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Summary

Forests store large amounts of carbon as biomass. This storage capacity is an
important component of the global carbon cycle and thus has a strong impact
on climate. We need to understand the processes and dynamics that shape
carbon storage to assess its potential future changes and resulting feedback
effects on climate. Especially forests close to their climatic limits under
current conditions are prone to climate change and thus require particular
attention when studying future carbon storage capacities of forests.
Empirical studies shed light on past forest dynamics and underlying physiological processes. However, extrapolating the results of these studies to
changing future climatic conditions entails uncertainties such as unconsidered environmental drivers, which are hard to assess. To resolve some of
these uncertainties, computer models such as dynamic vegetation models
(DVMs) are used. However, particularly at the ecosystem limits not all processes are depicted properly in these models (cf. Chapter 1). Therefore, in
this thesis I focused on the understanding of processes of forest dynamics at
climatic limits; and how to model them in a DVM, namely the widely applied
LPJ-GUESS model.
Chapter 2 deals with forest dynamics, in particular tree mortality and its
role for forest properties. Many models relate mortality to maximum tree
age. Here, I showed that the ‘upper boundary’ of tree longevity is rather
related to maximum tree size (diameter) than age. Using a size-dependent
mortality routine also reflected the empirical finding that slow growing trees
can become older than fast growing trees, a pattern that the age-dependent
mortality model failed to reproduce. A main result was that trees facing
climatic limits, e.g. at the cold treeline, were simulated to become older
than trees under ‘optimal’ growing conditions. Importantly, both mortality
approaches simulated similar growing stock and plant functional type distributions at five study sites in Switzerland. Model performance could only
be distinguished in the third pattern (longevity-growth relationship) which
indicates the importance of using a high variety of patterns for validating
iii
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model results. At four of the five sites, the models performed well, whereas
at the water-limited site (Sion, region Valais) growing stock was strongly
overestimated.
In the Valais, empirical studies have related increased mortality rates
to drought-stress, which is not explicitly reflected in most current DVMs.
In Chapter 3, I investigated causes and consequences for drought-dependent
mortality and how to implement them in a DVM. The underlying mechanisms
of drought-dependent mortality have been widely discussed during the last
years. Many studies showed that one of the main triggers is hydraulic failure, i.e. xylem vulnerability to cavitation. This process was often described
empirically as function of decreasing xylem water potential with hydraulic
vulnerability curves. Neither xylem nor the water potential is taken into account in LPJ-GUESS. To minimize the number of new parameters and thus
uncertainties but still reflecting the process of hydraulic failure, I modified
this approach using sapwood biomass (i.e. water conducting biomass) loss as
a proxy for conductivity loss when water is limiting. The sensitivity of this
approach and consequences at the stand scale were tested. Although high
drought stress led to a decrease in simulated biomass as expected, intermediate drought stress increased biomass to values higher than without drought
stress. This was caused by stimulated regeneration due to higher light availability after mortality. I concluded that a revision of plant available water
and plant water uptake especially for small saplings is needed to prevent this
unanticipated stand-scale effect.
In Chapter 4, I tackled this problem and investigated plant available water and plant water uptake in DVMs. First, I studied the importance of
using highly resolved soil data in DVMs. I compared simulation results with
global soil data versus measured soil data of app. 100 sites in the two driest regions of Switzerland (Valais and Engadin). The measured soil data
were either simplistically aggregated into two soil layers or used with all layers. At sites with low total water holding capacity and annual precipitation
sums that do not compensate for small water holding capacities, simulations
with the global data set or the aggregated soil data produced higher annual
net primary productivity than simulations with the observed soil data. Second, I analyzed the role of vertical root distribution versus variable rooting
depths for simulated biomass in the model. Hydrological assumptions in the
model were shown to drive simulated water availability more than assumptions regarding roots. Vertical root distribution was of higher importance
than absolute rooting depth due to ample water availability in the upper soil
layers resulting from simplified hydrological assumptions. In reality, rooting
depth should play an important role for plant water availability particularly
at juvenile stage and during droughts.
In Chapter 5, I used the upgraded version of the model to simulate potential carbon storage capacity under current and prospective climatic con-
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ditions in Switzerland. Prospective climate was derived from three climate
scenarios each covering a specific uncertainty range. On average, the carbon
sink capacity of forests is likely to be retained under future conditions in
Switzerland as species shifts will counteract negative climate change effects
on carbon storage. The simulated velocity of species shifts depends on the
initial climatic conditions, the severity of the climate scenario and its inherent uncertainty. Interestingly, when temperature increase is limited to 2°C
compared to preindustrial values as anticipated by international conventions,
carbon storage capacity of forests is smaller than under more extreme scenarios. Growth of extant species in this moderate climate scenario is also
reduced but not to an extent such that other species may invade.
In Chapter 6, I discuss the limitations of the applied model that became
evident during these studies. Some of these issues are also relevant for other
current DVMs. This points to unanticipated uncertainties in climate impact
studies with these models, such as in Chapter 5. Nevertheless, I am confident that with the current thesis I could solve some shortcomings in DVMs
and went a step towards more process-based representations of vegetation
dynamics and climatic constraints in these models and thus enhanced their
applicability for assessments of prospective carbon storage.

Zusammenfassung

Wälder speichern in Form von Biomasse grosse Mengen an Kohlenstoff. Diese
Speicherfunktion ist eine wichtige Komponente im globalen Kohlenstoffkreislauf und hat somit einen bedeutenden Einfluss auf das Klima. Nur wenn
wir die damit verbundenen Prozesse und die Dynamik verstehen, können
zukünftige Änderungen der Wälder und die daraus resultierenden potentiellen Rückkopplungseffekte auf das Klima abgeschätzt werden. Insbesondere Wälder, die im Bereich ihrer klimatischen Grenzen vorkommen, sind
sensitiv gegenüber klimatischen Veränderungen. Dementsprechend sind sie
von besonderem Interesse, wenn die klimabedingte Veränderung der Kohlenstoffspeicherkapazität von Wäldern quantifiziert werden soll.
Zahlreiche empirische Studien haben vergangene Walddynamik und die
zugrunde liegenden physiologischen Prozesse untersucht. Die Ergebnisse dieser Studien können aufgrund von schwer abschätzbaren Unsicherheiten wie
z.B. nicht berücksichtigten Umweltfaktoren nicht ohne Weiteres auf sich ändernde Klimabedingungen übertragen werden. Um die Unsicherheiten einer
solchen Extrapolation zu reduzieren, werden für die Vorhersage von zukünftigen Walddynamiken Computermodelle wie z.B. dynamische Vegetationsmodelle (DVMs) verwendet. Insbesondere an Ökosystemgrenzen sind jedoch
in diesen Modellen nicht alle Prozesse ausreichend abgebildet (siehe Kapitel
1). Aus diesem Grund lag der Fokus dieser Arbeit auf dem Verständnis der
Walddynamik an abiotischen Grenzen und wie diese in DVMs (hier repräsentiert durch das oft angewendete Modell LPJ-GUESS) dargestellt werden
können.
In Kapitel 2 wurde Mortalität als ein wesentlicher Aspekt der Walddynamik und deren Einfluss auf Waldeigenschaften untersucht. In vielen Modellen
ist die Mortalität an ein maximales Baumalter gekoppelt. In diesem Kapitel
wurde gezeigt, dass die ‘obere Grenze’ der Langlebigkeit vielmehr mit der
maximalen Baumgrösse (Durchmesser) als mit dem maximalen Baumalter
zusammenhängt. Wenn eine grössenabhängige Mortalität verwendet wurde,
vii
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konnte die empirische Beobachtung, dass langsam wachsende Bäume älter
werden können als schnell wachsende Bäume, abgebildet werden. Dies führte
dazu, dass Bäume an ihren abiotischen Grenzen, wie z.B. an der kalten Baumgrenze, älter wurden als unter ‘optimalen’ Wachstumsbedingungen. Dieses
Muster konnte mit der konventionellen altersabhängigen Mortalität nicht abgebildet werden. Unabhängig davon wurden mit beiden Mortalitätsannahmen
ähnliche Holzvorräte und Verteilungen ‘funktionaler Pflanzentypen’ (‘plant
functional types’) an fünf Standorten in der Schweiz simuliert. Die Qualität der Modellergebnisse konnte nur unter Hinzunahme des dritten Musters
(Zusammenhang Langlebigkeit - Wachstum) beurteilt werden, was die Bedeutung der Verwendung einer Vielzahl von Mustern für die Modellvalidierung veranschaulicht. An vier von den fünf Standorten wurden mit beiden
Mortalitätsannahmen realitätsnahe Holzvorräte simuliert, während der Holzvorrat am wasserlimitierten Standort (Sion, Region Wallis) unabhängig von
den verwendeten Mortalitätsannahmen deutlich überschätzt wurde.
Im Wallis haben empirische Studien einen Zusammenhang zwischen erhöhten Mortalitätsraten und Trockenstress gezeigt, den die meisten heute
verfügbaren DVMs nicht abbilden. In Kapitel 3 wurden daher Ursachen und
Konsequenzen von trockenheitsbedingter Mortalität und wie diese in ein
DVM implementiert werden können untersucht. Die zugrundeliegenden Mechanismen von trockenheitsbedingter Mortalität sind in den letzten Jahren
zunehmend diskutiert worden. Viele Studien zeigen, dass eine der Hauptursachen hydraulisches Versagen, das heisst die Verwundbarkeit des Xylems
durch Kavitation, ist. Dieser Prozess wurde empirisch oft als Funktion des abnehmenden Xylemwasserpotentials mit hydraulischen Vulnerabilitätskurven
beschrieben. In LPJ-GUESS werden weder Xylem noch das Wasserpotential
berücksichtigt. Um die Parameterzahl und damit die Modellunsicherheiten
gering zu halten und dennoch den Prozess des hydraulischen Versagens abzubilden, wurde hier der trockenheitsbedingte Verlust an Leitfähigkeit vereinfachend mit dem Verlust der Splintholzbiomasse, d.h. der wasserleitenden
Holzbiomasse, gleichgesetzt. Die Sensitivität dieses Ansatzes und die Konsequenzen auf Bestandsebene wurden untersucht. Im Vergleich zu dem Modell
ohne ‘hydraulische’ Trockenheitslimitierung führte ein hoher Trockenstress
wie erwartet zu einer Abnahme der simulierten Biomasse, während für die
Biomasse bei mittlerem Trockenstress eine Zunahme simuliert wurde. Nach
Mortalitätsereignissen wird die Verjüngung durch mehr Lichtverfügbarkeit
am Boden begünstigt, was zu diesem unerwünschtem Effekt auf Bestandsebene führte. Dieser Effekt könnte durch eine Anpassung des pflanzenverfügbaren Wassers insbesondere für Keimlinge und junge Bäume minimiert
werden.
Die Wasseraufnahme durch Pflanzen und der Einfluss des pflanzenverfügbaren Wassers sowie die Abbildung dieser Prozesse in DVMs wurde in Kapitel
4 thematisiert. Zunächst wurde die Bedeutung von räumlich hoch aufgelös-
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ten Bodeninformationen gezeigt. Zu diesem Zweck wurden Modellergebnisse
basierend auf globalen Bodendaten mit Modellergebnissen aus beobachteten Bodendaten von ca. 100 Standorten für die zwei trockensten Regionen
der Schweiz (Wallis und Engadin) verglichen. Dabei wurde der beobachtete
Datensatz einerseits vereinfachend zu zwei Bodenhorizonten aggregiert und
andererseits mit allen Horizonten verwendet. An Standorten mit einer geringen beobachteten absoluten Wasserhaltekapazität und geringen jährlichen
Niederschlägen, die diese geringe Wasserspeicherkapazität nicht kompensieren konnten, simulierte das Modell mit den globalen Datensätzen oder den
aggregierten Datensätzen eine höhere jährliche Nettoprimärproduktionen als
das Modell mit den Beobachtungswerten. Anschliessend wurde der Einfluss
von vertikalen Wurzelverteilung und variablen Wurzeltiefen auf die simulierten Biomassen im Modell analysiert. Es wurde gezeigt, dass hydrologische
Annahmen im Modell die simulierte Wasserverfügbarkeit mehr beeinflussen
als Annahmen über die Wurzeln. Vertikale Wurzelverteilung waren wichtiger als die absoluten Wurzeltiefen, da die Wasserverfügbarkeit für Pflanzen
in den oberen Bodenschichten durch die vereinfachten hydrologischen Annahmen stets ausreichend war. In der Realität sollten die Wurzeltiefen eine
bedeutende Rolle für die Wasserverfügbarkeit spielen, insbesondere in frühen
Entwicklungsstadien und während Trockenheiten.
In Kapitel 5 wurde die durch die implementierten Routinen verbesserte Modellversion verwendet, um den potentiellen Kohlenstoffspeicher unter
bestehenden und möglichen zukünftigen klimatischen Bedingungen in der
Schweiz abzuschätzen. Das zukünftige Klima wurde hierbei mit drei regionalen Klimaszenarien abgebildet, wobei jedes einen spezifischen Unsicherheitsbereich angibt. Im Mittel bleibt die Senkenkapazität der Schweizer Wälder
wahrscheinlich auch unter künftigen Klimabedingungen erhalten, da Artenwechsel dem negativen klimatischen Effekt auf den Kohlenstoffvorrat entgegenwirken. Die simulierte Geschwindigkeit dieser Artenwechsel hängt von
den Ausgangsbedingungen des Klimas sowie der Stärke des Klimaszenarios
und der darin enthaltenen Unsicherheit ab. Wenn der Temperaturanstieg
entsprechend internationaler Abkommen auf 2°C (gemessen an vorindustriellen Werten) beschränkt werden kann, wird interessanterweise durch das
Modell eine geringere Kohlenstoffspeicherkapazität modelliert, als wenn höhere Temperaturanstiege angenommen werden. Obwohl das Baumwachstum
auch unter der 2°C-Annahme reduziert wurde, konnten sich andere Arten
nicht etablieren.
Im letzten Kapitel (Kapitel 6) und im Appendix wurden Beschränkungen
des angewendeten Modells, die während dieser Arbeit offensichtlich geworden sind, erörtert. Einige dieser Beschränkungen sind ebenso für andere heute verfügbare DVMs relevant. Das verdeutlicht bestehende Unsicherheiten
in Studien, die den Einfluss des Klimas auf die Vegetation mit diesen Modellen untersuchen wie z.B. in Kapitel 5. Nichtsdestotrotz konnten mit der
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vorliegenden Arbeit einige Probleme heutiger DVMs gelöst werden. Die prozessbasierte Repräsentation der Vegetationsdynamik und der klimatischen
Beschränkungen in diesen Modellen wurde verbessert. Damit wurde ihre Anwendbarkeit für künftige Studien erhöht.

