other air pollutants such as SO2 and O3,

even though the magnitude of these effects is still uncertain (Spieker et al., 1996; Townsend

et al., 1996; Lloyd and Farquhar, 1999; Nadelhoffer et al., 1999). Similarly, past changes

in forest management in Europe focused on enhancing forest growth by improving site

quality through selection of better provenances, cessation of litter raking and soil amelio-

ration and peatland drainage programmes (Kauppi et al., 1992; Spieker et al., 1996). The

inventory-based estimate of the present-day net increase in vegetation C with its ‘known’

uncertainty of -20% to +25% (for all 55 countries of the TBFRA data set, Liski et al.,

2003) gives an appropriate constraint to the growth changes as predicted by terrestrial

biosphere models. Future work will have to clarify the relative contribution of the direct

effects of N-deposition and improved forest management to the observed increase in forest

growth by including these effects into the model.

Simulated changes in forest litter and soil C pools are very small compared to other

studies (Schulze et al., 2000; Nabuurs et al., 2003), as in this study these pools were as-

sumed to be in equilibrium at the beginning of the 20th century. Deforestation as early

as the medieval period had left many parts of Europe with forest area of less than 10%

(Mather, 1990). Forest soil carbon stocks today are probably far below their equilibrium

size, resulting from reforestation of former agricultural land since the late 19th century

and traditional forest management practices. These management practices, for exam-

ple fuelwood collection and litter raking that were practiced until the mid 20th century

(Karjalainen et al., 1999), caused soil degradation mainly from nutrient export, thereby re-

ducing site fertility and, because of reduced productivity, litter inputs to the soils (Glatzel,

1999). However, only the effect of increasing forest area from 1948 levels onwards is consid-

ered in the simulations. Litter and soil C stock uptake rates in this study average around

20 gC m−2 yr−1 for the 1990s, with considerable interannual variability. Inventory-based

soil C uptake is approximately 50 gC m−2 yr−1 (Nabuurs et al., 2003), using an initiali-

sation that was not necessarily in equilibrium with litter fall in 1948, and including the

effect of litter raking and its cessation in the latter part of the 20th century. By comparison

of litter fall and rates of heterotrophic respiration, Schulze et al. (2000) derived a soil C

uptake rate of 110 gC m−2 yr−1, after correction for soil C losses after disturbances by

harvest (Janssens et al., 2003). It appears unlikely that the uncertainty in estimated soil

C stock change can be substantially reduced by a simple extension of the historic land-use

data set. A reduction in uncertainty would furthermore require a quantification of the
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effects of past soil degradation on current soil C stocks.

4.5 Conclusions

A generalised ecosystem model considering plant hydraulic architecture and its influence

on C allocation with tree height captures the age-related decline in forest growth. The

advanced model is able to simulate the development of biomass with age at the stand

and regional scale. Despite the general agreement in growth trends between model and

inventory-based estimates along a large-scale temperature gradient, notable differences

occur regionally. These may be related to regionally varying soil fertility, which is currently

not considered in LPJ.

The model-data agreement in forest biomass increment, as well as the agreement of the

predicted absolute level of removals, harvest ratio, and forest age-structure after account-

ing for changes in forest area and wood demand since 1948 suggest that the proposed

forest management scheme in LPJ captures the main effects of forest management on

forest growth on a regional scale. The remaining inaccuracies may be addressed by in-

cluding for example more detailed information on the tree-species level, and on regional

forest management practices, such as country-specific rotation times, felling to thinning

ratios, or management types such as coppices with standards, which are important in the

Mediterranean region.

The present study links process-based simulation of growth processes with statistical

information on land-use change and forest use, and thereby reduces the theoretical gap

in C accounting between inventory and process-based approaches. Modelled increases in

vegetation C storage are in good agreement with previous inventory-based estimates, and

allow the attribution of fluxes to different causes. The results confirm earlier findings (e.g.,

Kohlmaier et al., 1995) that forest management and forest area changes that impact on

forest age-structure are important to understand the present-day, and hence also future

patterns of net C exchange. From the wide range of different estimates of soil C exchanges

obtained by different approaches, resulting partly form the uncertainty in historical soil C

stocks of forest soils, it is clear that soil C uptake rates are critical in determining the net

forest C exchange.

This study uses forest statistics to evaluate both simulated tree growth and C dy-

namics. It provides an essential step forward in providing a comprehensive estimate of

net carbon exchanges of the terrestrial biosphere, and a framework in which to study the

impacts of future environmental changes on European forests.
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4.6 Appendix

4.6.1 Hydraulic acclimation theory

Table 4.5 (page 111) gives an overview of all abbreviations and parameter used, Table 4.1

details the parameter values and their units.

The flow of water from the soil through the plant may be described by the Ohm’s law

analogy (Slayter, 1967), where the instantaneous transpiration rate Es is function of the

pressure gradient between soil and atmosphere that is bridged by the plant, ∆P , and the

hydraulic resistance of the plant, Rtot:

Es =
∆P

Rtot
(4.2)

The pressure gradient ∆P is constrained by the difference between soil and leaf water

potentials (Ψsoil and Ψleaf , respectively) reduced by a gravitational component (Ψgrav),

imposed by the vertical transport of water. Plants have been observed to operate close to

the minimum level of leaf water potential Ψleafmin that can be safely maintained without

inducing catastrophic xylem embolism (Tyree and Sperry, 1988; Sperry et al., 1994). The

maximal transpiration rate will thus depend on:

∆P = Ψsoil − Ψgrav − Ψleafmin = Ψsoil − H × g × ρw − Ψleafmin (4.3)

where H is tree height, g the gravitational acceleration, and ρw density of water.

Neglecting any differences in transpiration and hydraulic resistance among leaves in the

canopy, total plant resistance can be considered as the sum of the resistances of a root

and a shoot component, arranged in series. Root hydraulic resistance (Rroot) is mainly

determined by the radial resistance of the root (Weatherly, 1982; Magnani et al., 1996;

Steudele, 2000), and therefore inversely related to root surface, and in first order to fine

root mass (Cr):

Rroot =
ρc

kr × Cr
(4.4)

where kr is the specific root hydraulic conductance and ρc the carbon density of root

biomass. Hydraulic resistance of the shoot can be expressed as a function of plant height

H and sapwood cross-sectional area As (Whitehead et al., 1984). Following the pipe-

model, cumulative cross-sectional area of the sapwood in stem and branches is constant

along the whole pathway. Assuming furthermore that specific sapwood conductance ks is

independent of tree size, shoot resistance can then be expressed as

Rshoot =
H

ks × As
=

H2 × ρs

ks × Cs
(4.5)

where Cs is the sapwood mass. Stand transpiration can be assumed to be proportional

to leaf-area in open and aerodynamically well coupled canopies with small environmental
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gradients (Jarvis et al., 1976; Schulze et al., 1994). This has been found for Scots pine,

where stomatal conductance, transpiration and photosynthesis per unit leaf mass showed

only small vertical gradients. More generally, stand transpiration is a function of absorbed

radiation, which results in a strongly non-linear relationship for higher leaf area indices:

Es = SLA × Cl × Eun (4.6)

where the maximum transpiration rate per unit leaf area, Eun, is a constant for given

environmental conditions, but assumed to decrease linearly in response to drought stress

(modelled in LPJ as the ratio of supply over demand), corresponding to Magnani et al.

(2002).

Functional homeostasis implies that the hydraulic resistance of a plant does not exceed

the limit given by

ρc

kr × Cr
+

H2 × ρs

ks × Cs
=

Ψsoil − H × g × ρw − Ψleafmin

Es
(4.7)

The optimality constraint, proposed by Magnani et al. (2000), requires that Rtot exactly

matches the limit imposed. Biomass would be allocated to root and shoot tissues so as

to minimise whole-plant leaf-specific hydraulic resistance, while maximising leaf surface

area, and thereby NPP. Thus, considering the different hydraulic conductivities as well as

the lifetime of the different tissues, optimal growth requires that the ratio of the marginal

total plant hydraulic return to marginal carbon costs in either root or shoot tissue to be

equal:

∂Rtot

∂Cr

1

τr
=

∂Rtot

∂Cs

1

τs
→ ρc

kr × C2
r

ks × C2
s

H2 × ρs
=

τr

τs
(4.8)

Defining

c =

√

kr

ks

τr

τs

ρs

ρc
and c0 =

τr

τs × c
(4.9)

the following allometric constraints can be derived:

As = Cl × SLA
Eun

∆P × ks
(H + c0) (4.10)

Cr = Cl × SLA
Eun

∆P × kr
(H + c0) /c0 (4.11)

Together with the diameter-height relationship

D = kallom2 × Hkallom3 (4.12)

these relationships form the size-dependent allocation scheme that is used to replace

the original, size-independent allocation scheme of LPJ. See Figure 4.1 for a description
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of the allometric changes with tree height.

4.6.2 Plant water uptake considering hydraulic architecture

From equation 4.2 it follows that the instantaneous maximum daily water supply rate for

an individual tree, i.e. with canopy conductance regulated such that leaf water potential

reaches Ψleafmin, is a simple linear function of the actual soil water potential, and inversely

related to whole plant hydraulic resistance. Accounting for plant hydraulic architecture

allows for a more plausible treatment of soil water status on canopy conductance than in

the original version of LPJ (see Hickler et al., 2004, for an evaluation of simulated AET

using a similar approach at point and larger scales). Daily supply rates, and thereby

canopy conductance, are obtained by integrating demand and supply over the course of

the day following Prentice et al. (1993).

Canopy conductance is regulated to prevent xylem pressure values that would lead to

catastrophic embolism. However, cavitation, and thus the loss of conductivity of xylem

vessels, still commonly occurs in water-limited environments (Tyree and Ewers, 1991).

The loss of conductivity can be described as a function of the xylem water potential,

which is in first order equal to the sum of soil water and gravitational potential (Ψxylem =

Ψsoil + Ψgrav) (Sperry et al., 1998; Hickler et al., 2004).

Rroot/shoot ∝ 1 − exp
(

− (Ψxylem/w1)w2
)

(4.13)

where w1 corresponds to the xylem water potential at which 50% of the conductance

is lost and w2 is a shape parameter (Hickler et al., 2004).

Stomatal conductance has been shown to be sensitive to temperature even under a constant

water potential gradient (Smit-Spinks et al., 1984; Cochard et al., 2000; Matzner and

Comstock, 2001). Changes in the conductance are well explained by changes in water

viscosity over a wide range of temperatures, and therefore including the temperature

effect on conductance gives:

Rroot/shoot ∝
1

a1 + a2 × Tc
(4.14)

where a1 = 0.555 (relative viscosity at 0◦C), a2 = 0.022 and Tc temperature in ◦C

(Cochard et al., 2000; Lide, 2002).

4.6.3 Forest management in LPJ

Forest management of even-aged cohorts in LPJ is described in three different components

to model forest C balances at a landscape-scale:

1. The changes of the age-class distribution over time

2. The total level of fellings, and the partitioning of these fellings into thinning and

final felling.
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3. The distribution of thinnings and final fellings over all age-classes.

Table 4.6 (page 112) gives an overview of all abbreviations and parameter used. The

module is described as follows:

Age-structure and area propagation

Each 10’ × 10’ grid cell consists of a forest fraction, Fforest, that is sub-divided into

separate stands S for each PFT (p) of 10-years age-classes (i = 1, .., n). These stands

occupy a fractional area, ai,p, of Fforest that can be decreased by losses from fire or final

(clear-cut) fellings. The fractional changes in area for each Si,p are updated annually. Ten

years have been chosen as the resolution of the age-class cohorts as a compromise between

a realistic representation of the forest dynamics and computational demand.

At the end of each simulation year t, before the start of the forest management module,

the fraction of area lost due to fire is subtracted from each age-class

ai,p = (1 − fab) × at−1
i,p (4.15)

where fab is the fraction of area burnt, as estimated from LPJ’s regional fire module

(Venevsky et al., 2002), depending on aboveground litter stocks, moisture, and a PFT-

specific fire-resistance. Areas ai,p are then updated to account for the fractional loss from

clear-cut fellings in this year (Eq. 4.24):

at+1
i,p =

(

1 − fracfell
i,p

)

× ai,p (4.16)

Areas from fire or clear-cut (for all PFTs) enter a ‘non-forest’ stand S0 (with only herba-

ceous vegetation) with the fractional coverage a0. Changes in the (grid cell scale) fractional

forest area Fforest are also allocated to S0. New cohorts (for all PFTs) are established

from S0 every 10 years. In equilibrium, the mean residence time of area in S0 is 5 years.

The propagation of age-classes over time is best illustrated on a time-step ts of 10 years,

because new cohorts are established only every 10 years. The proportion of ai,p that are

either burnt of felled in a time-step ts, li,p, can be obtained by integrating the fractional

changes from eqns. 4.15 and 4.16 over 10 years. The age-class propagation can then be

described as a modified Leslie-Matrix (Leslie, 1945), as in Kohlmaier et al. (1995) and

Häger (1998):

Ats+1 = P.Ats (4.17)

where

Ats = (a1,p, .., an,p)
T (4.17a)



4.6. Appendix 107

and

P =























l1,p l2,p l3,p · · · ln−1,p 1

1 − l1,p 0 0 0 0

0 1 − l2,p 0 0 0

0 0 1 − l3,p 0 0
...

. . .

0 0 0 1 − ln−1,p 0























(4.17b)

Total fellings and partitioning amongst thinning and felling

The grid cell scale (G) current annual biomass increment of a PFT p, CAIG,p, is the

area-weighted sum of the annual gross increment ∆Cveg
i,p in roundwood over all age-classes

i :

CAIG,p =
n
∑

i=1

CAIi,p =
n
∑

i=1

ai,p × ∆Cveg
i,p (4.18)

where ∆Cveg is the gross increment in a stand over one year (not discounting for

removals). Total woody vegetation carbon estimates (sapwood and heartwood) by LPJ

are converted into roundwood estimates using a conversion factor of 0.6, and in addition

accounting for an average of 10% fellings that are not recovered, and thus remain in the

forest (UN-ECE/FAO, 2000, based on country-specific data).

The thirty-year average CAIG,p at equilibrium (corresponding to the 30-years spin-up

cycle used; see Section 4.2.3) is used to adapt the level of total fellings, F total
G,p,eq, to the local

growing conditions. In the transient phase, total fellings F total
G,p,t vary according to

F total
G,p,t = δ(t) × F total

G,p,eq (4.19)

where t is time in years, and δ(t) the relative change in wood demand derived from

forest statistics (FAO, 1948, 1955, 1960, 1976; UN-ECE/FAO, 1985, 1992, 2000). This

approach allows to scale local harvesting rates with country-scale changes in wood de-

mand, without prescribing F total
G,p,eq and F total

G,p,t directly from forest statistics. The benefits

are twofold: Firstly, forest statistics are typically on a country-basis, whereas modelled

and observed growth differ substantially between regions, a simple scaling is therefore

inappropriate. Secondly, modelled increment may not accurately represent observed in-

crement, such that a drift may be introduced into the calculations because of a inaccurate

increment to harvest ratio at the beginning of the simulation. Assuming steady-state at

the beginning of the simulation is also an unrealistic assumption (because the beginning

of the simulation refers to the year 1901). However, this does not result in model drift,

and therefore allows to asses the consequence of land-use, wood demand and other causes

for forest growth changes.

The partitioning of F total
G,p,t into final fellings (F fell

G,p,t) and thinning (F thin
G,p,t) follows the ob-
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jectives of maintaining a PFT-specific rotation period and minimising loss of wood to

self-thinning. To achieve this, F total
G,p,t is first allocated to the requirements for thinning

F̃ thin
G,p (Eq. 4.20) and final felling F̃ fell

G,p (Eq. 4.21). The remainder of F total
G,p,t is distributed

to F thin
G,p,t and F fell

G,p,t with the aim to partition F total
G,p,t with a constant ratio c = 2/3. A

similar approach is used within the EFISCEN forest statistical model (Nabuurs et al.,

2001).

Mortality in each stand Si,p from natural self-thinning mi,p is estimated from growth

efficiency and stand density (Smith et al., 2001). Forest management is assumed to act

to prevent losses of timber in the forest, thus mi,p is increased if stand density becomes

large (if foliage projective cover approaches 95%, Sitch et al., 2003) to avoid any loss from

self-thinning. The landscape scale requirement for thinning to prevent natural morality is

thus computed as

F̃ thin
G,p =

n
∑

i=1

F̃ thin
i,p =

n
∑

i=1

mi,p × ai,p × Cveg
i,p (4.20)

In this way, trees dying from self-thinning are assumed to be removed as salvage logging,

and also, stand density is held at a level slightly below that level at which substantial

self-thinning would occur.

Forest management aims at a (PFT-specific) rotation period length (Trot,p), because of

the age-related decline in growth and also to avoid increasing mortality in older stands

because of their increased susceptibility to infections. This is implemented into LPJ as

a requirement for clear-cut felling, F̃ fell
G,p , once a particular Si,p reaches a stand age, age

larger than Trot,p. A lag of ten years is required to match the annual time-step of the

management module with the ten year time-step of new stand establishment. Thus,

F̃ fell
G,p =

n
∑

i=1

F̃ fell
i,p =

n
∑

i=1

fi,p × ai,p × Cveg
i,p (4.21)

where

fi =



















age ≤ Trot,p − 10 → fi = 0.0

Trot,p − 10 < age ≤ Trot,p → fi = 1/(Trot,p + 1 − age)

age > Trot,p → fi = 1.0

(4.21a)

Harvesting rates per age-class and fate of harvested C

The landscape scale demand for thinning, F thin
G,p,t, is allocated to stands Si,p by first allo-

cating thinning to those stands in which natural morality would occur, and which did not
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receive a thinning within the last five years:

fracthin
i,p =







ylt < 5 → fracthin
i,p = 0

ylt ≥ 5 → fracthin
i,p = mi,p

(4.22)

where ylt is the number of years since the last thinning for this Si,p. The remaining

demand for thinning (F̂ thin
G,p,t) is allocated to those stands Si,p which had not been thinned

for at least 10 years, with a cap of 7% on removal (fracthin
max):

fracthin
i,p + =







ylt < 10 → 0

ylt ≥ 10 → min(F̂ thin
G,p,t/C

veg
i,p /ai,p, fracthin

max)
(4.23)

Any remaining demand for thinnings is allocated to those stands Si,p that would receive a

thinning in this year (fracthin
i,p > 0) by iteratively adjusting these fractions until all demand

is allocated. Partitioning of the thinnings amongst age-classes is - within reason - similar

to estimates obtained from several European yield-tables (data not shown Koivisto, 1959;

Garcia Abejon and Loranca Gomez, 1984; Schober, 1987). Additionally, pre-commercial

thinning at the age 15 (typically corresponding to a height of 6-8 meters) is carried out to

reduce natural mortality in early stand development.

Final fellings are only carried out in the the oldest age-class, old, of a given PFT. The

fraction of the age-class felled is determined by

fracfrac
old,p = F fell

G,p,t/C
veg
old,p/aold,p (4.24)

without affecting other stands. If the felling demand cannot be met by felling the

oldest age-class completely, the second oldest age-class is used to satisfy the remaining

demand. The rotation-period length Trot,p is not strictly enforced, i.e. if in the transient

phase increments exceed demand for felling – forest area changes, changes in relative wood

demand, or changes in increment due to changed environmental conditions –, forests may

become older than Trot,p, and vice versa.

Only the harvestable fraction of the vegetation C on the stand is actually removed, i.e.

about 54% of the sap- and heartwood (see above). The biomass remaining on site together

with litter of foliage and fine roots are added to the respective litter pools for decay.

Harvested biomass, Hp, is added to a fast (k1 = 1 yr−1) and a slow (k2 = 1/25 yr−1) wood

products pool, as in Nabuurs et al. (2003), with country-specific partitioning coefficients,

w1,2 derived from UN-ECE/FAO (2000):

dWPi

dt
= ki × WPi + wi × Hp (4.25)

where i=1,2.
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4.6.4 Gridded forest area, 1948-2000

Data of past distribution and extent of different land-use types in Europe are sparse; a

consistent spatially explicit data-base is still lacking. Global data-sets by Ramankutty and

Foley (1999) and Goldewijk (2001) map past changes in agricultural and pasture areas,

however, the remainder cannot be simply assumed to be forests. Also, these data-sets

treat Europe as only one or two homogeneous regions with similar land-use change trends,

which is unduly coarse for a detailed European study. To account for the need of such a

data-base for modelling land-use change effects with spatially explicit ecosystem models, a

variety of data sources on area changes for agriculture, pasture, and forests for the period

1900-2000 are used, with an emphasis on the second half of the century owing to a lack

of suitable data earlier in the century. An approach similar to Ramankutty and Foley

(1999) and Goldewijk (2001) is used to scale country-level trends in land-use types to

the spatial 10’ × 10’ grid. Present-day land-use patterns are derived from a combination

of the CORINE data-set (CORINE, 1997) for those countries, for which these data are

available, and PELCOM (Mücher et al., 2000), as in Erhard et al. (in prep.). Land-use

change trends in agriculture, grasslands and forests between 1961 and 2000 are derived

from country statistics (FAOSTAT, 2004). Forest area (1948-1961) is taken from FAO

forest resource assessments (FAO, 1948, 1955, 1960, 1976; UN-ECE/FAO, 1985, 1992,

2000). Agriculture and grasslands are obtained from Goldewijk (2001) for the period

before 1960. Instead of assuming a linear trend within a region, we weighted trends such

that increases were stronger in areas of a high percentage of this land-use, and vice versa,

to account for the effect that marginal sites would be abandoned by that land-use first.

Erhard et al. (in prep.) give a more detailed overview of the procedure to construct these

data.