General introduction
1.1

1

Rationale and state of the art

Forests store the vast majority of terrestrial biomass carbon (Saugier et al.,
2001) and thus play an important role in global biogeochemical cycling between the atmosphere and the land surface (Bonan, 2008). Today, they still
are a global carbon sink, as recently confirmed by Pan et al. (2011) in a
bottom-up approach that was based on forest inventory data (including deforestation and soils). Whether this sink capacity will continue under on-going
changes of land use and climate or whether forests will turn into a global
carbon source is of particular interest for decision makers, as further atmospheric increases of CO2 would amplify climate change and thus jeopardize
currently available ecosystem goods and services which are closely related to
human well-being (cf. de Groot et al., 2002). Already small changes in tree
growth and mortality or in the decomposition rates in forests can modify the
carbon balance considerably (Reay et al., 2008). Only if we understand the
mechanisms that drive and limit these processes, we will be able to project
prospective biogeochemical cycles and their consequences for ecosystem services such as carbon storage.
Trees are, as all plants under natural conditions, always exposed to stress;
biotic and abiotic factors such as competition, pests, ungulate browsing or
insufficient temperature, water availability and nutrients reduce tree growth
(cf. Schulze et al., 2005). This may have positive or negative impacts on plant
1
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vigor, i.e. it either strengthens a plant due to adaptation, or it increases
its mortality probability (Larcher, 2001). According to Manion (1981) the
interaction of the following factors reduces tree vigor and ultimately leads to
tree mortality: predisposing factors can weaken a tree in the long run, e.g. site
conditions, competition or age, and make it more vulnerable to other factors;
inciting factors, however, act in the short-term, but have a drastic effect on
tree vigor, e.g. droughts, insect defoliation or late spring frosts. Additional
(‘contributing’) factors such as bark beetles or fungi can further reduce tree
vigor and thus contribute to tree death. As an alternative to this ‘decline
disease theory’, Bossel (1986) suggested that assimilation and tissue renewal
can be suppressed over years due to constant stress, eventually leading to
mortality.
Thus, to understand mortality it is crucial to study the environmental
limits of tree population dynamics. On a global scale, water is the most important limiting abiotic factor for forests (Matyssek et al., 2010). Already in
the recent past, drought-induced tree mortality has been observed in many
regions world-wide (Allen et al., 2010). For some regions such as southern and
central Europe, the Mediterranean, central North America or southern Africa
the situation may aggravate in the face of anthropogenic climate change as
droughts may intensify in terms of severity, frequency and duration (Seneviratne et al., 2012). Associated increasing average temperatures and a higher
frequency, length and severity of heat waves, as projected for many regions in
the world (Seneviratne et al., 2012), will amplify drought stress dramatically,
particularly in ecosystems that are already today close to ‘tipping points’,
such as forests near the dry treeline.
Other ecosystems that are currently operating under strongly limiting
conditions may benefit as abiotic conditions improve due to climate change.
For example, forests at the cold treeline are likely to experience higher growth
rates (Affolter et al., 2010; Jolly et al., 2005). Likewise, increasing CO2 concentrations showed a fertilizing effect for plants in Free Air CO2 Enrichment
studies (FACE, cf. Körner et al., 2007). However, it would be imperative for
these experiments to investigate interactions with other factors such as temperature or precipitation to fully cover potential climate change impacts on
forest ecosystems (Calfapietra et al., 2010). Thus, detailed studies are needed
that address the joint impact of abiotic and biotic driving variables on tree
growth and mortality. This will be one focus of my thesis.
Furthermore, a carbon fertilization effect does not necessarily imply a
positive ecosystem feedback in the long term, as fast tree growth was shown
to be negatively correlated with longevity (Bigler and Veblen, 2009). As life
cycles and vegetation dynamics in general control the carbon storage capacity
of forests (Körner, 2003b), the CO2 fertilization may potentially turn forests
from carbon sinks into carbon sources (Bugmann and Bigler, 2011). These
effects, however, have not been considered in climate impact assessments on

1.1. RATIONALE AND STATE OF THE ART

3

vegetation to date; thus, this will be another focus of my thesis.
There are several methods to study forest ecosystems, each with specific
advantages and disadvantages. Long-term observation data such as national
forest inventories and monitoring plots (e.g., Innes, 1995; Parr et al., 2002), or
dendrochronological studies (e.g., Bigler and Bugmann, 2004; Rötheli et al.,
2012) provide rich insights on the past development and dynamics of forest
stands, but they are exceedingly difficult to extrapolate to novel climatic
conditions. Experiments such as the FACE studies mentioned above can answer more physiologically motivated questions by also considering potential
future changes. Still, considerable uncertainties remain as it is unlikely that
all elements of the system can be considered, and extrapolation from the typically homogeneous, young experimental forest stands to mature vegetation
is prone to a number of scaling problems (cf. Körner et al., 2007).
To overcome the shortcomings of these empirical methods, computer models can be used to study forest ecosystems. Obviously, computer models are
most valuable if they build upon monitoring and experimental data. Hence
the three approaches are complementary rather than mutually exclusive. In
the present thesis, I focus on computer models because they have become
quite widespread and are typically applied routinely to study the impacts of
environmental change on vegetation at global to local scales, although the
items reviewed above are not treated satisfactorily yet.
Below I provide a historical and methodological overview of computer
models that aim to (1) describe the dynamics and biogeochemical cycles of
forest ecosystems on various spatial scales (e.g. stand, regional, global), and
(2) assess the effect of prospective climatic conditions on forests.

1.1.1

Modeling approaches

For more than four decades the ability to quantitatively assess forest dynamics under past, present or future climates with computer models has evolved
(Bugmann, 2001). The first model of this line was JABOWA, a ‘forest growth
simulator’ that simplistically described tree growth, mortality, and regeneration reflecting gap creation dynamics on small plots based on observed climatic and environmental conditions (Botkin et al., 1972a,b). Based on this
model, further forest succession or so-called gap models (Shugart, 1984) were
developed. They usually describe stand dynamics on small patches of 0.01 0.1 ha (reviewed by Bugmann, 2001; Shugart and Smith, 1996). Forest gap
models have been applied in many regions worldwide covering broad climatic
gradients to investigate past, current and potential future forest dynamics
(e.g., Bugmann and Solomon, 2000; Heiri et al., 2006; Holm et al., 2012;
Rasche et al., 2013).
Earlier gap models such as FORET (Shugart and West, 1977) or LINKAGES (Pastor and Post, 1985) resemble strongly their ‘ancestor’ model
JABOWA. Over the years more and more assumptions were replaced by

4
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more mechanistic formulations or newly introduced such as descriptions of
vertical crown structure and the related light availability (Leemans and Prentice, 1989, Prentice et al., 1993, FORSKA; Pacala et al., 1993, Pacala et al.,
1996, SORTIE), tree position (Pacala et al., 1993), seed dispersal (Lexer and
Hönninger, 1998, PICUS; Lischke et al., 2006, TreeMig; Pacala et al. 1993,
SORTIE), tree height growth (Lindner et al., 1997, FORSKA; Rasche et al.,
2012, ForClim) or disturbances (cf. Seidl et al., 2011). Additionally, nontree vegetation was included in some models (Prentice et al., 1987). More
physiology-based approaches included CO2 gas exchange and a more detailed carbon allocation (Friend et al., 1993, HYBRID; Keane et al. 1996,
Fire-BGC).
However, for a long time forest gap models did not explicitly consider
the carbon cycle and thus have been criticized, among others, not to reflect
the effect of prospective rises in CO2 (Reynolds et al., 2001). Furthermore,
these ‘classical’ species-based forest gap models were originally designed for
small-scale applications and would require a high degree of generalization
to use them for global impact studies (Sitch et al., 2003). Hence, to study
climate change impacts on vegetation at the global scale, different models
were developed. For example, global biogeography models describe vegetation distribution as a function of climate and soils (e.g., Emanuel et al.,
1985; Neilson, 1995, MAPSS; Prentice et al., 1992, BIOME). Biogeochemistry models aim to simulate net primary productivity (Prentice et al., 2007)
and therefore describe biogeochemical fluxes; thus they allow for studying the
effect of rising CO2 (e.g., Knorr, 2000, BETHY; Melillo et al., 1993, TEM;
Rastetter et al., 1991; Running and Hunt, 1993, BIOME-BGC). Haxeltine
and Prentice (1996) introduced a hybrid form of both approaches, an equilibrium terrestrial biosphere model (BIOME3). An important drawback of
these models, however, is that they assume equilibrium of vegetation and
climate and therefore ignore vegetation dynamics (Steffen et al., 1996).
To overcome this limitation, dynamic global vegetation models (DGVMs)
were developed. DGVMs combine vegetation dynamics such as establishment, growth, competition, mortality or disturbances, with biogeochemical
processes such as energy, nutrient and water fluxes (Cramer et al., 2001). The
first DGVM concept was proposed by Prentice et al. (1989). For computational reasons, they suggested using a simplified forest gap model to describe
vegetation dynamics but basing it on populations instead of individual trees
and aggregating species to functional groups according to their environmental
needs for germination, growth, and survival (so called plant functional types,
PFTs). Biogeochemical cycles, including soil dynamics, were supposed to be
incorporated in sub-models; environmental input data should be obtained
from global databases and General Circulation Models (GCMs). However, the
first implemented DGVMs followed only in the second half of the 1990s, e.g.
IBIS (Foley et al., 1996), Hybrid v3.0 (Friend et al., 1997), Sheffield-DGVM
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(Woodward et al., 1998, 1995), TRIFFID (Cox, 2001), Lund-Potsdam-Jena
(LPJ, Sitch et al., 2003; Smith et al., 2001), ORCHIDEE (Krinner et al.,
2005), and others.
DGVMs were designed for global application, therefore they usually have
a coarse spatial resolution such as a grid cell size of 0.5°x 0.5°(Reynolds et al.,
2001). To minimize computational and parameterization requirements, the
simulated entity in these models are the presence/absence of PFTs, not the
abundances of individual species (Cramer et al., 2001). PFTs are represented
as single ‘average individuals’ within each grid cell, which makes it difficult
to reflect competition accurately as it results in reality from interactions at
the individual level (Sato et al., 2007). In general, DGVMs differ in their
degree of complexity regarding the representation of physiological processes
and vegetation dynamics (reviewed by Cramer et al., 2001; Sitch et al., 2008).
Due to the differences underlying the approaches to the formulation of
DGVMs, the simulation results differed as well, indicating a high uncertainty
in the potential future carbon sink strength of ecosystems and the carbon
cycle feedbacks (Friedlingstein et al., 2006; Sitch et al., 2008). Nevertheless,
the models agreed well for current carbon uptake rates of ecosystems. This is
likely due to the fact that model parameters were calibrated under past and
current climatic conditions, but as underlying assumptions differ they do not
seem to be equally valid under changed climatic conditions. This indicates a
strong need for a better understanding of the underlying processes. Indeed, to
date vegetation dynamics are one of the main uncertainty sources in climate
change projections (Purves and Pacala, 2008).
‘Second generation’ DGVMs attempted to overcome these limitations by
including more detailed descriptions of ecological processes such as disturbances, resource competition, and succession (Fisher et al., 2010). Therefore,
formulations from forest gap models were incorporated in DGVMs, giving
rise to individual-based hybrid models, e.g. the ED model (Moorcroft et al.,
2001), LPJ-GUESS (Smith et al., 2001), or SEIB-DGVM (Sato et al., 2007).
This enlarged the ecological realism of the simulated processes and thus expanded the models’ spatial applicability to local and regional scales, and
enabled a PFT- or even species-based parameterization based on observed
data (Fisher et al., 2010; Hickler et al., 2012).
In spite of these improvements, there are several processes of vegetation
dynamics that received much attention in empirical studies during the last
decades, but they were not much further developed in vegetation models. For
example, there were several empirical attempts to build statistical models
for tree mortality (e.g., Bigler and Bugmann, 2003; Cailleret et al., 2013;
Holzwarth et al., 2013; Wunder et al., 2006), but except for the call for more
process-based mortality routines in gap models (and thus hybrid DGVMs)
by Keane et al. (2001) twelve years ago, not much appears to have happened
in this regard in DGVMs.
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Particularly, species growing at tipping points such as near their cold or
dry limits are vulnerable to climate change; therefore the underlying processes need to be scrutinized. Again, there are several empirical studies investigating e.g. the carbon source- vs. sink-limitation hypothesis at the cold
treeline (Hoch and Körner, 2012; Hoch et al., 2002; Körner, 2003a) or the
exact causes of drought-dependent mortality (Anderegg et al., 2012; McDowell et al., 2008). We have recently addressed the first issue and introduced a
routine in a DGVM that limits growth by a temperature-driven sink- instead
of the current source-limitation (Leuzinger et al., 2013). Yet, the causes of
drought-dependent mortality still miss an adequate representation in most
DGVMs (McDowell et al., 2011); this is probably a key reason why poor
simulation results were obtained by several models for dry Mediterranean
regions (Morales et al., 2005).
In this thesis, I focus on some of these issues in detail, including tree
mortality (see Introduction to Chapters 2 and 3 for details), the related
issues of plant water availability and root water uptake (see Introduction
to Chapter 4), and how to simulate them in DGVMs. I chose the hybrid
model LPJ-GUESS (Smith et al., 2001), which consists of the LPJ-DGVM
(Sitch et al., 2003; Smith et al., 2001) and the individual-based GUESS model
(General EcoSystem Simulator, Smith et al., 2001) that explicitly simulates
vegetation dynamics (see Methods in Chapters 2 - 5 for details). This choice
is motivated by the fact that LPJ-GUESS is one of the first hybrid DGVMs
that has been developed by several groups and thus was widely applied;
inter alia it successfully predicted vegetation dynamics in the northeastern
USA (Hickler et al., 2004), net primary productivity (NPP) and tree species
composition for Sweden (Koca et al., 2006); it also credibly reflected NPP
increases under elevated CO2 as observed at experimental temperate forest
sites (Hickler et al., 2008) and carbon fluxes at several sites across Europe
(Morales et al., 2005). As a matter of fact, LPJ and its sister model LPJGUESS probably are de facto standards in vegetation modeling at national
to global scales today.