4.6. Appendix 111

Parameter Description Unit

As sapwood basal area

C stand carbon density (subscript: l, leaf; r, root; s, sapwood) kgC m−2

D stem diameter m

∆P soil-atmosphere pressure gradient MPa

E transpiration rate (subscript: s, stand; un, per unit leaf area) mm s−1

g acceleration due to gravity m s−2

H stand height m

kallom2,3 scaling parameters in equation 11

kr specific hydraulic conductance of fine roots m3 kg−1 s−1 MPa−1

ks specific hydraulic conductance of the sapwood m2 s−1 MPa−1

R hydraulic resistance (superscript u: per unit leaf area; sub-

scripts: root, shoot, total)

MPa s m−1

ρc carbon density of biomass kgC kg−1

ρs carbon density of sapwood kgC m−3

ρw density of water kg m−3

SLA specific leaf area m2 kgC−1

τ turnover time (subscript: r, root; s, sapwood) yr−1

Ψ hydraulic water potential (subscript leaf; xylem; soil; grav,

gravitational; leaf-min, critical leaf-water potential)

MPa

Tab. 4.5: Parameters and variables used of the size-dependent allocation module and plant hy-
draulics.
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Parameter Description Unit

subscript i denoting a particular age-class

subscript G denoting the sum over all age-classes of one PFT p in a grid cell

subscript p denoting a particular PFT

a fractional coverage of the forest fraction Fforest of the grid cell %

Ats Vector containing fractional areas a1, .., an at the time ts %

Cveg roundwood density of a stand S, i.e.

(sapwood+heartwood)×0.6× ∼0.9

kgC m−2

CAI current annual increment of roundwood kgC

∆Cveg change in roundwood density of a stand

S over one year, not accounting for losses

due to harvesting or natural mortality i.e.

(sapwood+heartwood)×0.6× ∼0.9

kgC m−2 yr−1

δ(t) relative change in wood demand over time

fab fraction of area burnt %

Fforest fraction of the grid cell covered by forest %

fracfell fraction of a stand S felled from clear-cut %

fracthin thinning intensity of a stand S %

F fellings (superscript: fell: final fellings, thin: thinning,

total:, total fellings)

kgC

F̃ required fellings to avoid loss due to self-thinning or

to maintain Trot, (superscript: fell: final fellings, thin:

thinning)

kgC

Hp C removed from harvesting kgC

k1,2 decay constants of the wood products pool yr−1

l propagation coefficient in the Leslie-Matrix

m estimated mortality from self-thinning

S stand, subfraction of the forest fraction of a grid cell

t, ts t time in years, ts 10year time-steps

Trot PFT-specific rotation period, see Table 4.1 yr

w1,2 country-specific partitioning coefficient of harvested

wood to the wood products pool

WP1,2 C stored in the wood products pool with 1: 1 year,

and 2: 25 years turnover times

kgC

ylt years since last thinning of a stand yr

Tab. 4.6: Parameters and variables of the forest management module.
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Abstract

Changes in climate and land use, caused by socio-economic changes, greenhouse gas

emissions, agricultural policies and other factors, are known to affect both natural

and managed ecosystems, and will likely impact on the European terrestrial carbon

balance during the coming decades. This study presents a comprehensive European

Union wide (EU15 plus Norway and Switzerland, EU*) assessment of potential future

changes in terrestrial carbon storage considering these effects based on four illustrative

IPCC-SRES storylines (‘A1fi’, ‘A2’, ‘B1’, ‘B2’). A process-based land vegetation

model (LPJ-DGVM), adapted to include a generic representation of land-use types, is

forced with changing fields of land-use patterns from 1901-2100 to assess the effect of

land-use and cover changes on the terrestrial carbon balance of Europe. Furthermore,

the uncertainty in the future carbon balance associated with the choice of a climate

change scenario is assessed by forcing LPJ-DGVM with output from four different
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climate models (GCMs: CGCM2, CSIRO2, HadCM3, PCM2) for the same SRES

storylines.

Decrease in agricultural areas, and afforestation leads to simulated carbon seques-

tration for all land-use change scenarios with an average net uptake of ∼16 TgC yr−1

between 1990 and 2100, corresponding to one fifth of the EU*’s Kyoto emission reduc-

tion target. Projections of total European carbon sequestration are similar among the

land-use change scenarios despite substantial differences in regional trajectories. Soil

C losses resulting from climate warming more than offset growth enhancement from

climate change and increasing atmospheric CO2 concentrations in the second half of

the 21st century in most scenarios. Differences in future climate change projections

among GCMs are the main cause for uncertainty in the cumulative land-atmosphere

fluxes.

Keywords: terrestrial carbon balance, scenario analysis, climate change, land-use

change, LPJ-DGVM, Kyoto protocol.

5.1 Introduction

Terrestrial carbon (C) sinks resulting from land-use and management changes play an

important role in the Kyoto process under Article 3.3 and 3.4 (UNFCCC, 1998). Indeed,

although the terrestrial biosphere in Europe currently acts as a small, but uncertain C sink,

it sequesters annually up to 12 % of the European 1995’s fossil fuel emissions (Janssens

et al., 2003). Reforestation and decreased forest use for wood production, for instance,

are believed to contribute substantially to the present-day net C uptake of the terrestrial

biosphere in Europe (Nabuurs et al., 2003). Potential future changes in terrestrial car-

bon stocks resulting from land-use or land-management changes are therefore of critical

importance for climate mitigation policies.

Environmental changes may also have profound impacts on the amount of C stored

in the terrestrial biosphere (Prentice et al., 2001). Deposition of reactive nitrogen and

fertilisation from increasing atmospheric carbon dioxide concentrations, [CO2], may stim-

ulate plant production (Amthor, 1995; Vitousek et al., 1997), leading to net C uptake in

terrestrial ecosystems. On the other hand, climate change resulting from fossil fuel emis-

sions may significantly alter the capacity of terrestrial ecosystems, in particular soils, to

sequester C (Cramer et al., 2001; Fang et al., 2005). There is a risk of net losses from the

terrestrial biosphere which in turn act to amplify rather than dampen the climatic change

(Cox et al., 2000; Friedlingstein et al., 2003).

Only few studies have so far addressed the interactions between future human transfor-

mations of the landscape, and changes in climate and atmospheric [CO2] on the terrestrial

C cycle (Leemans et al., 2002; Levy et al., 2004; Sitch et al., 2005). These studies have

shown that important feedbacks may be expected from both climate and land-use change in

regional carbon budgets. Substantial uncertainty in future global land-atmosphere fluxes

arises from uncertainty in climate change projections (Cramer et al., 2004; Schaphoff et al.,
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in review). However, no study has so far systematically evaluated the relative impact of

land use and uncertainty in climate change projections on land-atmosphere fluxes using a

consistent set of future land-use and climate change scenarios.

The present study aims to assess the magnitude of the terrestrial carbon fluxes that

can be expected from these changes over the coming century, as well as to provide a

comprehensive analysis of the uncertainty that arises in such projections from uncertainty

about climatic changes in response to a particular emission scenario. Trajectories of future

land-atmosphere fluxes are analysed using such a consistent set of land-use and climate

change scenarios for a domain including the member states of EU15, as well as Norway

and Switzerland (hereafter ‘EU*’). The assessment is based on an advanced version of the

widely used Lund-Potsdam-Jena dynamic global vegetation model (LPJ-DGVM; Smith

et al., 2001; Sitch et al., 2003) that has been adapted to represent actual land-cover as

well as land-use changes. Plausible future development of land-use and greenhouse gas

emissions are based on four of the six illustrative storylines from the IPCC Special Report

on Emission Scenarios (SRES-storylines: ‘A1fi’, ‘A2’, ‘B1’, ‘B2’; Nakicenovic et al., 2000,

see Box 5.1). The effect of these scenarios on the terrestrial carbon balance is evaluated

under a range of climate change projections derived from four different general circulation

models (GCMs: CGCM2, CSIRO2, HadCM3, PCM2, see Table 5.1 on page 120; Mitchell

et al., 2004) to gain understanding of the individual and combined effects of climate,

atmospheric [CO2] and land-use changes, as well as the uncertainties associated with

climate change projections.

5.2 Material and Methods

5.2.1 Overview

The SRES-storylines give plausible paths of future development in socio-economic driving

forces, fossil-fuel emissions, atmospheric greenhouse gas concentrations, as well as esti-

mates of global land-use changes (Nakicenovic et al., 2000). Based on these storylines,

future land-use scenarios have been constructed under special consideration of EU policies

and societal trends (Kankaanpää and Carter, 2004; Ewert et al., submitted; Reginster and

Rounsevell, submitted; Rounsevell et al., submitted, see Section 5.2.1). These scenarios

project changes in arable land, grasslands, forests and urban area for 2020, 2050 and 2080

on highly resolved maps (10’ × 10’ grid) for a domain including the member states of

EU15, as well as Norway and Switzerland (‘EU*’).

Emission scenarios based on the four storylines cover 68% of the range in future fossil-

fuel emissions from all 40 SRES scenarios. Climate models differ in their climate sensitivity,

i.e. their response to a doubling of the radiative forcing, and in particular with respect to

the spatial pattern of changes in temperature and precipitation. Output from four different

climate models, for the same SRES storylines, form the basis of climate change scenarios to

represent this uncertainty (see Mitchell et al., 2004, and Section 5.2.2). Outputs from these
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Box 5.1: The four storylines of the Special Report on Emission Scenarios (SRES)
used in this study; see Nakicenovic et al. (2000) for a detailed description.

The SRES-scenario narratives are differentiated along two axes: one describing
‘material consumption’ (denoted with ‘A’) and ‘sustainability and equity’ (‘B’),
and the second differentiating either ‘globalisation’ (‘1’) and ‘regionalisation’ (‘2’).
Along these axes, the four of the six illustrative storylines analysed in this study
are ‘A1fi’ (‘world markets - fossil fuel intensive’), ‘A2’ (‘provincial enterprise’),
‘B1’ (‘global sustainability’) and ‘B2’ (‘local stewardship’). ‘A1fi’ envisages rapid
economic growth, and high technological advance, with strong reliance on fos-
sil fuel based energy. Materialist-consumerist values are predominant, with low
population growth. This narrative describes a strong globalisation, and reduced
differences in affluence between different regions. ‘A2’ describes a heterogeneous,
market-led world, with emphasis of regional social and economic development,
and a continuous increase in population. The ‘B1’ narrative has a similar low
population growth as ‘A1’, but represents a more convergent world emphasising
global solutions towards a more environmentally sustainable pathway, including
the introduction of clean technologies. ‘B2’ represents a world with local empha-
sis, intermediate economic development, and a population that stabilises at the
end of the 21st century. As such, no probabilities can be attributed to scenarios.

four models are projected onto a common grid, preserving interannual and decadal climate

variability of the 20th century to allow for a comprehensive and consistent assessment of

the effect of climate change uncertainty on land-atmosphere flux calculations. The set of

16 future climatologies (four GCMs times four emission scenarios) covers 93% of the range

in global warming reported in (Houghton et al., 2001). In this study, a subset of eight

scenarios is selected to illustrate:

• the range of land-atmosphere flux resulting from the four socio-economic scenarios

of land-use changes and consistent climatic changes based on one climate model

(HadCM3),

• the uncertainty in these calculations from uncertainty in the rate and spatial patterns

of projected climate change (using the ‘A2’ storyline for all four GCMs),

• a scenario combining moderate climatic changes with substantial afforestation (‘B2’-

PCM2) to complement the ‘extreme’ climate change scenario ‘A1fi’-HadCM3 (see

Table 5.1).