1.2

Research aim and structure of the thesis

The overall aim of this thesis is to improve the understanding of processes
driving tree mortality and limiting forest ecosystems, particularly droughts. I
aim to develop routines for dynamic vegetation models that help to represent
these processes more reliably and thus provide a tool that can capture forest
dynamics under current and changed climatic conditions.
In this context, I want to (1) improve the representation of limitations
for tree longevity (i.e., mortality); (2) evaluate the model under water
limitation and investigate the importance of soil properties and plant water
uptake; and (3) assess the variability of possible climate impacts on forests
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in Switzerland under prospective changed climatic conditions. Thus, I aim
to fill gaps in the representation of abiotic and biotic processes in the current
generation of DGVMs and assess the impacts and caveats when using
simplified assumptions for DGVM simulation results. By doing so, I expect
to trigger further DGVM developments and conscious model applications to
provide best possible information for improved mitigation and adaptation
strategies.
To address to these objectives, I structured this thesis into four parts:

Chapter 2
To model forest dynamics at their limits, it is pivotal to adequately describe tree mortality, as mortality provides the key link between growth (as
impacted by drought, for example) and tree population dynamics. In many
vegetation models mortality relies on the concept of growth efficiency and the
assumption that maximum tree age can be determined reliably, from which
an annual mortality rate can be calculated. However, empirical studies suggest that slow growing trees can become older than fast growing trees (Bigler
and Veblen, 2009). Especially at the edges of the species’ distribution range,
where species tend to grow more slowly due to unfavorable climatic conditions, this leads to different stand structures than under favorable growing
conditions. To capture these effects, I implement a size-dependent mortality
routine in LPJ-GUESS that relates longevity to maximum size, and compare
it to the standard model. I test both model versions against observed growing stock and PFT distribution. Furthermore, I investigate the diameter and
age structure of the simulated stands along climatic gradients to disentangle the effect at the transition from the main habitat to the edge of species
distribution.

Chapter 3
Climate is an important abiotic driver of tree mortality. For example, in many
regions worldwide tree mortality events have been shown to be related to
drought. There are several, partly controversially discussed mechanisms that
are potentially causing drought-dependent mortality. Xylem vulnerability to
cavitation (also known as ‘hydraulic failure’) is assumed to be an important
trigger for tree mortality under dry conditions. However, hydraulic failure
has not been represented in DGVMs yet. I present an algorithm that reduces
sapwood area, as a proxy for hydraulic conductivity, when water availability
is low; this thus raises mortality probability. I investigate the sensitivity of
this approach and estimate the consequences of hydraulic failure at the stand
scale.
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Chapter 4
Soil and root properties are important for calculating plant available water.
Most DGVMs use simplified assumptions of both properties, which may be
problematic in terms of assessing drought impacts on forest ecosystems. I
evaluate the importance of highly resolved soil data and varying root properties as proxy for plant water uptake in LPJ-GUESS. Specifically, I use
observed soil information from approximately 100 sites in the driest parts of
Switzerland. The data are applied either aggregated to two layers, or nonaggregated as observed. Simulation results are compared to results with the
standard model version using a simplified global soil data set. Besides the
different aggregation levels, the importance of water holding capacity is analyzed. Additionally, I investigate the importance of the proportional vertical
distribution of root biomass vs. variable rooting depths in the model.

Chapter 5
The changing carbon storage capacity of forests due to climate change is of
pivotal importance for national policy makers, as they need to report the
national carbon balance in the context of the UNFCCC1 . Yet, national-scale
assessments of potential future carbon storage capacity of forests are rare.
I apply the upgraded version of LPJ-GUESS as developed in the preceding
chapters of my thesis to simulate carbon storage in Switzerland, which is
covering a large climatic gradient from low elevations to high mountainous
areas, and I test the impact of varying climate change scenarios and their
uncertainty in the long term. The response variables that I choose are aboveand belowground carbon pools and species composition. I aim to identify the
vulnerability of different regions within Switzerland to climate change, and
to determine the causes and consequences of differing responses.

1
United Nations Framework Convention on Climate Change, international agreement
to stabilize atmospheric greenhouse gases to ‘prevent dangerous human interference with
the climate system’, cf. http://unfccc.int/2860.php.
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2

Tree mortality in dynamic vegetation
models - A key feature for accurately
simulating forest properties
Manusch, C., Bugmann, H., Heiri, C., Wolf, A., (2012)
Ecological Modelling 243, 101-111

Abstract. Dynamic vegetation models are important tools in ecological research, but not all processes of vegetation dynamics are captured
adequately. Tree mortality is often modeled as a function of growth efficiency
and maximum age. However, empirical studies have shown for different
species that slow-growing trees may become older than fast-growing trees,
implying a correlation of mortality with growth rate and size rather than
age. We used the ecosystem model LPJ-GUESS to compare the standard
age-dependent mortality with two size-dependent mortality approaches. We
found that all mortality approaches, when calibrated, yield a realistic pattern
of growing stock and plant functional type (PFT) distribution at five study
sites in Switzerland. However, only the size-dependent approaches match a
third pattern, i.e. the observed negative relationship between growth rate
and longevity. As a consequence, trees are simulated to get older at higher
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than at lower altitudes/latitudes. In contrast, maximum tree ages do not
change along these climatic gradients when the standard age-dependent
mortality is used. As tree age and size determine forest structure, our more
realistic mortality assumptions improved forest biomass estimation, but
indicate a potential decline of carbon storage under climate change. We
conclude that tree mortality should be modeled as a function of size rather
than age.
Keywords: vegetation modeling, intrinsic mortality, LPJ-GUESS, climatic gradients, maximum tree age, maximum diameters

2.1

Introduction

The global carbon balance critically depends on the carbon exchange between the land surface and the atmosphere (Denman et al., 2007). In this
context forests play a particular role, because more than 80% of terrestrial
biomass carbon is stored in forests (Saugier et al., 2001). As the rate and
amount of carbon sequestration and release in forests is controlled by vegetation dynamics (Körner, 2003), modeling vegetation dynamics in combination
with biogeochemical processes has become an important tool for ecological
research and the prediction of potential future changes of environmental systems and its goods and services (Cramer et al., 2001).
For this purpose, dynamic global vegetation models (DGVMs) have been
widely applied, as they incorporate both representations of biogeochemical
processes and descriptions of changes in vegetation composition and structure
(Cox et al., 2000; Cramer et al., 2001; Foley et al., 2000; Kucharik et al., 2000;
Prentice et al., 2000; Sitch et al., 2003). In DGVMs, the description of plant
physiology is rather mechanistic, so they should react robustly to changing
climatic inputs (Hickler et al., 2004). However, DGVMs were originally designed for applications at continental to global scales, and thus they may
not capture small scale processes (Sykes et al., 2001). Hybrid models, i.e.
DGVMs coupled with individual-based or so-called ‘gap models’ (Shugart,
2003) expand their applicability to local and regional scales (Smith et al.,
2001; Sykes et al., 2001).
The spatial resolution of gap models is based on the consideration of small
forest patches. Each patch corresponds to the impact area of a few large trees
on their neighbors (Prentice et al., 1993). This enables the incorporation of
mechanistic formulations of vegetation dynamics, i.e. establishment, effects of
competition on growth, and mortality (Hickler et al., 2004; Smith et al., 2001;
Sykes et al., 2001). Although tree mortality is a key process of vegetation dynamics (Franklin et al., 1987), it has received comparatively little attention
in vegetation models, contrary to tree growth (Keane et al., 2001). In these
models, mortality is usually treated as consequence of slow growth, age and
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disturbances (Shugart, 2003). A combination of these factors gives rise to a
U-shaped mortality function over the tree’s lifespan (Goff and West, 1975;
Harcombe, 1987). Small trees are stressed due to resource competition by
surrounding larger trees, resulting in low growth efficiency and high mortality probability; this is often called the ‘growth-dependent’ mortality (Lorimer
et al., 2001). When a certain size is reached and light availability increases,
a vigorous phase in tree life follows, with relatively low mortality rates (Goff
and West, 1975). Towards the end of tree life, mortality increases again as
the individuals become more vulnerable to disturbances such as windthrow
or diseases (Goff and West, 1975). Most gap models apply a constant annual ‘background’ mortality probability throughout tree life, which leads to
a negative exponential survivorship curve, allowing only a small fraction of
the trees to reach the species-specific maximum age (Bugmann et al., 1996;
Keane et al., 2001).
Several studies showed a negative relationship between growth and
longevity, i.e. slow-growing trees may become older than fast-growing trees
(Bigler and Veblen, 2009; Black et al., 2008; Loehle, 1988; Rötheli et al.,
2012; Ward, 1982). Among others, shade-tolerant species that can survive for
decades or centuries growing slowly due to shading were found to live longer
than rapidly growing, shade-intolerant species (Loehle, 1988). These often
markedly higher longevities under unfavorable conditions imply a correlation
of mortality with growth rates and size rather than age (Schweingruber and
Wirth, 2009). Indeed, such a size-mortality trend underlying the U-shaped
function was verified by several empirical studies (e.g., Busing, 2005; Goff
and West, 1975; Lorimer et al., 2001; Runkle, 2000).
The consequences of using a size- rather than an age-dependent mortality
function in dynamic vegetation models are potentially large, but they have
not been explored to date. The objective of our study is therefore to compare
the implications of age-dependent vs. size-dependent mortality in a hybrid
dynamic vegetation model. More specifically, we evaluate if using a sizedependent approach improves the simulation of stand properties, and we
test whether the resulting model behavior is robust along strong climatic
gradients.
Specifically, we aim to answer the following questions:
• How well do the simulation results of the different approaches fit observed data and patterns, such as growing stock (m3 stemwood ha−1 )
and Plant Functional Type (PFT) composition at climatically different
sites?
• Are the different approaches able to capture the negative growthlongevity relationship across sites and PFTs?
• How do the different approaches perform along altitudinal vs. latitudinal gradients?
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Materials and methods
Ecosystem model

We used the dynamic vegetation model LPJ-GUESS, which consists of the
dynamic global vegetation model LPJ-DGVM (Lund-Potsdam-Jena dynamic
global vegetation model, Sitch et al., 2003) and the individual-based ecosystem model GUESS (General Ecosystem Simulator, Smith et al., 2001).
Plant physiological and biogeochemical processes are modeled according
to the LPJ-DGVM equations as described in Sitch et al. (2003). Photosynthesis, plant respiration and water exchange are simulated on a daily basis.
At the end of each simulation year, annual growth is calculated by partitioning net primary productivity (NPP) to reproduction, leaves, fine roots and
sapwood following allometric rules (Hickler et al., 2004; Smith et al., 2001).
Additionally a fixed amount of sapwood is transformed into heartwood; leaf
and root turnover as well as dead biomass are added to the litter pool.
The simulation of vegetation dynamics is more detailed in LPJ-GUESS
compared to LPJ-DGVM (Smith et al., 2001). Growth, establishment, mortality and competition of individuals are modeled on spatially independent
replicate patches with a size of 0.1 ha. All individuals of one species or PFT
that establish in the same year belong to the same cohort. A species or PFT is
described by parameters controlling establishment, growth, shade tolerance,
metabolic rates, and bioclimatic limits (Smith et al., 2001).
A detailed description of the modeled processes is given by Smith et al.
(2001) and Sitch et al. (2003); the underlying hydrological assumptions are
presented in Gerten et al. (2004). Here, we applied the LPJ-GUESS-SiL version, which considers a climatic limitation of carbon sinks at treeline, i.e.
with decreasing temperatures NPP is reduced (Leuzinger et al., 2013). Furthermore, the optimization of annual carbon allocation is solved using the
Newton-Raphson method, rather than the Bisection method, as it is computationally more efficient.

2.2.2

Age-dependent vs. size-dependent mortality

In the standard version of LPJ-GUESS, mortality is modeled as a stochastic
process derived from the FORSKA gap model (Prentice et al., 1993; Smith
et al., 2001). It is based on the annual expected mortality probability (mort),
which is calculated as the sum of a growth-dependent mortality (mgref f )
and an age-related ‘intrinsic’ mortality (mintr ), considering the interaction
of both probabilities (Smith et al., 2001):
mort = mintr + mgref f − mintr mgref f

(2.1)

Whenever the five-year average of growth efficiency (ratio of NPP to leaf
area) falls below a PFT-specific minimum threshold, the growth-dependent
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mortality (mgref f ) increases (Smith et al., 2001).
The age-related mortality probability relates current age (age) to the
species- or PFT-specific maximum age (agemax ) (Hickler et al., 2004; Smith
et al., 2001, Eq. 2.2), whereby agemax is a hypothetical value defined as the
age reached by 1h of the individuals. The actual simulated maximum age
of an individual is termed ‘longevity’.



ln 0.001
mintr = − (λ + 1)
agemax



age
agemax

λ
(2.2)

The parameter λ describes the shape of the mortality curve. Besides the
growth-dependent and age-related mortality, a disturbance-related mortality can be imposed at the stand scale, whereby disturbances are occurring
randomly with a constant average return interval. In our study, disturbances
were switched off to ensure that individuals and cohorts can reach their maximum age or size, i.e. to avoid overlapping effects with the intrinsic mortality.
The standard age-related mortality (Eq. 2.2) was replaced by a sizedependent mortality approach. We applied the same model form as in the
standard formulation (Eq. 2.2) but substituted age by diameter and agemax
by a species- or PFT-specific maximum diameter (dbhmax ), with the shape
parameter being denoted by δ:
δ
ln 0.001
dbh
(2.3)
dbhmax
dbhmax
However, according to Eq. 2.3 individuals can die before reaching dbhmax
or can become larger than dbhmax depending on the parameterization of δ.
Therefore in a second approach, we changed Eq. 2.3 such that the mortality
probability mintr equals 1 when the diameter of ‘certain death’ (dbhdeath ) is
reached:

α
dbh
mintr =
(2.4)
dbhdeath
Another advantage of Eq. 2.4 over Eq. 2.3 is the elimination of the ‘hidden’
parameter ln 0.001.
For the age-dependent mortality approach, we evaluated two cases: the
standard parameter settings of LPJ-GUESS (Wramneby et al., 2008) and a
calibrated parameter set (details see below and Table 2.1). Hereafter, these
approaches are denoted by Ancal (Age-dependent approach Not CALibrated,
Eq. 2.2), Acal (Age-dependent approach CALibrated, Eq. 2.2), and the two
calibrated size-dependent versions Dstd (Diameter-dependent STanDard approach, Eq. 2.3) and Dsimp (Dstd SIMPlified, Eq. 2.4).



mintr = − (δ + 1)

2.2.3





Input data

For the development and evaluation of the approaches, we selected five climatically different sites for which empirical data were available and that
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had been used in previous modeling studies (Bugmann and Solomon, 2000;
Didion et al., 2009) (Table 2.2, Fig. 2.1). Two of them were selected for calibration as representative tree species are growing there: Davos in the High
Alps dominated by the needle-leaved shade-tolerant evergreen PFT (NE)
and Basel close to the low mountain range Jura dominated by the temperate
shade-tolerant deciduous PFT (TBS, Table 2.1, 2.2). The remaining three
sites Bern, Bever, and Sion were used for model and parameter evaluation.
For exploring the consequences and applicability of the model modifications at larger spatial scales, we simulated vegetation dynamics along two
climatic gradients, one along altitude in the European Alps, the other one
along latitude in Scandinavia.
As input variables the model requires either daily or monthly long-term
data on temperature, precipitation, and cloud cover as well as yearly atmospheric CO2 concentration.
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Figure 2.1: Location of the Swiss study sites. (c) 2011 swisstopo (JD100042, JA100120).

Swiss Sites
The Swiss Meteorological Service provided daily temperature, precipitation,
and sunshine duration data for a minimum of 78 years (Sion) up to 125 years
(Davos, Table 2.2). Cloud cover was derived by calculating the ‘proportion of
bright sunshine’ from sunshine duration. For this, first the moving maximum
of measured sunshine duration over a seven-day window for all days of all
years was calculated. Then, we assumed that the maximum value of this
moving window approach for a certain day of the year throughout all observed
years corresponds to 100% of bright sunshine for this day of the year.
A summary of the mean climate data is given in Table 2.2. The highest
annual precipitation was observed at the sites Bern and Davos. The lowest precipitation was found at the warmest site (Sion). The coldest site is
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Bever. Sunshine duration is comparable in Basel, Bern, Bever and Davos,
but approximately 200 hours per year longer in Sion.
Alpine gradient
The altitudinal gradient was selected in the Swiss Alps, i.e. the Saltinatal
in the Valais (46.3°N, 8°E, 1100 - 2200 m a.s.l.). Two climate data sets were
combined using 1961 - 1990 as common reference years: 1901 - 1959 from the
Climate Research Unit (CRU, Mitchell and Jones, 2005) and 1960 - 2006 from
the spatially interpolated climate data of Switzerland (data source: Landscape Dynamics, WSL Birmensdorf, 1 ha resolution using DAYMET (Thornton et al., 1997)). A detailed description is given in Wolf (2011).
Scandinavian gradient
The latitudinal gradient was chosen from Southern to Northern Sweden
(58°N, 11.5°E to 68°N, 21.5°E). Monthly climate data were derived from the
CRU dataset for the time period 1901-2006 on a 0.5°× 0.5° spatial resolution
(Mitchell and Jones, 2005).
The soil type of all sites and along the two gradients was determined using
the FAO global soil map (FAO 1991). Atmospheric CO2 concentrations were
derived from ice core reconstructions (Frank et al., 2010; Sitch et al., 2003)
and the Mauna Loa record (Keeling et al., 2009).

2.2.4

Simulation experiments

Initial settings
The model was run from bare soil on 50 replicate patches with a spin-up
period of 300 years where disturbances were switched on to quickly generate
asynchronous vegetation dynamics; thereafter, disturbances were suppressed.
After another 700 years of spin-up, the equilibrium state of the vegetation
was reached.
For the five Swiss sites, we applied the same set of five PFTs, four of
them representing tree species and one representing grasses (Table 2.1). All
PFTs are based on the species/PFT parameterizations by Miller et al. (2008),
Hickler et al. (2004) and Sitch et al. (2003). Along the two gradients, only
the needle-leaved evergreen shade-tolerant PFT, i.e. NE, was used to avoid
competition effects and to exclude species-specific responses.
Parameter sensitivity and optimal parameter settings
In order to study parameter sensitivity, we constructed response surfaces for the two calibration sites Davos and Basel by changing the two
parameters of every equation independently, following a factorial design
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Table 2.1: Calibration range and optimal parameters for mortality equations (calibration
for the study sites Davos [Plant Functional Typea NE] and Basel [TBS]).

Method and parameters
Ancal
λ
agemax
Acal
λ
agemax
Dstd
δ
dbhmax
Dsimp
α
dbhdeath

Calibration
Min
Max

Optimal parameters
NE
NEIS
TBS

IBS

Not calibrated
Not calibrated

2.0
900

2.0
900

2.0
940

2.0
300

1
100

8
1500

2.0
220

2.0
180

2.0
240

2.0
190

1
20

8
380

1.5
130

1.5
100

2.5
140

2.5
110

1
100

8
380

2.3
210

2.3
170

2.8
240

2.8
190

a

The Plant Functional Types (PFTs) used in the model are:
- boreal/ temperate shade-tolerant needle-leaved evergreen (NE, e.g. Picea abies);
- boreal/ temperate intermediate shade-tolerant needle-leaved evergreen (NEIS,
e.g. Pinus sylvestris);
- temperate shade-tolerant broadleaved summergreen (TBS, e.g. Fagus sylvatica);
- temperate shade-intolerant broadleaved summergreen (IBS, e.g. Betula sp.).
Additionally C3 grass (GRS) was included in the simulation experiments.

(Fig. 2.2). As response variables, we chose the simulated mean growing stock
(m3 stemwood ha−1 ) and the simulated mean diameter (cm) of the 5% largest
trees for the period 1951 - 1980. The responses of both variables were overlaid
in Fig. 2.2, showing the simulated mean growing stock with lines and the diameter as a color gradient. Parameter sensitivity was evaluated graphically
based on the curvature of the lines and the color gradient. When the lines and
the color gradient were close to parallel to the axis of the given parameter,
we interpreted it as ‘small sensitivity’, whereas a perpendicular course was
interpreted as ‘strong sensitivity’. Parameter ranges for the size-dependent
mortality routines were based on Bugmann (1994), Wramneby et al. (2008)
and on allometric relationships as well as expert knowledge (Table 2.1).
Optimal settings for the parameters were derived visually based on these
response surfaces, whereby model output for different parameter settings
was compared with measured growing stock of the Swiss National Forest
Inventory (EAFV, 1988) and the mean diameter of the 5% largest trees. The
latter was assessed to be in the range 50 - 75 cm using observed diameter
distributions in Swiss forest reserves (Brang et al., 2011; Heiri et al., 2009)
and Swiss mountain forests (Wehrli et al., 2005). For the optimum parameter
setting, the simulated growing stock had to be as close as possible to the
observed value (maximum deviation ±50%, i.e. within the two dashed lines
in Fig. 2.2), and the mean diameter of the 5% largest trees had to be in the
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50 - 75 cm range (i.e. color range between light blue and light yellow in Fig.
2.2). Additionally, the final settings for agemax , dbhmax , dbhdeath had to be
as close as possible to values from earlier studies (Bugmann, 1994; Wramneby
et al., 2008).
The needle-leaved intermediate shade-tolerant evergreen PFT (NEIS) and
the temperate shade-intolerant deciduous PFT (IBS) do not dominate the
study sites and could not be calibrated explicitly; thus their shape parameters were assumed to equal those of their shade-tolerant equivalents, while
their age- or size related parameters were set to 80% of the equivalent PFTs,
an approximation to the average and maximum values of maximum age and
diameter for tree species with different life-history strategies from Brzeziecki
and Kienast (1994). The parameter settings for each approach are summarized in Table 2.1.
Evaluation of model performance
The three Swiss sites Bern, Bever, and Sion were used for model testing
based on the best parameter combinations (Table 2.1). To evaluate the overall
simulation results, the following data and procedures were used:
• Simulated total biomass (kg C m−2 ) was converted to growing stock
(m3 stemwood ha−1 ) with the wood density scaling factor of LPJGUESS (0.2 kg C m−3 , and assuming a carbon fraction in wood of 0.5)
and the biomass extension factors (1.52 - 1.57 for needleleaved, 1.5 - 1.54
for broadleaved PFTs) for Switzerland (Thürig and Schmid, 2008). The
resulting values were compared to measurements of the Swiss National
Forest Inventory (EAFV, 1988) for each region (Table 2.4).
• The simulated PFT composition of each site was compared qualitatively
to descriptions of the Potential Natural Vegetation (PNV) according to
Ellenberg and Klötzli (1972) and Ellenberg and Leuscher (2010).
• The simulated relationship between the growth rates during the first
50 years of tree life and tree longevity was compared to the expected
negative relationship (Bigler and Veblen, 2009; Rötheli et al., 2012).
The implications of the different mortality approaches were analyzed
along both climatic gradients. We evaluated the mean diameter of the 5%
biggest trees and the mean age of the 5% oldest trees for ten randomly
chosen years during the equilibrium phase. Along the Alpine gradient, simulated data were evaluated against literature findings (e.g., Affolter et al.,
2010; Bigler and Veblen, 2009; Tranquillini, 1979). Along the Scandinavian
gradient, we extracted the mean of the annual growth rates for 2006-2010
of the Swedish National Forest Inventory (SLU 2011). Additionally, mean
simulated total biomass for both gradients was evaluated.