The aim of the subset selection is to be encompassing, comprehensive without having

to run all scenarios; see Mitchell et al. (2004) for detailed discussion. Here, ‘interannual

climate variability’ refers to historic interannual and decadal climate variability with the

longer time-scale variation removed.

Figure 5.1 gives an overview of the experimental setup of this study. For each scenario,

three sets of simulations are performed (see details in Section 5.2.2):

• a control simulation accounting only for detrended interannual climate variability

(S1),
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Climate Variability
(Temperature,
Precipitation...)

Climate Change
(Temperature,
Precipitation...)

Atmospheric [CO ]2

Land-use Change
(Arable Land,

Grassland, Forest...)

Terrestrial
C stock

(vegetation, litter, soil)

NPP Rh Biomass
burning

Conversion
Flux

Products Pool

Products
Decay
Flux

Land-atmosphere flux (NBE)

1-year pool

25-years pool

Fig. 5.1: Overview of the experimental setup of this study to simulate the combined effects of
climate variability, climate change, increasing atmospheric [CO2], and land-use changes
on the European terrestrial carbon balance between 1901-2100. Data-sets of CO2 con-
centration, climate and land-use for the historic period (1901-2000), and future scenarios
(2001-2100) are used to force LPJ on a 10’ × 10’ grid. Simulated land-atmosphere C fluxes
(NBE ) result from the difference between terrestrial net primary production (NPP), and
C releases from heterotrophic respiration (Rh), biomass burning, losses from land-use
conversions, and human appropriation of biomass. The latter flux is separated into two
products pools with different residence times: a 1-year decay pool (agricultural products
and short-lived forest products), and a 25-years decay pool (paper, pulp, wood and other
long-lasting products).

• a simulation accounting for historic and predicted changes in climate and atmo-

spheric [CO2] and interannual climate variability (S2)

• a simulation accounting for all the above, but also land-use changes (S3).

By doing so, the marginal effect of climate and atmospheric [CO2] change can be in-

ferred by subtracting the effect of interannual climate variability (S1) from S2, and the

marginal land-atmosphere flux from land-use change by subtracting the fluxes resulting

from interannual climate variability, climate and atmospheric [CO2] change from the sim-

ulations considering all forcing (S3 minus S2).

5.2.2 Data

Soil, and land-use data

For each grid cell, the proportions of land under ‘cropland’, ‘grassland’, ‘managed forests’,

urban and ‘other land uses’ are derived from the PELCOM database (Mücher et al., 2000)

to construct the baseline land-use data set (assumed to correspond to 2000). Fractions

of individual crop functional types (CFTs, see Section 5.2.3) within the agricultural area
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are prescribed from the IMAGE2.2 data-set (RIVM, 2001), as described in Erhard et al.

(in prep.). Partitioning of the forest area into different plant functional types (PFTs,

see Section 5.2.3) is based on a combination of the European tree species map (Köble

and Seufert, 2001), an area corrected estimate of broadleaved and coniferous forest cover

(Schuck et al., 2002), as well as bioclimatic limits (Sitch et al., 2003).

Maps of historic land uses (1901-2000) are a spatial refinement of historic land-use

data sets from (Ramankutty and Foley, 1999; Goldewijk, 2001) mainly in terms of more

spatial detail in land-use change trends after 1960 (Erhard et al., in prep., see Chapter 4,

Appendix 4.6.4). Land-use change scenarios for 2020, 2050 and 2080 are derived by in-

terpreting the SRES storylines (Kankaanpää and Carter, 2004; Ewert et al., submitted;

Reginster and Rounsevell, submitted; Rounsevell et al., submitted). These two data-sets

are linked by the baseline land-use data (PELCOM, Mücher et al., 2000, see above) to

ensure consistency in the trajectories of land-use change between 1901 and 2100. Gridded

time-series for each land-use change scenario, suitable for the use in terrestrial biosphere

models, are constructed by linear interpolation between the respective time slices (2000-

2020, 2020-2050 and 2050-2080), and extrapolation to 2100 using the trend between 2050

and 2080. The fractions of individual CFTs within ‘croplands’ and PFTs in ‘managed

forests’ are maintained throughout the simulation. Thus, the scenarios do not account for

changes in land management, e.g. changes in forest species selection, or crop types. Irri-

gation is assumed to have increased linearly between 1901 and 2000, and remain constant

thereafter, following herein Bondeau et al. (in prep.). Note that these simulations do not

account for any technological advance to increase plant productivity or retain C in soils.

Soil properties are derived from soil texture (IGBP-DIS, 2000), using transfer functions

for hydraulic (Saxton et al., 1986) and thermal properties (Melillo et al., 1995).

Land-use changes between 2000 and 2100

Generally, the global oriented scenarios ‘A1fi’ and ‘B1’ show strong regional diversification

in land use, based on the assumption that land use is optimised for production across the

entire domain, whereas in the ‘A2’ and ‘B2’ world, trends are more homogeneous because

of the tendency for regional subsistence. Gross changes between different land-use types

differ strongly amongst the scenarios because of the heterogeneous spatial patterns of

land-use change. Key features of the land-use change scenarios are described below (see

also Fig. 5.2).

A reduction in the area used for traditional agriculture, i.e. mainly for food production,

is common to all four land-use scenarios. The decrease results mainly from technological

advances and beneficial climate change effects on agricultural productivity; it is thus more

pronounced under the technically oriented ‘A’ scenarios. Biofuel production increases in

importance under all scenarios, but particularly so in the environmentally friendly ‘B’

scenarios. Some of the arable ‘surplus’ land is used for biofuel production, and therefore

remains under agricultural management. Increases in forest area are more widespread
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Fig. 5.2: Changing land cover fractions for arable land, grassland, and forests under the four land-
use change scenarios (‘A1fi’,‘A2’,‘B1’,‘B2’, for the HadCM3-GCM) for 2020, 2050 and
2080 [Mha]. Positive values imply a net gain in cover of given land-use type on the
expense of either ‘arable’, ‘grass’ or ‘forest’, and vice versa. ‘Arable’ includes cropland
area used for food-production and non-woody biofuels, ‘Grass’ comprises pastures, and
grasslands on agricultural ‘surplus’ land, ‘Forest’ include managed forests, and those used
for woody-biofuel production.

under the environmentally oriented ‘B’ scenarios. In all but the ‘B2’ scenario, increases

in forest and biofuel production area do not completely occupy the ‘surplus’ area from

agricultural intensification. The scenario storylines do not give any suggestion as to the

fate of these ‘surplus’ areas. In this study, it is assumed that woody encroachment would

be prevented on these areas, since European land legislation would make it difficult to

convert the land back to some other land-use, once a forest had been established. Ur-

ban areas are projected to expand under all scenarios – mostly on former agricultural

land. This trend is most pronounced in ‘A2’ and least in ‘B2’, but the changes are small

compared to the changes in Arable, Grass and Forest depicted in Figure 5.2. None of

the scenarios specifically foresees any policy with the sole intention to enhance terrestrial

carbon sequestration.



120 5. Europe’s terrestrial carbon balance under climate and land-use change

Scenario Europe
Finland

mon. Temp.
Iberian Peninsula seasonal Precip.

SRES GCM CO2 Temp. Precip. DJF JJA DJF MAM JJA SON

[ppmv] [◦C] [%(mm)] [◦C] [%(mm)]

A2 HadCM3a 870 4.7 -0.5 (-3) 8.0 4.7 -5 (-12) -31 (-57) -40 (-36) -19 (-37)

A2 CSIRO2b 870 4.2 6 (45) 5.8 3.7 3 (7) -11 (-19) -27 (-25) 1 (2)

A2 CGCM2c 870 3.7 3 (19) 6.1 3.0 -6 (-14) -16 (-30) -29 (-21) -11 (-22)

A2 PCM2d 870 2.8 3 (23) 7.7 2.4 3 (6) -10 -(18) -23 (-20) -13 (-25)

A1fi HadCM3a 958 5.8 -1 (-7) 9.5 5.6 -3 (-7) -35 (-63) -41 (-37) -25 (-48)

A2 HadCM3a 870 4.7 -1 (-4) 8.0 4.7 -5 (-12) -31 (-57) -40 (-36) -19 (-37)

B2 HadCM3a 607 3.3 -0 (-1) 6.4 3.3 5 (10) -19 (-34) -32 (-29) -9 (-18)

B1 HadCM3a 516 3.0 -1 (-10) 6.2 3.1 -9 (-20) -24 (-43) -28 (-25) -20 (-40)

B2 PCM2d 607 1.9 (29) 5.1 1.9 2 (5) -10 (-17) -22 (-19) -12 (-23)

a Mitchell et al. (1998)
b Gordon and O’Farrell (1997)
c Flato and Boer (2001)
d Washington et al. (2000)

Tab. 5.1: Key characteristics of the climate change scenarios used in this study. Carbon dioxide
concentrations are for the year 2100, temperature and precipitation values are anoma-
lies referring to the difference between 1971-2000 and 2071-2100. Seasonal anomalies
are given for monthly temperature in Finland (broadly defined as within the ATEAM
window north of 60◦N and east of 20◦E), and seasonal precipitation sum for the Iberian
Peninsula; these regions are of special importance to the results in Section 5.3.3. DJF:
December, January, February; MAM: March, April, May; JJA: June, July, August; SON:
September, October, November.

Climate and atmospheric CO2 data

Atmospheric [CO2] are based on Keeling and Whorf (2003) and IMAGE 2.2 (RIVM, 2001),

as described in Erhard et al. (in prep.). The scenario [CO2] data include an estimate of the

net effect of global land-use change. Monthly fields of temperature, diurnal temperature

range, precipitation, number of rain-days and cloudiness for each 10’ × 10’ grid cell are

provided by the Climatic Research Unit (CRU), University of East Anglia (Mitchell et al.,

2004). Scenario data for monthly rain-days are not available from this dataset, and held

constant at average 1971-2000 levels during the scenario period. Data for the period 1901-

2000 are based on meteorological observations. Climate change scenarios for the period

2001-2100 are those constructed by Mitchell et al. (2004, see below).

The four GCMs used in this study differ in their spatial resolution, and in the degree

with which present-day climate variability is reproduced. Interannual climate variability is

an important driver of variability in the terrestrial carbon cycle (Kindermann et al., 1996;

Prentice et al., 2000). For a consistent analysis of present and future carbon fluxes, only

anomaly fields for each climate variable from the climate models, and climate variability

of the 20th century is preserved throughout, including the scenario period. Anomaly fields

for each climate variable and each GCM for the period 2070-2099 are superimposed to the
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precipitation (% change) for the HadCM3, CSRIO2, CGCM2 and PCM2 GCMs, and the
’A2’-SRES emission scenario.
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10’ × 10’ CRU climatology for 1961-1990 to arrive at a high-resolution data-set suitable

for regional scale analyses. The transient changes for each climate variable, GCM and

scenario in the 21st century are derived from MAGICC (Hulme et al., 2000), thereby

also allowing to analyse scenarios for which original GCM data are not available. These

transient changes are superimposed to the detrended interannual climate variability of

the 20th century. In other words, the interannual and decadal climate variability of the

20th century is repeated in the 21st century, however, with a climate model derived long-

term trend of climate change. Thereby, all scenarios share the same, realistic climate

variability. To control for the effect of choosing this particular realisation of interannual

and decadal variability, and to factor out the influence from short-term variability and

long-term trends, a run only forced with the detrended climate variability is performed

(S1).