46.6
46.8
46.9
47.5
46.2

Bever
Davos
Bern
Basel
Sion

9.9
9.8
7.4
7.6
7.4

Lon
(°E)

1710
1590
553
316
542

Elevation
(m a.s.l.)
1.5
3.2
8.5
9.7
10.1

Temp.
ann. (°C)
-9.2
-6.0
-1.0
0.7
-0.1

Temp.
Jan. (°C)
11.4
12.2
17.9
18.8
19.8

Temp.
July (°C)
841
998
995
789
609

Precip.
ann. (mm)
1800
1709
1718
1670
2055

Sun.
ann. (h)
1901-1982
1885-2009
1887-2009
1886-2009
1931-2008

Observ.
period

Pinus cembra, Pinus montana, Larix decidua
Picea abies, Larix decidua
Fagus sylvatica, (Picea abies)
Fagus sylvatica, (Quercus spp.)
Pinus sylvestris, Quercus spp.

PNV

Climate data from the Swiss Meteorological Service, PNV according to Ellenberg and Klötzli (1972) and Ellenberg and Leuscher (2010).

Lat
(°N)

Site

Table 2.2: Climate data and information for the Swiss study sites.
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Results
Parameter sensitivity and optimal parameter settings

The response surfaces for the standard, age-dependent mortality function
(Acal) indicate for both calibration sites (Davos, Basel) and PFTs, respectively, a small influence of the shape parameter λ on growing stock and
diameter, but a strong sensitivity of both variables to agemax (Fig. 2.2a, b).
At both sites, growing stock is more sensitive to changes in λ when λ is small,
whereas for λ > 5, the growing stock changes only negligibly with changes in
λ. Thus, the shape parameter λ was kept to the default setting of 2 (Wramneby et al., 2008, Table 2.1). To achieve realistic growing stock values, i.e.
between the 50% intervals, agemax must be between 100 and 350 years. When
also considering the size of the largest trees (between 50 - 75 cm), we decided
to choose agemax of 220 years for NE and 240 years for TBS, respectively
(Fig. 2.2a, b, Table 2.1). A similar behavior of the model applies for Dstd
(Fig. 2.2c, d), and parameter values were chosen accordingly (Table 2.1). For
Dsimp, sensitivity of growing stock and maximum diameters is reverse, and
both values are more sensitive to the shape parameter α than to the size parameter dbhdeath (Fig. 2.2e, f). Again, parameter values were chosen to reflect
this pattern (Table 2.1).

2.3.2

Evaluation of model performance at Swiss sites

The uncalibrated standard version (Ancal) yields three to five times more
total growing stock than measured in the Swiss National Forest Inventory
(EAFV, 1988) (Table 2.4). Still, Ancal reflects the observed variance, with
minima of the growing stock at the coldest (Bever) and driest (Sion) sites
and maximum values on the Swiss Plateau (Bern). The deviation between
simulated and observed growing stock is obviously much smaller for the calibrated versions (Table 2.4). Neglecting the driest site, the deviation ranges
from close to 0 up to 6% for Acal, and 3 to 17% for the size-dependent approaches (Dstd, Dsimp, Table 2.4). However, for the dry site, all approaches
feature higher deviations, ranging from 32% (Acal) to 85% (Dsimp), i.e. all
versions fail to provide a reliable growing stock estimate at the driest site
(Table 2.4).
Simulated PFT compositions differ little between the approaches (Table
2.4). Independent of the mortality function, Bever and Davos are consistently
simulated as being dominated by the needle-leaved evergreen PFT. Using
Ancal, Bern is solely dominated by NE, while PNV is a mixture of NE and
TBS (Table 2.1, 2.2). All other functions predict a co-occurrence of TBS and
NE for Bern, but still the proportion of NE is overestimated compared to
observations (Tables 2.2, 2.4). In Basel, the expectation of TBS dominating is
met by all approaches (Table 2.4). In Sion, all methods predict the occurrence
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Figure 2.2: Overlaid response surfaces showing simulated sensitivity of mean growing
stock [solid lines for 100% agreement with observations, dashed lines 50% deviation from
measurement, numbers are observed growing stock (m3 stemwood ha−1 ) at the respective
site] and mean diameter of the 5% largest trees (cm, colors) for the period of 19511980 to the two mortality-related parameters for each method at Davos (NE-dominated)
and Basel (TBS-dominated): age-dependent mortality (Acal) with maximum age agemax
and shape parameter λ (a, b, Eq. 2.2); size-dependent mortality (Dstd) with maximum
diameter dbhmax and shape parameter δ (c, d, Eq. 2.3); and size-dependent mortality
(Dsimp) with diameter of certain death dbhdeath and shape parameter α (e, f, Eq. 2.4).
Simulations were run for the combination of all shown ticks. Observed reference values
are based on EAFV (1988), Brang et al. (2011), Heiri et al. (2009) and Wehrli et al.
(2005), cf. Sec. 2.2.4. Based on these response surfaces, optimal parameter settings were
derived visually (denoted by the crosses).
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Figure 2.4: Regression lines of the simulated relation of mean growth rates
(first 50 years of life) and longevity for
all trees that died after the spin-up period derived from log-linear models with
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of TBS alone instead of the expected combination of TBS and NEIS. None
of the methods predicts a proportion > 1% for NEIS, IBS or GRS on any
site (Table 2.4).
Fig. 2.3 shows the simulated relationship between growth rates during
the first 50 years of tree life and longevity for Bever based on those individuals that died in the simulation between 1901 and 1982 due to the age- or
size-dependent mortality, respectively. The age-dependent approach Acal features a weakly negative relationship between growth and longevity at Bever
(Spearman rank order correlation rs = −0.18, p < 0.001), and this also holds
true for Basel (rs = −0.13, p < 0.001, Fig. 2.4). For the other sites, however,
this relationship has a very low correlation (rs = [−0.07, 0.08], p > 0.01,
Fig. 2.4). In contrast, the size-dependent approaches (Dstd, Dsimp) feature significantly higher longevities for slow growing trees across all sites
and PFTs with strong correlations (Dstd rs = [−0.68, −0.43], p < 0.001;
Dsimp rs = [−0.75, −0.59], p < 0.001; Fig. 2.4).
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Table 2.3: Mean simulated total biomass of needle-leaved evergreen shade-tolerant trees
(kg C m−2 ) along an altitudinal gradient in the Swiss Alps, Valais, Saltinatal and a latitudinal gradient along Scandinavia of the period 1901-2006.

2.3.3

Ancal

Acal

Dstd

Dsimp

Altitude (m a.s.l.)
1100-1600
1700-1900
2000-2100

45 ± 2
38 ± 7
11 ± 10

12 ± 1
9±2
3±2

11 ± 0
9±1
5±4

12 ± 1
10 ± 1
6±5

Latitude (°N)
58.0-60.0
60.5-65.0
65.5-68.0

30 ± 3
17 ± 4
3±3

8±0
5±1
1±1

7±0
7±1
2±2

8±1
8±2
2±3

Consequences of the different mortality formulations
along an altitudinal and a latitudinal gradient

The mean diameter of the 5% largest trees (md5) is much bigger for the
non-calibrated than for the calibrated model versions (Fig. 2.5a, b). In all
versions, however, md5 declines and equalizes above a certain altitude or
latitude. Along the altitudinal gradient, up to 1800 m md5 remains fairly
constant at ca. 150 cm (non-calibrated version) and ca. 40-50 cm (calibrated
versions), respectively. At higher elevations, md5 decreases gradually until
treeline is reached at ca. 2200 m. Especially for Ancal, md5 along the latitudinal gradient varies strongly. However, also here a declining trend of md5 is
visible for all versions: md5 ranges from ca. 120 cm (non-calibrated version)
and ca. 50 cm (calibrated versions), respectively, in southern Sweden to ca.
10 cm near treeline in northern Sweden (all versions).
While md5 shows a similar behavior for the models based on the agedependent or the size-dependent mortality, the mean age of the 5% oldest
trees (ma5) differs clearly between the two types of approaches (Fig. 2.5c, d).
For the age-dependent version, ma5 is ca. 150 (Acal) and 550 years (Ancal),
respectively, along the altitudinal gradient. Thereby ma5 for Acal remains
almost constant up to 2000 m a.s.l., whereas for Ancal it shows a decreasing
trend from 1100 to 2000 m a.s.l.; from 2000 m a.s.l. to treeline it declines
sharply for both approaches (Fig. 2.5c). From southern to northern Sweden,
ma5 is nearly constant for Acal and Ancal (approx. 150 and 550 years) up to
65°N and declines thereafter. Along both gradients, ma5 is about 30 to 40%
smaller for Acal and Ancal than the PFT-specific maximum age defined for
these approaches (Fig. 2.5c, d, Table 2.1).
In contrast, ma5 for both size-dependent approaches increases with increasing altitude and latitude. From 1100 to 1900 m a.s.l., both approaches
show a similar, smooth increase from 160 to 260 years. The oldest trees are

2.3. RESULTS

33

200

Scandinavia

100

150

50

100

0

50

1500

1700

1900

2100

1100

58 59 60 61 62 63 64 65 66 67 68

600

d

400

600

200

400

0

200
0

age of 5 % oldest trees (years)

c

800

1300

800

1100

b

150

a

0

dbh of 5 % largest trees (cm)

200

Saltinatal (Swiss Alps)

1300

1500

1700

1900

2100

altitude (m a.s.l)
age−dependent mortality (Ancal)
age−dependent mortality (Acal)

58 59 60 61 62 63 64 65 66 67 68

latitude (°N)
size−dependent mortality (Dstd)
size−dependent mortality (Dsimp)

Figure 2.5: Simulated mean dbh of 5% largest trees (a, b) and mean age of 5% oldest
trees (c, d) along an altitudinal gradient in the Swiss Alps (left) and a latitudinal gradient
ranging from Southern Sweden to Northern Sweden (right) for 10 randomly chosen years
between 1901-2006. Different line patterns represent the different methods used.

simulated at 2000 m a.s.l.; the 5% oldest trees attain 410 years with Dstd and
480 years with Dsimp, respectively. Similar as for md5 (Fig. 2.5a, b), ma5
increases less smoothly towards northern Sweden (Fig. 2.5d) compared to the
altitudinal changes (Fig. 2.5c). However, ma5 increases from 200 years (both
versions) at 58.5°N to 380 / 480 years (Dstd / Dsimp) at 65°N. Beyond this
latitude, ma5 decreases towards northern treeline.
The large differences between the non-calibrated and the calibrated model
versions regarding ma5 and md5 were replicated for biomass along the two
gradients (Table 2.3). The mean biomass of the non-calibrated standard version tops the results of all other methods, featuring about three to four
times higher biomass, e.g. at 1100-1600 m a.s.l. 45 kg C m−2 (Ancal) vs. 1112 kg C m−2 (Acal, Dstd, Dsimp) and at 58-60°N 30 kg C m−2 (Ancal) vs. 7-8
kg C m−2 (Acal, Dstd, Dsimp). For the age-dependent approaches, biomass
decreases by about 75% along altitude and about 90% along latitude, e.g. 12
kg C m−2 at low altitudes to 3 kg C m−2 at high altitudes (Table 2.3). For
the size-dependent approaches, a decrease occurs only along the altitudinal
gradient (about 50% reduction), while biomass remains nearly unchanged
along the latitudinal gradient up to 65°N but decreases by 70-75% from 65°N
to 68°N.

e

d

c

b

a

100|0
100|0
100|0
100|0

Fraction
NE|TBS
(%)

314 ± 9b

1547
330
306
322

Davos
Sim. grow.
stock
(m3 ha−1 )

High Alps > 1800 m, BEF 1.57.
High Alps 1601-1800 m, BEF 1.57.
Swiss Plateau < 600 m, BEF 1.54.
Jura < 600 m, BEF 1.50.
High Alps < 600 m, BEF 1.57.

221 ± 7a

1116
234
252
258

Ancal
Acal
Dstd
Dsimp

Observed
growing
stock
(m3 ha−1 )

Bever
Sim. grow.
stock
(m3 ha−1 )

Method

100|0
100|0
100|0
100|0

Fraction
NE|TBS
(%)

389 ± 7c

1796
386
348
352

Bern
Sim. grow.
stock
(m3 ha−1 )
100|0
82|18
58|42
75|25

Fraction
NE|TBS
(%)

324 ± 8d

1348
325
329
319

Basel
Sim. grow.
stock
(m3 ha−1 )
0|100
1|99
0|100
0|100

Fraction
NE|TBS
(%)

235 ± 22e

745
311
400
435

Sion
Sim. grow.
stock
(m3 ha−1 )

0|100
0|100
0|100
0|100

Fraction
NE|TBS
(%)

Table 2.4: Simulated versus observed growing stock (m3 stemwood ha−1 ) by region (EAFV 1988) and simulated PFT-fraction for
the five study sites in Switzerland (mean of period with observed climate data, Table 2.2). PFT-fractions are rounded, PFTs with
a simulated fraction < 1% are not shown (NEIS, IBS, GRS). Simulated growing stock was derived from simulated total biomass
using the wood density scaling factor of LPJ-GUESS (0.2 kg C m−3 ) and biomass extension factors (BEF) by Thürig and Schmid
(2008)a−e .
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Discussion
Parameter settings

Calibrations were based on growing stock data and diameter distributions of
Swiss forest stands. Most of them have been managed over decades, leading
to an anthropogenically formed age structure that is lacking stands younger
than 60 years as well as very old stands (BUWAL and WSL, 2005), while the
model assumes a steady-state of vegetation and simulates potential natural
vegetation. As this study deals with natural mortality, management was not
included and the measured data thus have to be understood as a benchmark
rather than a target to be met exactly by the model.
We found that for the age-dependent mortality, an agreement between
observed and simulated growing stock could only be generated with maximum ages that are far below previously used parameter settings (e.g., Wramneby et al., 2008) and estimated maximum ages (Bugmann, 1994). Such low
maximum ages are not biologically meaningful and should not be used. In
contrast, the optimal settings for the maximum diameter dbhmax in Dstd are
within estimated parameter ranges (Bugmann, 1994). The diameter dbhdeath
in Dsimp can be related to the upper limit of dbhmax , as growing stock and
the 5% upper limit of diameters turned out to be negligibly sensitive above a
diameter of 180 cm (Fig. 2.2e, f). Overall, realistic growing stock simulations
could be derived by biologically meaningful size parameters but not by realistic age parameters. We thus conclude that mortality should be simulated
as a function of size rather than age.

2.4.2

Effects of different mortality assumptions for Swiss
case studies

The calibrated versions matched the observed growing stock much better
than the non-calibrated version (Ancal, Table 2.4), as the higher longevity
in the non-calibrated version led to trees with larger diameters and therefore to a higher accumulation of standing volume and biomass. Other studies
with LPJ-GUESS using standard parameterization had a good agreement
with observed biomass (e.g., Hickler et al., 2004; Wolf et al., 2008), likely due
to the importance of patch-destroying disturbances: generic patch destroying disturbances are often applied with an interval of 100-200 years (Koca
et al., 2006; Wramneby et al., 2008), thus effectively reducing simulated forest
biomass and therefore strongly diminishing the effect of both other mortality sources (growth efficiency and intrinsic mortality) on biomass. However,
even without an explicit disturbance regime, such external disturbances are
included implicitly, because an underlying assumption of all intrinsic mortality functions (no matter whether they are age- or size-dependent) is that
a tree has a constant annual mortality probability, thus allowing causes of
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death that may occur at any time throughout tree life, i.e. disturbances such
as windthrow or disease (Keane et al., 2001; Shugart, 2003). By not using exogenous disturbances, we got around their overriding effect and also avoided
the parameterization of the disturbance regime, for which data are rare as
they are spatially and temporally diverse, thus rendering a generalization
difficult. The disturbance regime in the model does not consider a change
in disturbance frequency or intensity through time, as it is projected for the
forthcoming decades with climate change (Beniston et al., 2007). Thus, for
projections of future forest dynamics, an explicit disturbance regime covering
the change in frequency and intensity of disturbances should be considered
in addition to the new size-dependent mortality algorithm.
For Sion, even the calibrated approaches overestimate the growing stock
with deviations between observations and simulations from 32% (Acal) to
85% (Dsimp). As Sion is an exceptionally dry site, trees grow more slowly
there than e.g. in Basel or Bern, which are at a similar altitude but experience much higher annual precipitation sums (Table 2.2). The low growth rate
at Sion is not sufficiently reflected in the growth-efficiency mortality, nor are
there other drought-specific mortality risks included in the model. We thus
conclude that the growth-efficiency mortality, especially under dry conditions, needs further investigation and should preferably be tested against
empirical data (cf. Wunder et al., 2006).
The agreement of simulated PFT composition with descriptions of the
PNV (Ellenberg and Klötzli, 1972; Ellenberg and Leuscher, 2010, Table
2.2, 2.4) is comparable for all calibrated versions and good apart from two
shortcomings. First, the PFT ‘summergreen needle-leaved tree’ (Larix decidua) that naturally occurs at Bever and Davos is not parameterized in
LPJ-GUESS and thus is not represented in the simulations. Second, Sion is
simulated as a TBS-dominated site, but NEIS, which should co-occur according to PNV descriptions, is not predicted in any of the model versions
(Tables 2.2, 2.4). This is because TBS is more shade-tolerant than NEIS in
LPJ-GUESS and therefore outcompetes NEIS if no disturbances occur. Indeed, pollen studies indicate that Quercus sp., Ulmus sp. and Tilia sp. as
late-successional species displaced Pinus, which had established after glacier
retreat 13’000 years BP in the Valais (Welten, 1982). Today’s co-existence
of Pinus and Quercus in the Valais is probably a result of land use and
may not reflect the PNV (Rigling et al., 2004). The currently observed shift
from Pinus-dominated to Quercus-dominated stands (Kienast et al., 2004;
Rigling et al., 2004) indicates that the simulated dominance of TBS may be
in agreement with PNV, although not with data from the Swiss National
Forest Inventory (EAFV, 1988).
We found that the expected negative growth-longevity-relationship
(Bigler and Veblen, 2009; Black et al., 2008; Loehle, 1988; Rötheli et al., 2012;
Ward, 1982) is simulated consistently when using a size-dependent formula-
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tion of mortality, but much less so when using an age-dependent mortality
formulation. Moreover, in this regard only the model results for the sizedependent approaches at the two NE-dominated sites (Bever, Davos, rs =
[−0.75, −0.53], p < 0.001) agree with empirical studies for Norway spruce in
the Swiss Alps, which according to Rötheli et al. (2012) show this relationship
with rs = −0.49, p < 0.001 for dominant and rs = −0.51, p < 0.004 for subdominant trees, and according to Bigler and Veblen (2009) and Bigler (pers.
comm.) with rs = −0.85, p < 0.001 for dominant and rs = −0.39, p < 0.05 for
subdominant trees. This agreement between simulation and reality is highly
relevant, as capturing a larger variety of observed patterns with a given model
confirms a better system understanding and thus a higher model reliability
(Grimm and Railsback, 2005). In summary, using the size-dependent mortality formulation leads to predictions that fit the growth-longevity relationship
in addition to observed growing stock volume and PFT composition. Also
from this point of view, it is more appropriate to use a size- than an agedependent mortality formulation.
Comparing both size-dependent approaches, we assess a higher robustness of Dsimp than Dstd. Although simulated growing stock volume, PFT
composition, and the growth-longevity relationship do not differ strongly
for these approaches, the growing stock volume and maximum diameters
are less sensitive to dbhdeath than to dbhmax . Furthermore, Dsimp supports
the underlying idea of size-limitation more consequently than Dstd, as the
parameter dbhdeath represents the ultimate upper size limit in the Dsimp
formulation, whereas dbhmax can be exceeded or survived, respectively. Additionally, Eq. 2.4 (Dsimp) does not contain a further ‘hidden’ parameter
such as ln(0.001) in Eq. 2.2 & 2.3 (Acal, Dstd) which requires further sensitivity studies and entails an additional source of uncertainty in the model.

2.4.3

Consequences of the different mortality formulations
along an altitudinal and a latitudinal gradient

Regardless of the mortality approach used, beyond a certain altitude (> 1800
m a.s.l.) or latitude (> 58.5°N), simulated maximum diameters decline to
treeline due to more severe climatic conditions, which agrees well with observations that show a continuous decrease in the size of dominant trees or
growth rates above a critical site- and species-specific altitude (Affolter et al.,
2010; Oleksyn et al., 1998; Ott, 1978; Tranquillini, 1979) as well as with decreasing annual growth rates from southern Sweden (Götaland, 8.9 m3 ha−1 )
to northern Sweden (Northern Norrland, 3.0 m3 ha−1 ) (SLU 2011).
In contrast to maximum diameters, the simulated pattern of maximum
ages along the gradients is strikingly different for the age- vs. the sizedependent mortality routines. While the maximum ages remain, as expected,
constant or even decline slightly when applying the age-dependent mortality, the ages of the oldest trees increase under less favorable climate con-
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ditions when using the size-dependent mortality formulations (Fig. 2.5c, d).
The latter is in agreement with observations, as slow-growing trees tend to
achieve higher longevity than fast-growing trees (Bigler and Veblen, 2009;
Black et al., 2008; Loehle, 1988; Rötheli et al., 2012; Ward, 1982), and therefore maximum tree ages are expected to rise under poor growth conditions,
such as those at higher altitudes or latitudes.
According to the simulated growing stocks at the Swiss sites, carbon
storage of forest stands along both gradients is much smaller for the sizedependent mortality than for the standard age-dependent mortality. It needs
to be further investigated whether an increase in CO2 and temperature would
even enhance the difference in simulated carbon storage between the two
methods (cf. Bugmann and Bigler, 2011). An increase in carbon uptake yields
higher productivity under both assumptions, but it would accelerate mortality for the size-dependent approaches and thus may offset the CO2 fertilization effect or even reduce current carbon storage capacity.

2.5

Conclusion

We conclude that it is preferable to simulate the intrinsic mortality in vegetation models by size rather than age, as both size-dependent approaches that
we investigated matched all three observed patterns (growing stock, PFT
distribution, and the negative relationship between growth and longevity)
equally or better than the age-dependent approaches.
The overestimation of growing stock at the dry site Sion indicates that
the LPJ-GUESS model in the current setting cannot simulate growth and
mortality under drought stress reliably; thus, further model improvements
should focus on the drought response of trees.
The amount of carbon stored in the simulated equilibrium forest stands
is much smaller when applying the size-dependent instead of the standard
age-dependent mortality assumptions. An increase in CO2 and temperature is
likely to accelerate size-dependent mortality, with potentially strong negative
impacts on the carbon storage capacity of forests.
Lastly, using a number of different patterns for model validation (growing
stock, species distribution, and observed growth-longevity relations) helps to
distinguish between different model formulations, and we strongly recommend employing several evaluation criteria in future model tests.
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Drought impacts on forest dynamics –
scaling from trees to stands
Manusch, C., Bugmann,H., Wolf, A.
Manuscript

Abstract.
Climate scenarios predict an increase in the severity,
duration and frequency of droughts for many regions worldwide towards the
end of this century. Thus, tree mortality due to water limitation will likely
increase, resulting in alterations in ecosystem properties, ecosystem services
and, ultimately, land-atmosphere feedbacks. Hydraulic failure has been
found to be one of the important triggers for drought-induced mortality. The
loss of hydraulic conductivity has empirically been described as a function
of decreasing xylem water potential, so called hydraulic vulnerability
curves. Here, we investigate whether these curves can be used to simulate
drought-dependent mortality in the dynamic vegetation model LPJ-GUESS
to explore its impacts on competitive relationships and forest properties
at the stand scale. We conclude that ecosystem properties are sensitive to
hydraulic failure. However when water stress ceases, stand-scale feedback
effects such as increased regeneration after drought-induced mortality due
to enhanced light availability at the forest floor, can mask or even invert
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the direct effects of drought-induced mortality in the ecosystem model
LPJ-GUESS.
Keywords: drought-dependent mortality, hydraulic failure, vegetation
modeling, LPJ-GUESS, stand-scale effects

3.1

Introduction

During the last decades, an increasing number of studies reported droughtinduced tree mortality events in many regions of the world (cf. Allen et al.,
2010). Droughts are likely to become more severe and more frequent in many
regions worldwide towards the end of the present century (IPCC, 2007). This
will have far-reaching consequences for ecosystems such as alterations in their
structure, composition and functioning (Allen et al., 2010), and ultimately
for land-atmosphere interactions, i.e. the fluxes of energy, water and carbon
(Bonan, 2008).
McDowell et al. (2008) discussed three likely interacting, mechanisms of
drought response that could trigger tree mortality. Severely dry conditions
and high evaporative demand may lead to hydraulic failure, i.e. plant tissue
desiccation due to interrupted water transport and xylem cavitation. Alternatively, the closing of the stomata may prevent hydraulic failure but increases
heat stress and reduces carbon uptake, consequently depleting reserve carbon pools, thus in the long term resulting in carbon starvation. Lastly, biotic
agents (insects and pathogens) may have an amplifying effect on the mechanisms underlying hydraulic failure and carbon starvation and vice versa, or
they can directly act as biotic mortality agents. Warm and dry conditions
tend to increase the likelihood of survival and reproduction of these agents
(McDowell et al., 2011).
The carbon starvation theory is still controversial (Sala et al., 2010).
Direct evidence for tree mortality due to carbon reserve exhaustion under
drought is rare (Galiano et al., 2011) or has only been found when interacting with hydraulic failure (Mitchell et al., 2013). In a recent in situ study,
hydraulic failure was proven, while there was no evidence for carbon depletion
(Anderegg et al., 2012). Xylem vulnerability to droughts has been quantified
frequently (e.g., Brodribb and Cochard, 2009; Hoffmann et al., 2011; Maherali et al., 2004; Martinez-Vilalta et al., 2002; Sperry et al., 2002). Commonly,
the resulting percentage loss of hydraulic conductivity is described as a function of the xylem water potential (Sperry et al., 2003; Tyree and Sperry,
1988), often fitted by exponential-sigmoid or Weibull ‘vulnerability curves’
(Ogle et al., 2009).
To investigate climate impacts not only on single individuals but also
at the ecosystems level, dynamic vegetation models (DGVMs) can be used
(e.g., Cramer et al., 2001; Sitch et al., 2008). DGVMs allow for studying
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the effect of changing boundary conditions at the large scale with distinctly
less expense than empirical studies. However, the representation of drought
feedbacks in those models, particularly mortality, is rather ‘speculative’ and
not fully process-based (McDowell et al., 2011).
We therefore implement a modified drought ‘vulnerability curve’ in the
widely applied dynamic vegetation model LPJ-GUESS (Sitch et al., 2003;
Smith et al., 2001) to represent hydraulic failure, thus raising a tree’s mortality risk under dry conditions. We apply the model at two sites with the
same temperature mean but varying water availability and aim to answer the
following research questions: What are the consequences of hydraulic failure
for competition and forest properties at the stand scale? How sensitive are
these results to different parameterizations? To which degree do these results
differ compared to simulation results with a model version without specific
hydraulic failure?