Climate change scenarios 2001-2100

Table 5.1 summarises key characteristics of these scenarios and Figure 5.3 illustrates the

spatial patterns of climate change obtained from the different climate models for the ‘A2’

scenario. Spatial patterns of climate change are relatively similar between different story-

lines for each GCM. Generally, the HadCM3 climate model shows the most pronounced

rates of warming amongst these GCMs, whereas PCM2 depicts the most modest warming

rate. All four climate models project their strongest warming over the high-latitudes of

Europe, with a larger rate of change in the winter months. Different emission scenarios

for one model (HadCM3) lead to a almost twofold difference in the the change in an-

nual temperature, however, the spatial pattern of change is fairly similar. Overall annual

precipitation over Europe changes only slightly under all four climate models, however,

notable trends can be seen regionally in Figure 5.3. All four models show a decline in

precipitation over the Mediterranean, which is most pronounced in summer. Amongst

this suite of models, HadCM3 shows the strongest drying trend both with respect to the

seasonal decrease as well as the increase in the length of the dry period, whereas changes

with the other three models are more moderate.

5.2.3 Model

LPJ-DGVM

The Lund-Potsdam-Jena dynamic global vegetation model (LPJ, Smith et al., 2001; Sitch

et al., 2003) is a model derived from the BIOME family (Prentice et al., 1992; Haxeltine

and Prentice, 1996b). The version used in this study has been modified in terms of a

representation of human induced fire frequencies (Venevsky et al., 2002), a more detailed

treatment of hydrological processes (Gerten et al., 2004), a representation of croplands

(Bondeau et al., in prep.), and a module to account for land cover changes (this study,

following similar principles as McGuire et al., 2001). A generic representation of forest



5.2. Material and Methods 123

management influences the average age and size of the forest population, without explicitly

modelling forest age structure and age-dependent effects on tree growth (this study).

Gross primary production (GPP) is calculated using a modified form of the Farquhar

scheme (Farquhar et al., 1980; Collatz et al., 1992) with canopy-level optimized nitrogen

allocation (Haxeltine and Prentice, 1996a, modified by F.-W. Badeck, unpublished data)

and an empirical convective boundary layer (Monteith, 1995) to couple the C and H2O

cycles. Soil hydrology is simulated using two soil layers (Haxeltine and Prentice, 1996b).

Net primary production (NPP), i.e. GPP reduced by C losses to autotrophic respiration,

is allocated to plant tissues daily for crop functional types (CFTs, Bondeau et al., in prep.)

and annually for woody plant functional types (PFTs, Sitch et al., 2003) satisfying a set of

allometric and functional relationships. Turnover of plant tissues, plant mortality and/or

management redistribute C from living biomass to above- and belowground litter pools,

which in turn provide input to a fast and a slow decomposing soil C pool. Decomposi-

tion rates depend on a modified Arrhenius formulation (Lloyd and Taylor, 1994), which

implies a decline in apparent Q10 values with temperature, and an empirical soil moisture

relationship (Foley, 1995).

LPJ has been evaluated against observations of land-atmosphere fluxes at different

scales, including field-scale eddy covariance measurements (Sitch et al., 2003; Zaehle et al.,

2005; Morales et al., in review), the seasonal cycle of atmospheric [CO2] at different lati-

tudes (Sitch et al., 2003; Zaehle et al., 2005), the observed trend in the seasonal amplitude

of global atmospheric [CO2] since the 1960s (McGuire et al., 2001), and the interannual

variability in its growth rate (Prentice et al., 2000; Peylin et al., 2002). LPJ has been

one of four models which first attempted to incorporate the effect of land-use change

into terrestrial biosphere models (McGuire et al., 2001). LPJ is used to study aspects of

the transient response of the terrestrial biosphere to environmental changes and climate

change (Lucht et al., 2002), including an assessment of process-based and parameter-based

uncertainty in DGVMs (Cramer et al., 2001; Zaehle et al., 2005), the effect of uncertainty

in climate change (this paper; Schaphoff et al., in review), and the equilibrium response

to a particular climate forcing (Gerber et al., 2004).

Changes to the original model formulation

Land use and Land-use Change: Each 10’ × 10’ grid cell is subdivided into fractions

of different land uses, i.e. ‘croplands’, ‘grasslands/pastures’, ‘managed forest’, ‘other land

uses’ and ‘barren’ based on the land-use data described in Section 5.2.1. ‘Croplands’ and

‘managed forests’ are further subdivided into homogeneous patches for different CFTs or

PFTs, respectively. 13 crop functional types are encoded in LPJ with different photo-

synthetic (C3, C4), phenological and morphological characteristics, representing amongst

others temperate cereals, maize and variants, pulses, roots and tubers, oil crops and rice.

LPJ distinguishes 10 plant functional types (PFTs) with different photosynthetic (C3,

C4), phenological (deciduous, evergreen), and physiognomic (tree, grass) attributes. Of
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Fate upon conversion Fate as product

Ecosystem
Below-ground

biomass

(left dead in soils)

Above-ground

biomass

(slash left)

1-yr pool

(crops,

fuel wood)

25-yrs pool

(paper, pulp,

wood)

Temperate/Boreal forest 100% 30% 67% 33%

Croplands 100% 10% (if any) 90% of

aboveground C

n.a.

Grasslands 100% 10% 90% of

aboveground C

each grass cut

n.a.

Woodlands

(‘other land use’)

100% 33% 67% 33%

Tab. 5.2: The fate of carbon upon conversion, and ecosystem management for different terrestrial
ecosystems. Conversion and partitioning coefficients for forest and woodlands are based
on (UN-ECE/FAO, 2000; McGuire et al., 2001; Nabuurs et al., 2003), removal of C in
croplands and grasslands are based on the agricultural module as described in Bondeau
et al. (in prep.)

these, the eight PFT that exist in Europe are the temperate and boreal needleleaved ever-

green, temperate and boreal broadleaved summergreen, boreal needleleaved summergreen

and temperate broadleaved evergreen, as well as C3 and C4 herbaceous PFTs. For each of

these subdivisions, fluxes and balances of water and carbon are calculated independently

on the basis of the common ‘LPJ’ physiology. Natural vegetation dynamics are calculated

for the ‘other land use’ grid cell fraction, as in LPJ-DGVM (Sitch et al., 2003).

For each grid cell, fractions for each land-use type are updated annually. The fate of

C following land conversion and management is summarised in Table 5.2. Aboveground

C of trees on converted land is treated as in McGuire et al. (2001), however, partitioning

coefficients for the wood products pool are taken from (Nabuurs et al., 2003), which are

more appropriate for the use in a European-scale simulation. Slash and belowground

litter are added to the respective litter pools of the converted land. Cropping systems are

assumed to rotate within any one grid cell, leading to an average soil C pool stocks in the

agricultural land-cover corresponding to the difference of average crop plant production

and removal by harvest.

Forest Management: Total fellings from forest management are estimated from an ap-

proximation of the average felling in a evenly structured forest landscape as a function

of maximal stand biomass (Dewar, 1991), as well as characteristic growth curves and

rotation-times based on (Nabuurs and Mohren, 1995). Management of forests is described

as an additional mortality term in the vegetation dynamics. Vegetation dynamics in

‘managed forests’ allow for structural changes in response to changing environmental con-

ditions, however, not in terms of changed PFT composition (Sitch et al., 2003). Removals

from fellings are based on conversion factors scaling whole-tree biomass to roundwood

volume and account for the losses of timber in the forest during harvesting activity (UN-
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ECE/FAO, 2000). Timber is partitioned into a 1-year and a 25-years wood-products pool

as in Nabuurs et al. (2003, Table 5.2). Essentially, although such an approach accounts for

the timber removed from forests (and its storage in wood-products), changes in the age

structure due to changes in harvest regimes or forest area are not captured, nor are their

effects on average forest growth rate. Wood demand changes have not been considered in

this study.

Modelling Protocol

LPJ is spun up to equilibrium in terms of pre-industrially stable C pools and vegetation

dynamics using the reconstructed land-use patterns of 1901. 30 years of recycled climate

(1901-1930) and atmospheric CO2 concentrations (from 1901) seed this spin-up. In S1, LPJ

is forced only with the detrended interannual climate variability, and constant atmospheric

[CO2] and land-use patterns at 1901 levels. In S2, historic (1901-2000) and projected

(2001-2100) climatic changes are superimposed on the interannual variability of S1, and

[CO2] levels increase as observed or projected in the scenarios, respectively. In S3, in

addition to the above, land -use patterns are varied based on the reconstruction for the

period 1901-2000, and scenario projections for 2001-2100.

The land-atmosphere carbon flux, the so called net biome exchange (NBE ), is cal-

culated separately for each fraction of a grid cell as the net primary production (NPP),

minus losses via heterotrophic respiration (Rh), biomass burning, or by human appropri-

ation. The latter term is the sum of decaying wood products (as described above), and

the harvesting flux from croplands, added to the annual fluxes of the grid cell fraction of

production.

NBE = Rh + BiomassBurning + HumanAppropriation − NPP (5.1)

where a negative sign denotes a C flux into the terrestrial biosphere, seen as depletion of

[CO2] in the atmosphere, and vice versa. NBE of the entire grid cell is then calculated as

the area-weighed mean of the fractional land-atmosphere exchanges.

5.3 Results

5.3.1 Present-day European carbon balance

Simulated present-day carbon stocks in soil and vegetation are in modest agreement with

independent estimates based on the extrapolation of soil surveys, and forest inventories

(Goodale et al., 2002; Smith et al., 2005a,b). About a third of Europe’s terrestrial NPP is

lost to the atmosphere by human appropriation, resulting either from food consumption,

or decaying wood products (Fig 5.4, see page 126). The remainder is, to a large extent,

lost through Rh. Biomass burning, though locally very important, is estimated to play

only a minor role in the European scale carbon budget. The modelled land-atmosphere
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Fig. 5.4: Constituent fluxes of the net land-atmosphere flux [TgC yr−1] considering climate, at-
mospheric [CO2] and land-use change for 1901-2100. Left: Results for the four different
SRES-storylines (‘A1fi’, ‘A2’, ‘B1’ and ‘B2’) with climate change projections derived
from the Hadley climate model. Right: Results for the ‘A2’-SRES storyline, with cli-
mate change projections based on four different GCMs (HadCM3, CSIRO2, CGCM2,
PCM2).

flux of the terrestrial biosphere in the ATEAM-window averages at -5 TgC yr−1 for the

1990s (Fig. 5.5a,e, see page 127), with a large interannual variability between -105 TgC

yr−1 (net uptake) and +88 TgC yr−1 (net loss). This compares to an estimate of -95

(±154) TgC yr−1 based on a compilation of bottom-up estimates for different land uses

(using numbers and approach from Janssens et al., 2003, but scaling with the area and

harvest ratio for the countries within EU*).