3.2
3.2.1

Materials and methods
Drought impacts in LPJ-GUESS

In LPJ-GUESS, daily water supply for plants (S) is determined from a twolayer soil water storage and is restricted by the water holding capacity of the
soil, root distribution, a maximum transpiration rate (5 mm day−1 ) and phenological state (cf. Gerten et al., 2004; Sitch et al., 2003). Daily atmospheric
demand (D) for transpiration is a function of potential evapotranspiration
and canopy conductance (cf. Eq. 5, 6 in Gerten et al., 2007). Whenever
S < D, transpiration and photosynthesis are restricted (cf. Gerten et al.,
2004; Sitch et al., 2003); consequently growth and growth efficiency are reduced, and the probability of mortality increases.
Here, we introduce an additional ‘accumulated water stress’ (ws; Bugmann and Solomon, 2000) over the growing season, i.e. when the mean
temperature for the last 31 days (T m) exceeds 5 °C and trees are foliated
(phen > 0):
ws = 1 −

X
T m≥5∧phen>0

S
D f pc

(3.1)

where S is water supply for an individual plant on a patch, D the total
demand of the vegetation on the patch and f pc a correction factor for foliar
projected cover of the individual on the patch. The dry treeline is at app.
ws = 0.4 to 0.5 during the growing season, i.e. tree growth should be possible
when ws is smaller than these values (Bugmann and Solomon, 2000).
Water stress causes an increasing risk of hydraulic failure, i.e. a loss of
conductivity that is often described by vulnerability curves, where increasing
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percentage loss of hydraulic conductivity is a function of decreasing xylem
water potential (Ogle et al., 2009).
In LPJ-GUESS, the xylem and its functioning are not considered explicitly. To keep the number of new parameters and thus additional uncertainties
low, we represent the dependent variable, i.e. the percentage loss of hydraulic
conductivity, by the percentage loss of sapwood biomass (pls, i.e. the water
conducting stem biomass), which is being simulated in LPJ-GUESS; we further replace the independent variable (xylem water potential) by the mean
growing season ws, using a ‘biologically more consistent’ Weibull vulnerability curve (cf. Ogle et al., 2009):
pls = 1 − e(−(

ws )β )
α

(3.2)

The variable ws refers to the mean growing season water stress to allow
precipitation events to compensate after less intense or short period droughts,
α and β describe the shape of the curve as a function of ws (Fig. 3.1). The
sapwood that is lost due to pls is added to heartwood biomass. According to
the pipe-model theory (Shinozaki et al., 1964), a given leaf area is supplied
with water by a constant sapwood area. As this ‘supply area’ is reduced, we
correct the leaf and fine root biomass applying allometric rules (Sitch et al.,
2003). At the level of the individual tree, this gives rise to lower growth
efficiency (gref f in kg C m−2 year−1 , Eq. 28, 31 in Sitch et al. 2003):
gref f =

max(∆Cleaf + ∆Csapwood + ∆Croot , 0.0)
LAI

(3.3)

with the change (∆) of leaf biomass (Cleaf ), sapwood biomass (Csapwood )
and root biomass (Croot ) (kg C m−2 ) being compared to the biomass in the
year before, relative to the individual leaf area index (LAI in m2 m−2 ).
Consequently, we expect to increase growth efficiency mortality (cf. Hickler
et al., 2012) due to water stress, thus reflecting the mechanism of hydraulic
failure (Anderegg et al., 2012).

3.2.2

Simulation experiments

We applied the same LPJ-GUESS parameterization as described in Hickler et al. (2012) but used a size-dependent background mortality routine
(Manusch et al., 2012) instead of the standard age-dependent routine. We
ran the model at two sites in Switzerland (Basel, Sion) that are characterized by a similar annual mean temperature (ca. 10 °C) but considerably
different water availability. Annual precipitation was in Basel 789 mm and
609 mm in Sion, respectively. The soil type of both sites was derived from
the FAO global soil map (FAO 1991), yielding a water holding capacity (whc)
of 225 mm for Basel and 195 mm for Sion. The variable ws was on average
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Figure 3.1: Meaning of parameter α and β in Eq. 3.2 for drought-driven sapwood reduction. Water stress refers to the growing season (cf. Eq. 3.1)

0.07 in Basel, with a maximum of 0.29, and 0.17 in Sion, with a maximum
of 0.45. At each site, 50 patches with an area of 1000 m2 were simulated.
A sensitivity study was conducted at both sites. For β values larger than
2, the shape of the vulnerability curve is sigmoidal and does not change very
strongly (Fig. 3.1), therefore we set it to a constant value of β = 5 and
varied only the scale parameter α (Eq. 3.2). Sensitivity of biomass to α was
tested by varying α from 0.1 (extremely high vulnerability to conductivity
loss, 100% sapwood loss at ws ≈ 0.15 with β = 5) to 0.7 (low vulnerability
to conductivity loss, 10% loss at ws = 0.45 with β = 5 and 100% loss at
ws = 1).

3.3

Results

We expected the impact of hydraulic failure to be site-specific due to different water availability and anticipated that the explicit modeling of hydraulic
failure would generally reduce biomass under dry conditions. The first expectation was fulfilled, as simulation results for different values of α were
site-specific (Fig. 3.2). At both sites, low α-values resulted in a reduction of
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biomass that differed by site, while simulation results using high α-values
were in accordance with results of the standard model (Fig. 3.2a, b). At Sion
(S), the range where α reduced biomass was larger than at Basel (B), S:
α < 0.35 vs. B: α < 0.2, and consequently the range where simulated biomass
with hydraulic failure agreed with the standard model version was smaller
than in Basel, S: α > 0.4 vs. B: α > 0.25 (Fig. 3.2a, b). However, our expectation that enhanced drought limitation would generally reduce biomass was
not always fulfilled, as at both sites there were site-specific ‘intermediate’ α
for which hydraulic failure increased biomass (B: 0.2, 0.25, S: 0.4).
Simulated tree densities deviated at the same α as biomass from the
standard model results (Fig. 3.2c, d). Again, at both sites, simulated tree
densities were similar to the standard simulation results above certain αvalues. In Sion, α-values below 0.25 resulted in lower densities than in the
original model, whereas densities with 0.25 ≤ α ≤ 0.4 were above the original
simulation results, i.e. medium-intensity hydraulic failure led to tree densities
of up to ca. 1300 stems ha−1 (Fig. 3.2c, d). In Basel, the same pattern of
enhanced tree density with very high values up to 9100 stems ha−1 was
found for α < 0.3. Higher simulated densities were always accompanied by
significantly lower tree diameters than in the standard model version (Fig.
3.2e, f). In general, diameters were significantly lower for small α-values, i.e.
not only when biomass and densities were higher as in Basel, but also when
they were lower than with the standard model version (small α in Sion).
Interestingly, growth efficiency mortality did not significantly differ from
the growth efficiency mortality simulated without hydraulic failure (Fig.
3.2g, h). However, maximum growth efficiency mortality was partly higher
than the maximum growth efficiency mortality of the standard model (S: all
α, B: α < 0.4, not shown). Its maxima were highest at the smallest α-values
in Basel where variability was highest, too. In contrast, with α = 0.1 in Sion
the median growth efficiency mortality was lower than the standard deviation
of simulated growth efficiency mortality with the original model.

3.4

Discussion

Xylem vulnerability to drought has been shown by many studies (e.g., Brodribb and Cochard, 2009; Hoffmann et al., 2011; Maherali et al., 2004;
Martinez-Vilalta et al., 2002; Sperry et al., 2002) and it is commonly described as a function of xylem water potential (Sperry et al., 2003; Tyree
and Sperry, 1988). Its consequence, hydraulic failure, was proven to be a
causing factor of drought-induced tree mortality in empirical studies (Anderegg et al., 2012; Brodribb and Cochard, 2009; Hoffmann et al., 2011).
Although hydraulic architecture was implemented successfully in a dynamic
vegetation model (Hickler et al., 2006; Zaehle et al., 2006), hydraulic failure
and its consequences on the stand scale have not been addressed in dynamic
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vegetation models yet (Wang et al., 2012).
We introduced a simple approach to include hydraulic failure in dynamic
vegetation models. It was represented by sapwood to heartwood conversion
that was accompanied by an instantaneous reduction of leaf and fine root
biomass. The reaction of trees to severe droughts, i.e. cavitation of xylem
conduits and the subsequent carbon allocation to plant tissue requires time
(McDowell et al., 2008, 2011) that was not considered in the present model.
However, considering a temporal delay for the correction of allocation is
not really needed because there is an implicit time lag in the model, as
growth efficiency is calculated as a mean over five years (Hickler et al., 2012).
Moreover, leaf biomass is represented in the numerator and denominator of
the growth efficiency equation (Eq. 3.3), thus the reduction of sapwood, leaf
and root biomass is partly offset already. This offset and the averaging of
growth efficiency over five years may be responsible for the fact that medium
growth efficiency mortality did not differ notably from the standard model
results. Nevertheless maximum growth efficiency mortality was higher for
either all α in Sion, or at least for small α in Basel.
Above a ‘critical’ α, simulation results at the stand scale of both model
versions agreed. This implies no influence of ‘hydraulic failure’ on the simulation results. High values of α require higher water stress ws to be effective
(Fig. 3.1). Sion is the more drought-limited site than Basel, therefore the ‘critical’ α was higher for Sion, i.e. hydraulic failure was more effective. Indeed,
only in Sion ws are similar to the conditions assumed to be characteristic
for the dry treeline, namely growing season ws of 0.4 to 0.5 (Bugmann and
Solomon, 2000).
For small α (though for different values), the simulation results at the
stand scale (biomass, densities, and diameters) differed notably at both sites
compared to the standard model, indicating a strong impact of hydraulic
failure. However, the degree and direction of the response were not consistent for all ‘small’ α values, e.g. biomass was significantly reduced for the
smallest α at both sites compared to the standard model, but it increased
for ‘intermediate’ α values. This implies that other processes counteract the
response of hydraulic failure, which becomes only evident when investigating
other stand properties.
Densities were higher when hydraulic failure was effective than without
hydraulic failure for Basel, and partly higher for Sion (Fig. 3.2c, d). Maximum
observed stem numbers for nearby forest reserves were ≈ 1500 stems ha−1
for Sion (calipering limit 4 cm, Brang and Heiri, 2011) and ≈ 1700 stems
ha−1 for Basel (calipering limit 8 cm, Heiri et al., 2009). Applying the same
calipering limits as in these studies at both sites led to a maximum of 1300
stems ha−1 in Sion (α = 0.35) and 3200 stems ha−1 (α = 0.25) in Basel. The
original model underestimated densities above these calipering limits with a
maximum of 820 stems ha−1 (Sion) and 670 stems ha−1 (Basel), respectively.
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In summary, the standard model underestimated tree densities in Basel and
Sion, while hydraulic failure led to almost twice as many trees compared to
observations in Basel and yet, produced realistic results for sites near the dry
treeline, such as Sion.
Under hydraulic failure, tree diameters were significantly smaller than
those from the original model (Fig. 3.2e, f). They were smallest at small α
values and increased for intermediate α values. In combination with enhanced
densities this led to higher biomass values than with the original model. After
‘hydraulic failure’-driven mortality events, light availability enhanced, consequently many small trees established that resulted in higher biomass but
led in turn to increased resource competition for small saplings, again amplifying growth efficiency mortality (Lorimer et al., 2001), and thus created
gaps for regeneration, and so forth. However, the original model was able to
reflect observed growing stock values by the Swiss national forest inventory
for Basel (Manusch et al., 2012). We conclude that stand scale effects overlaid the impact of hydraulic failure on the individual tree and thus led to
overestimated biomass.
In Sion these ‘overlaying stand scale effects’ were only simulated at α
= 0.4. When water stress was more severe (smaller α), ‘hydraulic failure’
reduced clearly biomass, densities and diameters. Especially the reduction of
biomass is important as it was overestimated strongly in the original model
compared to the Swiss national forest inventory data (Manusch et al., 2012).
Here, single drought years led to higher maximum growth efficiency mortality
compared to the standard model. However, subsequent fast regeneration and
high growth rates due to gap formation and increased light availability as
described above did not occur because Sion was notably drier than Basel. As
a consequence, growth efficiency mortality was not additionally amplified by
raised competition between new small individuals. The same patterns were
simulated for Basel, when trees got more vulnerable to ‘hydraulic failure’,
i.e. α values were smallest.
This leads to the conclusion that a redefinition of water stress, i.e. of
ws in Eq. 3.2, would result in a more sensitive response of forest stands to
hydraulic failure for a broader range of α. Instead of relating the critical ws
to the mean growing season water stress and thus, potentially compensating
drought events by wet periods, the driest month during the growing season
could be used. Consequently, drought would certainly have led to a decrease
of biomass for higher α values than with the current ws.
However, this would likely only shift the described ‘overcompensation’
of hydraulic failure by regeneration to higher α values where water is less
limiting. A reason for this might be the uniform water availability for trees
in LPJ-GUESS that is independent of age or size. Saplings penetrate with
their roots the same soil depth as adults, which contradicts our knowledge
about root systems (Schenk and Jackson, 2002). As a consequence, water

availability for saplings was too high, reducing resource competition during
regeneration. Refining the modeling of water availability and root water uptake in LPJ-GUESS might solve this problem.