5.3.2 Effects of land-use change

Reconstructed historical land-use data suggest that agricultural area increased between

1900 and the 1950s, replacing ‘other land-uses’ which are assumed to be occupied by nat-

ural vegetation. Stagnation and subsequent reversal of this trend around the 1950s, as

well as concomitant increases in forest area are the main causes for the decreasing net

loss of C from land-use change, reaching a zero balance in about 1990. The net loss of

C from land-use change in the 1980s of +3 TgC yr−1 (Fig. 5.5b,f) compares to the land-

atmosphere flux from land-use change based on book-keeping of land-use changes average

at about -20 (±200) TgC yr−1 for geographical Europe, excluding the former Soviet Union
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Fig. 5.5: Land-atmosphere flux [TgC yr−1] in the ATEAM-domain 1901-2100. Left (a-d): Re-
sults for the four different SRES-storylines (‘A1fi’, ‘A2’, ‘B1’ and ‘B2’) with climate
change projections derived from the Hadley climate model. Right (e-h): Results for
the ‘A2’-SRES storyline, with climate change projections based on four different GCMs
(HadCM3, CSIRO2, CGCM2, PCM2). a, e) land-atmosphere flux resulting from climate,
atmospheric [CO2] and land-use change (S3); b, f) land-atmosphere flux attributable
to land-use change (S3-S2); c, g) land-atmosphere flux attributable to climate and at-
mospheric [CO2] change (S2-S1); d, h) land-atmosphere flux attributable to detrended
interannual climate variability (S1). natural variability denotes here the 10-years run-
ning average of the land-atmosphere flux resulting from detrended interannual climate
variability.



128 5. Europe’s terrestrial carbon balance under climate and land-use change

10 5 0 5 10 15 20 25 30

35

40

45

50

55

60

65

70

10 5 0 5 10 15 20 25 30

35

40

45

50

55

60

65

70

10 5 0 5 10 15 20 25 30

35

40

45

50

55

60

65

70

10 5 0 5 10 15 20 25 30

35

40

45

50

55

60

65

70

25
15
10
5
0
-5
-10
-15
-25
-75

NBE from
land-use
change
[gC m-2 yr-1]

(release)

(uptake)

A1fi - HadCM3 A2 - HadCM3

B1 - HadCM3 B2 - HadCM3

Fig. 5.6: Land-atmosphere fluxes associated with the effects of land-use change, averaged over 2021-
2050 for the four SRES storylines (‘A1fi’,‘A2’,‘B1’,‘B2’) and implemented with HadCM3-
GCM.

(Houghton, 1999). Land-use changes in the scenario period are projected to result in net C

uptake in all four storylines when averaged over the entire domain (Fig. 5.5b), as an effect

of agricultural land abandonment (see Section 5.2.1). The trajectories of land-atmosphere

flux from land-use change in the ‘A1fi’ and ‘B1’ scenarios are very similar, despite consid-

erable spatial heterogeneity in the land-atmosphere flux between these scenarios (Fig. 5.6,

see page 128).

In the ‘A1fi’ world, agricultural activity is centred in regions of prime productivity,

leading to surplus land from agricultural land abandonment in less favoured areas. These

areas are – as assumed in this study – converted into grasslands. This results in a net

C uptake, as C inputs into the soils are higher in grassland than in croplands, as less

C is removed from grazing or cutting, which would otherwise enter the litter and soil

pools. Grassland increases as well as afforestation – primarily on previously agriculturally

used soils – are the main contributors to the land-atmosphere flux of -20 (2020) and

-35 (2080) TgC yr−1 under the ‘A1fi’ scenario. Between 2020 and 2050, C uptake is

substantially reduced, as re-expansion of agriculture in intensively used agricultural areas

replaces grasslands, which leads to net C losses from soils (Fig. 5.2). This is seen in

Figure 5.6 as areas of net C loss e.g. in Eastern England and the Benelux-states.
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Homogeneous decreases in agricultural area across Europe in the ‘A2’ scenario make

land available either for surplus or afforestation, both of which contribute to the fairly

evenly distributed land-atmosphere flux of -25 TgC yr−1 between 2000 and 2050 (Fig. 5.6).

Forest expansion stops in this scenario at around 2050, and clearing of forests occurs

between 2050 and 2100 in this scenario in Southern Europe resulting in a net loss of

forest area. This decline is the main reason for the reduction in magnitude of the land-

atmosphere flux in the second half of the 21st century (Fig. 5.5b). Also, urban expansion,

strongest in the ‘A2’ scenario results in net C losses, however, the size of this flux is too

small to be seen in regional patterns of land use related land-atmosphere fluxes.

In ‘B1’, agricultural productivity is centred in prime locations as in ‘A1fi’, however,

the decline in arable area is less, thus less ‘surplus’ area becomes available. Afforestation

is assumed to be more widespread across Europe and most pronounced in Central and

Southern Europe, however, before 2020 at half the rate as in ‘A1fi’. These changes result

in a land-atmosphere flux of -18 TgC yr−1 in 2020. The effect of the strong afforestation

on the total net land-atmosphere flux after 2020 is reduced to a net -7 TgC yr−1 until

2050 because the area used for cropping, mostly for biofuel production, increases again,

primarily at the expense of former grasslands (compare Fig. 5.6). After 2050, even larger

increases in forest and grassland area, lead to a land-atmosphere flux of about -35 TgC yr−1

in 2080.

The ‘B2’ world is considerably different to the other three scenarios, as no surplus

land becomes available from declines in agricultural area. In fact, the decline in area for

food production is more than compensated for by increasing biofuel production. A net

conversion of grasslands into arable land is required to allocate the land area for biofuel

production between 2000 and 2020 (Fig. 5.2). These changes and rapid afforestation

on grassland soils, e.g. in Ireland (Fig. 5.6), reduces the net effect of the increasing

carbon storage in vegetation during until 2050 with land-atmosphere fluxes of around

-3 TgC yr−1. Although the increase in forest area in the ‘B2’ scenario is the largest

among the four scenarios, more wide-spread afforestation begins to increase biospheric

uptake (NBE : -35 TgC yr−1 in 2080) only after 2050, when afforestation occurs mainly

on previously agriculturally used area.

5.3.3 Effects of climate and atmospheric [CO2] change

Climate change and increasing atmospheric [CO2] lead to a rise in NPP under all sce-

narios (Fig. 5.4). However, in most scenarios this increase levels off around the year

2070. Initially, increases in NPP are faster than the rate of increase C release from Rh,

thereby sustaining a net C uptake of the terrestrial biosphere between the 1950s and at

least 2040 (Fig 5.5c,g). All scenarios show a decline in the C flux towards the biosphere

attributed to climate and [CO2] change in the second half of the 21st century. The ter-

restrial biosphere is a C source to the atmosphere towards the end of the scenario period

under all HadCM3 scenarios, but also for ‘A2-CSIRO2’ and ‘A2-CGCM2’. Only with very
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moderate climate warming, i.e. under the two PCM scenarios (data for ‘B2’ not shown),

increasing respiration losses only balance increasing NPP, reducing the land-atmosphere

flux from climate change to zero at around 2100. The simulated trends in NBE resulting

from climate change and increasing atmospheric [CO2] are of a similar magnitude as the

variability in land-atmosphere fluxes from ’natural’ climate variability alone (Fig. 5.5d,h).

There is considerable spread in the magnitude of the land-atmosphere C flux, as well as

the timing of the reduction in net terrestrial C uptake, between the different scenarios

towards the end of the scenario period (Fig. 5.5c,g).

These differences are less pronounced between the runs using four different SRES

storylines and the HadCM3 climate model (‘HadCM3 - 4 SRES storylines’). All four

‘HadCM3’ scenarios show a stabilisation of NPP in the last 20 years of the scenario

(Fig. 5.4), despite substantial differences between the magnitude of NPP between the

high (‘A1fi’ and ‘A2’) and low (‘B1’ and ‘B2’) atmospheric [CO2] scenarios. NBE trends

are fairly similar for all four scenarios. Biospheric C uptake until 2040 turns into a net C

release towards the end of the scenario period (Fig. 5.5g). The ‘A1fi’ scenario is particular

since it exhibits the most rapid warming trend, leading already in the 2040s to a net C

loss to the atmosphere from climate change alone. In general, initially larger gains from

increased NPP in high atmospheric [CO2] scenarios (‘A’) are lost due to the larger rates

of climate warning in these two scenarios.

Figure 5.7 illustrates the spatial coherence in NBE anomalies in 2021-2050 and 2071-

2100 resulting from differential climate change projections based on the four GCMs, forced

with the same emission scenario (‘A2’). In 2021-2050, most of Europe’s terrestrial bio-

sphere sequesters C, with only slight differences among the projections based on the four

GCMs (Fig. 5.7b). Between 2071 and 2100, the ensemble average NBE for large parts of

Central Europe is close to zero, resulting in a small positive anomaly since the biosphere

acts as a small net sink in 1971-2000. Scenarios agree relatively well over large parts of

Central Europe, however disagree in Eastern Scandinavia and the Mediterranean region,

especially the Iberian Peninsula (Fig. 5.7d). These are the areas with the most prominent

differences in climate change projections between the four GCMs (see Table 5.1).

In Scandinavia, all four climate models show their strongest projected warming in

Europe, with anomalies in annual mean temperature between 4.4◦C (‘A2-CGCM2’) and

5.9◦C (‘A2-HadCM3’; Fig 5.3a). Three out of the four models show the most pronounced

warming in winter (Table 5.1), affecting respiratory processes more than photosynthesis.

Only subtle differential changes in rates of ecosystem C uptake and release have substantial

effect on the net land-atmosphere flux, as boreal forest soil carbon densities are amongst

the largest soil C stock densities in Europe. Projected growth enhancement and increasing

storage of C in vegetation are outbalanced by increasing losses from soil respiration in all

four ‘A2’ scenarios, however, this effect is more pronounced in those scenarios with higher

warming (i.e. ‘A2-HadCM3’ and ‘A2-CSIRO’).

All four climate models generally predict a decline in summer precipitation over large



5.3. Results 131

10 5 0 5 10 15 20 25 30

35

40

45

50

55

60

65

70

10 5 0 5 10 15 20 25 30

35

40

45

50

55

60

65

70

90
80
70
60
50
40
30
20
10
0
-10
-20
-30
-40
-50
-60
-70
-80
-90
-100

Mean NBE
[gC m-2 yr-1]

(release)

(uptake)

10 5 0 5 10 15 20 25 30

35

40

45

50

55

60

65

70

10 5 0 5 10 15 20 25 30

35

40

45

50

55

60

65

70

55
50
45
40
35
30
25
20
15
10
5
0

Std-dev.
[gC m-2 yr-1]

a) Mean NBE (2021-2050) b) Standard-deviation (2021-2050)

c) Mean NBE (2071-2100) d) Standard-deviation (2071-2100)

Fig. 5.7: Land-atmosphere fluxes associated with climate change and CO2-fertilisation under the
‘A2’-SRES scenario, as anomalies for 2021-2050 and 2071-2100. The left-hand maps (a,c)
show the average over all four S2 simulations (‘A2’-storyline, HadCM3, CSIRO2, CGCM2,
PCM2), the right-hand maps (b,d) the standard deviation between these four runs.

parts of the Mediterranean (Fig. 5.3b, Table 5.1). A concomitant increase in monthly

temperatures is more pronounced in summer in HadCM3 and CGCM2, but spread evenly

over the year in two models (PCM2 and CSIRO2). HadCM3 is the most extreme climate

model in terms of the increase in seasonal temperatures as well as the decline in annual

precipitation and the prolongation of the summer dry-season (see Table 5.1). The differ-

ences in NBE shown in Figure 5.7 in the Mediterranean result mainly from differences

between the ’A2-HadCM3’ run and the other three scenarios. On a regional scale, CO2

induced increases in water-use efficiency more than compensate for the effect of water

limitation on photosynthesis in three out of four scenarios (‘A2-PCM2’, ‘A2-CSIRO2’,

and ‘A2-CGCM2’), but not in ‘A2-HadCM3’. In ‘A2-HadCM3’, drought stress leads to

a decline in NPP in the last 25 scenario years, partly masked by substantial interannual

variability. Stabilisation of NPP and increasing Rh as a response to increasing temper-

ature reduce the biospheric C uptake most strongly under HadCM3. In addition, the

pronounced drying trend projected with the Hadley model leads to a nearly twofold in-

crease in fire danger (increase by 83% between the 30-year averages in 1971-2000 and

2071-2100) relative to the 34-53% increase in fire risk in the other three scenarios. As a
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A1fi A2 B1 B2

HadCM3 HadCM3 CSIRO2 CGCM2 PCM2 HadCM3 HadCM3 PCM2

Climate and [CO2] change (S2)

Vegetation (PgC) 1.69 1.92 2.76 2.41 2.71 1.27 1.79 2.22

Soil (PgC) -2.00 -1.06 -1.08 0.09 1.03 -0.68 -0.52 0.88

Total (PgC) -0.31 0.86 1.68 2.50 3.74 0.59 1.27 3.10

Land-use Change (S3 - S2)

Vegetation (PgC) 0.94 0.84 0.78 0.59 0.78 1.04 1.48 1.53

Soil (PgC) 0.85 0.77 0.97 1.11 0.96 0.57 0.29 0.19

Total (PgC) 1.79 1.61 1.74 1.70 1.74 1.61 1.77 1.72

All forcing (S3)

Vegetation (PgC) 2.63 2.76 3.53 3.00 3.49 2.31 3.27 3.75

Soil (PgC) -1.15 -0.29 -0.11 1.21 1.99 -0.11 -0.23 1.07

Total (PgC) 1.48 2.47 3.42 4.21 5.48 2.20 3.04 4.82

Average land-atmosphere flux (1990-2100) as percentage of the EU* Kyoto CO2 emission reduction targeta

Land-use change 22.4 20.2 21.8 21.2 21.8 20.1 22.2 21.5

All forcing 18.5 30.8 42.8 52.6 68.5 27.5 38.0 60.3

Average land-atmosphere flux (1990-2100) as percentage of the average EU* CO2 emissions (1990-2100)b

Land-use change 1.08 1.11 1.20 1.17 1.20 1.66 1.81 1.76

All forcing 0.87 1.68 2.35 2.39 3.77 2.24 3.77 4.93

a 1990 emissions for EU15: 3.290 Gt CO2, Switzerland: 0.045 Gt CO2, Norway: 0.048 Gt CO2, the
total corresponding to 922 TgC yr−1. Accounting for the ‘Kyoto’ emission targets of 92% (EU15 and
Switzerland) and 101% (Norway) gives a EU15* Kyoto emission reduction target corresponding to 72.6
TgC yr−1

b based on projections of IMAGE 2.0, as in RIVM (2001). ‘A1fi’: 1,493 TgC yr−1, ‘A2’: 1,389 TgC yr−1,
‘B1’: 881 TgC yr−1, ‘B2’: 887 TgC yr−1.

Tab. 5.3: Cumulative changes in terrestrial vegetation and soil C pools (1990-2100) in PgC under
the different scenarios analysed, attributed to climate and atmospheric [CO2] or land-use
change.

result, C releases from biomass burning increase by 87% (29-59%) towards the end of the

scenario period.

5.3.4 Cumulative land-atmosphere flux between 1990 and 2100 under

climate, atmospheric [CO2] and land-use change

Notwithstanding the considerable differences in the magnitude and spatial patterns of

land-use change related fluxes across the four land-use change scenarios between 1990, the

reference year for the Kyoto protocol, and 2100, cumulative land-atmosphere fluxes from

land-use change for 1990-2100 are very similar (Fig. 5.8c, Table 5.3). The net uptake 1990-

2100 averages at 15.5 TgC yr−1, which corresponds to about 20% of the EU*’s present-day

CO2 emissions. Interactions of the land-use change flux with climate and [CO2] change

lead to only subtle differences in the projected uptake attributed to land-use change.

Uncertainties in cumulative NBE attributable to climate change are more pronounced

than those in the land-use change related fluxes in this particular set of scenarios. Dif-
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ferences in NBE resulting from the choice of a particular storyline (i.e. the four different

storylines and one climate model) are smaller than those resulting from uncertainty in

climate change under the same emission scenario (i.e. four different climate models and

the ‘A2’-storyline) (Fig 5.8b). Notably, the difference in land-atmosphere flux between

the ‘A2’ and ‘B2’ scenario modelled with either the PCM2 or HadCM3 climate change

scenario is smaller than the difference between C flux projections between the PCM2 and

HadCM3 climate change scenario for either of the ‘A2’ and ‘B2’ storyline (see Table 5.3).

Uncertainty in climate change under the same storyline (land-use change and CO2

scenario) propagates to a 2.1 PgC difference in cumulative land-atmosphere fluxes by the

end of the scenario period (Table 5.3). Changes in soil C stock differ widely between these

four scenarios (a loss of ∼1 PgC in ‘A2-HadCM3’ and ‘A2-CSIRO2’ versus and uptake of

∼0.9 PgC in ‘A2-PCM2’), whereas vegetation stock increases are more similar (see Ta-

ble 5.3). All four ‘HadCM3’ scenarios predict the strongest decline in soil C stocks, and

the smallest increase in vegetation C, related to the pronounced drought in the Mediter-

ranean. These scenarios show the most restricted land uptake of C over the scenario

period. The most extreme warming scenario, ’A1fi-HadCM3’, is the only climate change

scenario, which projects Europe as a cumulative net source resulting from substantial net

losses of soil C by 2100.
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The combined effect of land-use and climate change on the terrestrial biosphere sug-

gests a cumulative net uptake of C between 1990 and 2100 for all scenarios considered in

this study (Fig. 5.8a). Climate change, however, weakens the marginal effects of land-use

change on terrestrial C sequestration in all but the ‘PCM2’ scenarios because of increasing

soil C losses in the second half of the 21st century. Uncertainty in the spatial pattern of

climate change is the largest contributor to the range of projected land-atmosphere fluxes

of 1.5-5.5 PgC.

5.4 Discussion

Decrease in agricultural area and increase in managed grassland and forest lead to a net

biospheric uptake of about 1.7 PgC under all four plausible future path-ways of land-use

change between 1990, the Kyoto baseline year, and 2100. This is equivalent to about 20%

of the EU* Kyoto CO2 emission reduction target and illustrates the relevance of terrestrial

C storage for mitigation policies. However, the scenarios show substantial differences in the

magnitude of the conversion between the different land uses, and the associated C fluxes.

Sequestration in soils plays a stronger role in SRES ‘A’ scenarios with little afforestation,

whereas increasing forest area and thus regrowing vegetation is more important in SRES

‘B’ scenarios. These effects are discussed in Section 5.4.1.

The C fluxes resulting from climate and [CO2] change are – on average – of a similar

magnitude to the land-use change related fluxes. Yet, they show a much larger difference

between different storylines, and even more so between projections of the same scenario

based on different climate models. It is interesting to note that the ‘low climate change’

scenario ‘B2’-PCM2, together with rapid reforestation results in less C uptake of the ter-

restrial biosphere than projected under the ‘A2’-PCM2 scenario. The range in cumulative

land-atmosphere flux depicted in Figure 5.8 thus likely encompasses the response of the

terrestrial biosphere modelled with this particular version of LPJ under all 16 scenarios

of the ATEAM-scenario set.

Global warming will likely offset some of the sequestration from land-use and increased

productivity, as increasing heterotrophic respiration is not counterbalanced by increasing

litter fall. This is a robust finding in this study under all scenarios for larger parts of boreal

Europe, however, the magnitude of this effect is subject to considerable uncertainty de-

riving from uncertainty in Boreal warming. Also, strong drying in the Mediterranean pro-

jected in some climate models will likely exacerbate C losses in these ecosystems through

decreased productivity and increasing risk of fire. These effects are discussed in Section

5.4.2.

The 1990-2100 average land-atmosphere flux under the combined land-use, climate

and [CO2] change projections (S3) corresponds to 18-69% EU* Kyoto emission reduction

target. However, the cumulative land-atmosphere flux in 1990-2100 corresponds only to

1.1-1.8% (from land-use change only) and 0.9-4.9% (all forcing S3) of the total fossil-fuel

emissions during that period (Table 5.3). In agreement with earlier studies (House et al.,
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2002; Sitch et al., 2005), the terrestrial C uptake – and thus its impact on mitigating

climate change – is likely to be very small.

5.4.1 Land-use change

Estimates of land-use change related fluxes depend on past land-use changes because of

the long response-time of both vegetation and soil C. Consistent data on a continental

scale on historical land uses are very sparse, so that substantial uncertainty is inherent

in any backward projection of land-use patterns (House et al., 2003). In addition, not

only net changes in land use, documented for instance in FAO statistics (FAOSTAT,

2004), but also gross conversions between land-use types and land-management changes

(e.g. those leading to soil degradation), which are poorly quantified for larger regions,

determine the land-use change flux (Glatzel, 1999). This lack of a reliable land-use history

contributes to the difference between estimates of the present-day land-atmosphere flux

of the European terrestrial biosphere based on process-based modelling that considers

past climate, atmospheric [CO2] and land-use changes and a recent compilation of various

data-based bottom-up estimates (Janssens et al., 2003). However, this study focusses on

the effect of land-use changes after 1990 on the land-atmosphere flux in the 21st century

to give an estimate of the effect of Kyoto-accountable land-use changes on the terrestrial

carbon balance. The historical bias is therefore not strongly relevant for the conclusions of

this study, however, remains a challenge to reliably model present-day and future carbon

budgets.

The change in soil C stock as a consequence of land-use conversion depends on the

differential sizes of the soil C pool between the land-use types at equilibrium. Generally,

cropland soils have lower C stocks than grasslands, whereas forest soils have similar pool

sizes to grasslands (Guo and Gifford, 2002). Such differences are modelled by LPJ, and

also conversions between these three land-use types show similar trends to observed studies

(see Figure 1 of Guo and Gifford, 2002, and references therein). The accuracy with which

the magnitude of the continental scale soil C flux following conversion can be estimated

depends on how well the differences between soil stocks of different land-use types are

represented in the model. Further validation is required to ascertain the modelled effects.

In particular, reliable estimates of forest soil C stocks are required, which are currently

poorly quantified at a larger scale. It should be noted that uncertainty in the projections

of future soil C arises from potential changes in land management, which could alter the

C returns to the soil. Such management effects have not been considered in the present

study. However, Smith et al. (2005a,b) have demonstrated that these can be expected to

significantly affect soil C stock changes, and even more than offset the temperature related

soil C losses from this study.

Accompanying studies on the change in forest vegetation C stocks under climate and

land-use changes show qualitatively similar changes in forest growth (Meyer et al., in

review, Sabate, unpublished data). However, propagation of present-day inventoried forest
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C stocks and forest age-classes, driven with growth changes predicted from LPJ, lead to

larger projected C uptake rates than the increases in vegetation C increases in this study

(Meyer et al., in review). Most likely, these differences are related to different treatment of

forest dynamics – particularly the age structure – in these models. Kohlmaier et al. (1995)

have demonstrated the importance of forest age structure in future C balance estimates

for the temperate and boreal zone. Currently, a model version of LPJ is being developed

that explicitly considers forest age structure. Differences in the projections of a large-scale

process-based ecosystem model and propagation of large-scale inventory data can only

then be suitably assessed.

5.4.2 Climate change and increasing atmospheric [CO2]

Climate change and increasing atmospheric [CO2] affect the terrestrial carbon balance by

amplifying terrestrial C uptake (NPP), as well as soil C loss (Rh). CO2-fertilisation is

the main cause for the increase in modelled land-atmosphere flux in before 2050, affecting

carbon storage in plants by increasing net primary production as well as water efficiency of

plants (Amthor, 1995). This result is typical for the response of terrestrial biosphere mod-

els (Cramer et al., 2001; McGuire et al., 2001; Levy et al., 2004; Schaphoff et al., in review).

Long-term effects of increased atmospheric [CO2] on terrestrial carbon storage are still a

subject of scientific debate (Prentice et al., 2001), mainly because nutrient availability

may limit the long-term growth stimulating effect of enhanced CO2responses. Deposition

of reactive nitrogen has been identified as one of the dominant causes for the accelerated

tree growth in Europe (Spieker et al., 1996). An analysis of growth trends across several

European forest plots – including process-based models that link C to N cycles – suggests

that N-deposition has been a major contributor to increased forest growth in the past,

whereas in the future elevated atmospheric [CO2] and climate change will likely dominate

the environmental effects of forest growth (Karjalainen et al., 1999). Nevertheless, because

of the complex interactions between C and N cycles (see e.g. Lloyd and Farquhar, 1999),

the interaction of N-availability with elevated [CO2] remain one of the key uncertainties

in this study.

The results of this study suggest a decline in soil C stocks from warming particular

in boreal regions, which experience the largest warming. This would imply a positive

feedback of the terrestrial biosphere to the climate system, as observed also in a range of

other modelling studies (e.g. Cox et al., 2000; Cramer et al., 2001; Dufresne et al., 2002;

Friedlingstein et al., 2003; Schaphoff et al., in review). Some studies have suggested that

the resistant pools of soil C might not respond to increasing temperatures (Liski et al.,

1999; Giardina and Ryan, 2000; Thornley and Cannell, 2001), contrary to the assumptions

made in LPJ. However, recent analyses of experimental evidence (Fang et al., 2005; Knorr

et al., 2005) show that soil respiration responses to temperature as modelled by LPJ are

compatible with the data. Similar to Jones et al. (2005), we find comparable sensitivities

of soil C stocks to increasing temperatures as a more sophisticated model of soil C turnover
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(RothC) based on the same set of climate change scenarios (Smith et al., 2005a,b). Fang

et al. (2005) showed that the effect of uncertainty in the temperature sensitivity of soil C

lead to some uncertainty in temperate regions, whereas the response in boreal regions, in

which we simulate the strongest signal was less affected.

5.4.3 General remarks

The climate model related uncertainty is twice as large as the difference in land-atmosphere

flux projections under alternative scenario storylines derived from a particular climate

model. Such pronounced differences resulting from uncertainty in climate change projec-

tions based on the same emission scenario have been also obtained in a global study of five

different GCMs forcing LPJ-DGVM (Schaphoff et al., in review), and in a study using two

GCMs to analyse the carbon storage of tropical rainforests under climate and land-use

changes (Cramer et al., 2004). These results demonstrate that regional detail of climate

projections are an important determinant of terrestrial biosphere responses to climate

change. A sound analysis of future scenarios must therefore include not only different

plausible storylines to assess the range of potential future climate states, but most also

include an assessment of the uncertainty resulting from different climate model projections

for a particular radiative forcing.

This study presents a comprehensive assessment of the potential future development

of the continental scale terrestrial C balance under different projections of land-use and

climate change using one model of the terrestrial biosphere. Zaehle et al. (2005) have

demonstrated that considerable uncertainty arises in land-atmosphere flux projections

from alternative model parameterisations within one modelling framework. However,

qualitative trends of land-atmosphere flux, in particular with respect to the source-sink

behaviour of the terrestrial biosphere, are reasonably robust model results. Uncertainty

in land-atmosphere flux projections arises also from alternative formulations of ecosystem

processes in terrestrial biosphere models (Cramer et al., 2001; Joos et al., 2001). Long-

term global scale trajectories in land-atmosphere fluxes from six DGVMs show a similar

pattern – increasing C uptake in the first half of the 21st century, decline in the second

half – under the IS92a HadCM2-SUL climate change scenario despite regional differences

primarily because of different assumptions about the effect of changing climate on global

NPP (Cramer et al., 2001). There results of this study are thus in agreement with earlier

studies, but provide a more comprehensive analysis with respect to the uncertainty result-

ing from different climate model projections, in comparison to the differences in projected

land-atmosphere fluxes from alternative scenarios.

5.5 Conclusions

This study provides an analysis of the effect of plausible future land-use changes under a

range of different climate change scenarios to estimate the relative contribution of these
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two forcing factors on the terrestrial carbon balance of EU* in the 21st century. Under

all scenarios, land-use change contributes to a net C uptake equivalent to about one

fifth of the EU*’s Kyoto emission reduction target. The influence of climate change and

atmospheric [CO2] increase are of a similar magnitude to the flux inferred by land-use

change, leading to an enhanced biospheric uptake rates before 2040, and a weakening of

the terrestrial uptake rate thereafter. Considerable uncertainty in the response of the

terrestrial biosphere to climate change projections results from uncertainty in climate

modelling. Uncertainty in the future European terrestrial carbon balance associated with

uncertainty in the rate and spatial pattern of climate change among GCMs for a particular

emission scenario is larger than the differences between alternative scenarios of consistent

land-use and climate changes interpreted by one particular climate model. This implies

that for a sound assessment of climate change impacts, not only different SRES-scenarios,

but also a suite of climate models have to be considered.
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Kheshgi, H.S., Le Quéré, C., Scholes, R.J., and Wallace, D.W.R. (2001). The carbon cycle
and atmospheric carbon dioxide. In: Houghton, J.T., Ding, Y., Griggs, D.J., Noguer, M.,
Linden, P.J.van der, Dai, X., Maskell, K., and Johnson, C.A., editors, Climate Change 2001:
The Scientific Basis. Contribution of Working Group I to the Third Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge, UK and
New York, NY, USA.

Prentice, I.C., Heimann, M., and Sitch, S. (2000). The carbon balance of the terrestrial biosphere:
Ecosystem models and atmospheric observations, Ecological Applications, 10 (6): 1553–1573.



155

Prentice, I.C., Sykes, M., and Cramer, W. (1993). A simulation model for the transient effects of
climate change of forest landscapes, Ecological Modelling, 65: 51–73.

Ramankutty, N. and Foley, J.A. (1999). Estimating historical changes in global land cover: Crop-
lands from 1700 to 1992, Global Biogeochemical Cycles, 13 (4): 997–1027.

Ramaswamy, V., Boucher, O., Haigh, J., Hauglustaine, D., Haywood, J., Myhre, G., Nakajima, T.,
Shi, G.Y., and Solomon, S. (2001). Radiative forcing of climate change. In: Houghton, J.T.,
Ding, Y., Griggs, D.J., Noguer, M., Linden, P.J.van der, Dai, X., Maskell, K., and Johnson, C.A.,
editors, Climate Change 2001: The Scientific Basis. Cambrigde University Press, Cambridge,
UK.
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GLOSSARY

Abbreviation Description

A GPP minus leaf respiration
ANOVA Analysis of Variance
ATEAM Advanced Terrestrial Ecosystem Assessment and Modelling, EU research programme
atm. [CO2] concentration of Carbon Dioxide in the atmosphere
BEF Biomass Expansion Factor
C Carbon
CCDAS Carbon Cycle Data Assimilation System
CFT Crop Functional Type, e.g. temperate cereals
CRU Climate Research Unit, University of East Anglia, Norwich, UK
DGVM Dynamic Global Vegetation Model
EEFR Efiscen’s European Forest Resource Database, Schelhaas et al. (1999)
EMDI Ecosystem Model Data Intercomparison project, Olson et al. (2001)
EUROFLUX EUROpean eddy covariance FLUX measurement programme, Valentini et al. (2000a)
FPC Foliar Projective Cover of an individual PFT/CFT
GCM General Circulation Model
GPP terrestrial Gross Primary Production
IPCC Intergovernmental Panel on Climate Change
LAI Leaf Area Index
LHS Latin Hypercube Sampling, see Appendix of Chapter 2
NBE terrestrial Net Biome Exchange, see Box 1.1
NEE terrestrial Net Ecosystem Exchange, see Box 1.1
NEP The inverse of terrestrial Net Ecosystem Exchange, i.e. -NEE)
NMSD Normalised Mean Square Deviation, see Appendix of Chapter 2
NPP terrestrial Net Primary Production
PAR Photosynthetically Active Radiation
PDF Probability Density Function
PFT Plant Functional Type, e.g. temperate broadleaved summer green trees
Ra autotrophic Respiration
Rh heterotrophic Respiration
RMSE Root Mean Square Error, see Appendix of Chapter 2
(R)PCC (Ranked) Partial Correlation Coefficient, see Appendix of Chapter 2
SRES Special Report on Emission Scenarios of the IPCC, Nakicenovic et al. (2000)
SOM Soil Organic Matter
TBM Terrestrial Biogeochemical Model
TBFRA Temperate and Boreal Forest Resource Assessment
WBE West, Brown and Enquist model, West et al. (1999)
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If a tree falls in the forest, and
nobody is there to chew it –
Does it have a taste?
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