3.5

Conclusion

The implemented hydraulic failure routine did only partly change the simulation results as expected, i.e. decreasing biomass under water stress compared
to the model version without hydraulic failure. Under most severe water
stress, biomass decreased, but when water stress ceased, increased tree mortality due to hydraulic failure resulted in an increased establishment and/or
survival of small trees, compensating or even overcompensating the loss in
biomass due to tree mortality. Thus, these results indicated a high sensitivity
of parameter α and the assumptions on water stress. A redefinition of plant
water uptake and water stress might correct these unanticipated stand scaleeffects. Subject to that, sapwood reducing vulnerability curves might be used
as proxies for drought-induced mortality in LPJ-GUESS. This would allow
for simulating ecosystem responses more realistically under more frequent
and intense droughts and heat waves as expected due to climate change.
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4

High sensitivity of simulated forest
ecosystem properties to soil
characteristics and plant water uptake
along drought gradients
Manusch, C., Bugmann, Wolf, A.
Submitted to Ecological Modelling

Abstract. Future climate scenarios indicate a change in precipitation
patterns, i.e. in frequency and intensity, and thus a change of water
availability for plants. The consequences for ecosystems can be evaluated
using dynamic vegetation models (DVMs), but the description of soil
properties and assumptions about root distribution and functionality are
rather simplistic in most DVMs. We use the LPJ-GUESS model to evaluate
the importance of (i) employing high-quality data sources for describing soil
properties and (ii) the assumptions regarding roots. Specifically, we compare
simulated carbon uptake when applying the frequently used FAO global soil
map vs. soil measurements from 98 sites in the driest regions of Switzerland.
The multi-layer soil data were used either as observed (non-aggregated),
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or aggregated into two layers. At sites with low water holding capacities
(whc < 100 mm) and a low precipitation sum that does not compensate for
small whc, the FAO data led to a higher annual net primary productivity
(ANPP) than when using observed soil data. A comparison of different
rooting strategies revealed a higher importance of vertical root distribution
per soil layer than variable rooting depths due to the overriding effect of the
hydrological assumptions in the model. We conclude that it is pivotal to use
high-quality soils data and possibly to refine the hydrological assumptions
in DVMs when attempting to study drought impacts on ecosystems.

4.1

Introduction

Scenarios of anthropogenic climate change project a change in precipitation
patterns in this century (e.g., CH2011, 2011; IPCC, 2007). Some regions will
likely experience an increase in heavy precipitation events, whereas some will
face an increase in the duration and intensity of droughts (Seneviratne et al.,
2012). Additionally, average temperatures will increase, and in many regions
heat waves are expected to occur more often, for a longer time, and to be
more intense (cf. Seneviratne et al., 2012).
Drought periods and heat waves decrease soil water content and reduce
evapotranspiration, thus affecting the water and energy balance as well as
biogeochemical cycles (Seneviratne et al., 2010). This has far-reaching consequences at the ecosystem level, such as a decrease of primary productivity
as identified for the heat wave 2003 in Europe (Ciais et al., 2005; Reichstein
et al., 2007), reductions of tree growth (Michelot et al., 2012; Scharnweber
et al., 2011), higher tree mortality (Allen et al., 2010; Breshears et al., 2009)
and changes in biodiversity (Archaux and Wolters, 2006). Droughts and heat
waves can turn ecosystems from a carbon sink to a source (Adams et al.,
2010; van der Molen et al., 2011) and amplify climate feedback mechanisms
(Bonan, 2008; Chapin et al., 2008; Seneviratne et al., 2010).
The level of vulnerability of an ecosystem to droughts and heat waves is
constrained by various abiotic and biotic factors. Topography can favorably
or detrimentally affect plant growth in hot-dry years, as shown e.g. for the
Alps (Affolter et al., 2010; Jolly et al., 2005). A high soil water holding capacity (whc), defined as the difference between field capacity and permanent
wilting point, i.e. plant available water, increases the drought resistance of an
ecosystem (Knapp et al., 2008), thus potentially resulting in lower droughtinduced mortality at sites with high whc (Peterman et al., 2012). Varying
intensities or frequencies of precipitation events can offset or amplify the
effect of differences in whc (Knapp et al., 2008; Raz Yaseef et al., 2010).
Moreover, species-specific drought resistance and resilience (Leuzinger et al.,

4.1. INTRODUCTION

63

2005), and differences in stand properties such as tree density and leaf area
index (LAI) drive the specific ecosystem response (Aussenac, 2000; Breda
et al., 2006). Thus, the response of ecosystems to drought and heat waves is
complex and difficult to predict.
Dynamic vegetation models (DVMs) are often used to investigate the impacts of climate change on ecosystems (Cramer et al., 2001; Hickler et al.,
2012; Lucht et al., 2006; Prentice et al., 2007). To this end, it is pivotal to
understand the determinants of water availability for plants: soil properties,
rooting depth, and vertical root distribution, i.e. the proportion of the plant
root system (in terms of biomass) that is located at each depth (Ostle et al.,
2009). Yet, many DVMs assume rather simplistic soil schemes by allocating
soil water to a globally constant, small number of soil layers whose texture
controls hydrology (cf. Cramer et al., 2001; Sitch et al., 2008). Often, input data on soil properties are derived from coarse global data sets, thus
potentially leading to errors in smaller-scale applications, e.g. at national
to regional scales, where management decisions are taken. For example, Wolf
(2011) identified a strong effect of whc on transpiration rates and carbon storage at the catchment scale, whereas soil layer distribution had a minor effect
only. However, previous studies focused on individual sites or catchments,
whereas a quantitative analysis of soil properties in DVMs along drought
gradients at the regional scale has not been undertaken.
Root properties and their importance for vegetation dynamics have not
attracted much attention in global scale models, either (Woodward and Osborne, 2000). In most models, rooting depth as well as vertical root distribution are constant over a plant’s life span and do not depend on soil
properties. Global root distribution studies have shown that root density
typically declines exponentially with depth (Schenk, 2008). This is captured
by most DVMs such as ORCHIDEE (de Rosnay and Polcher, 1998; Viovy
et al., 2005), LPJ and LPJ-GUESS (Gerten et al., 2004; Sitch et al., 2003;
Smith et al., 2001), IBIS (Foley et al., 1996; Kucharik et al., 2000), or TRIFFID (Cox, 2001). The distribution is often modeled following Jackson et al.
(1996), i.e. assuming an exponential decline of the cumulative root fraction
(Y ): Y = 1 − β d at depth d (cm), where the coefficient β is fitted merely
to different biomes. Plant water uptake (transpiration) is then calculated by
weighting plant available soil water by the fraction of roots per soil layer
(Ostle et al., 2009). Some DVMs even calculate plant water uptake irrespective of root properties, e.g. HyLand (Levy et al., 2004) or SEIB-DGVM (Sato
et al., 2007).
Therefore, the aim of this study is to evaluate the importance of (i)
different assumptions regarding soil properties (including varying levels of
aggregation of soil layers and varying whc) in a DVM and (ii) the impact of
different root properties (distributions and depths) as determinants of plant
water uptake along drought and heat gradients in such a model.
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As response variables, we focus on carbon sequestration, i.e. annual net
primary productivity (ANPP), and species composition as two key ecosystem features that are known to be impacted by climate change (e.g., Elkin
et al., 2013). A high accuracy in modeling soil and root properties should be
pivotal under dry conditions but may be negligible for simulating ecosystems
under mesic and wet climates. To test this assumption, we run the dynamic
vegetation model LPJ-GUESS (Sitch et al., 2003; Smith et al., 2001) at 98
sites in the two driest regions of Switzerland, systematically varying soil and
root properties.

4.2
4.2.1

Materials and methods
The dynamic vegetation model

LPJ-GUESS (Lund-Potsdam-Jena General EcoSystem Simulator, Smith
et al., 2001) is a process-based model of terrestrial vegetation dynamics that
has been widely applied to predict species composition and biogeochemical
cycles at various temporal and spatial scales (e.g., Hickler et al., 2012; Miller
et al., 2008; Wolf et al., 2012). Physiological and biogeochemical processes
in LPJ-GUESS are represented as in the global model LPJ-DGVM (Sitch
et al., 2003; Smith et al., 2001). In contrast to LPJ-DGVM, LPJ-GUESS
is an individual- or cohort-based ‘patch’ model (Bugmann, 2001) and thus
allows for a more detailed description of vegetation dynamics, canopy structure and resource competition (Sitch et al., 2003). Individuals of a species
or plant functional type (PFT) that establish in the same year on the same
patch belong to one cohort and compete with other cohorts for resources on
this patch. Species or PFTs are defined by different properties regarding establishment, growth, metabolic rates, shade tolerance and bioclimatic limits
(Smith et al., 2001). Plant physiological processes such as photosynthesis and
respiration as well as carbon and water fluxes are simulated on a daily time
step. At the end of each simulation year, growth is calculated, i.e. ANPP is
partitioned to reproduction, fine roots, leaves, and sapwood, and population
dynamics (mortality and establishment) are updated (Sitch et al., 2003). A
detailed description of these processes can be found in Smith et al. (2001)
and Sitch et al. (2003). Below, we provide more detail on the modeling of soil
water dynamics, root properties, and transpiration in LPJ-GUESS.

4.2.2

Plant available water and root properties

Plant water uptake (i.e., actual transpiration) in LPJ-GUESS is calculated
as the minimum of atmospheric demand and actual water availability for
plants (i.e., supply; Gerten et al., 2004). Atmospheric demand is simulated
according to Monteith (1995); its formulation and parameterization were described in detail by Gerten et al. (2004), Haxeltine and Prentice (1996) and
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Sitch et al. (2003). Transpiration supply from the soil is determined by a
maximum transpiration rate (5 mm d−1 ), soil water content and fractional
root distribution in different soil layers (Gerten et al., 2004).
In the standard version of the model, soil water is distributed to two layers with a fixed depth of the soil column of 500 and 1000 mm (upper and
lower, respectively; Gerten et al., 2004). Both layers are treated as ‘buckets’;
the upper layer can be filled to field capacity by infiltrating rain and snow
melt, and the lower layer by percolation, i.e. surplus water from the upper
layer, depending on soil texture (Eq. 31 in Haxeltine and Prentice, 1996).
Evaporation occurs only from the top 200 mm of the upper layer, assuming
that only 40% of the water in the upper layer (200 mm/500 mm) is available
for evaporation. When soil saturation is reached, runoff is generated. Percolation from the lower layer is added to baseflow leaving the patch. The soil has
uniform properties for either layer (porosity, thermal diffusity and fractional
whc) depending on soil texture.
Typically, nine soil texture classes are used for parameterizing this twolayer model: fine, medium, coarse, fine-medium, medium-coarse, fine-coarse,
fine-medium-coarse, organic, and vertisols (Haxeltine and Prentice, 1996)
based on the FAO classification scheme (FAO 1991; Zobler, 1986) and the
USDA soil texture classes (cf. Prentice et al., 1992). Total soil whc varies
between 150 mm (vertisols) and 450 mm (organic soils), partitioned proportionally to the two layers (1 : 2 ratio; Haxeltine and Prentice, 1996).
We used this FAO classification scheme as well as data from a large number of soil profiles collected by the Forest Soils and Biogeochemistry Unit of
the Swiss Federal Institute for Forest, Snow and Landscape Research WSL
(hereafter called WSL). First, we aggregated the WSL data to two-layer descriptions by keeping the same 1 : 2 ratio of soil depth (upper : lower). Then,
we relaxed the assumption that all soils should be represented by two layers
(Haxeltine and Prentice, 1996; Haxeltine et al., 1996), i.e. soils at different
sites can be characterized by different numbers of layers (n). Hence, the soil
at each site was represented as a composite of n layers of ‘buckets’ with sitespecific depths and layer-specific properties (cf. section 4.2.4), but following
the hydrological concepts described above. Regardless of the number of layers and their distribution, at maximum the uppermost 500 mm of the profile
were filled by infiltrating rain or snowmelt (Haxeltine and Prentice, 1996),
whereas lower parts of the profile were filled by percolation only. Evaporation took place from the top 200 mm only (Gerten et al., 2004). There was
no lateral flow of water between patches.
Regarding vertical root distribution, in LPJ-GUESS the concept of ‘fractional root distribution’ is employed. Accordingly, root distribution follows a
negative exponential curve with depth whose parameter (decay constant) is
species- or PFT-specific (cf. Jackson et al., 1996). Water uptake (supply) is
calculated based on water availability per soil layer multiplied by the frac-
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tional root distribution in that layer. Hence, plants can take up water from
all layers. A detailed description of the underlying hydrological processes is
given by Gerten et al. (2004).

4.2.3

Input data

We chose the two driest areas in Switzerland (Valais and Engadin) as study
regions, both located in the Alps and thus covering a broad climatic gradient (Fig. 4.1). Standard model input, i.e. the FAO/USDA data set (Prentice
et al., 1992) suggests only two soil texture classes for these regions (‘medium’
with whc = 225 mm and ‘medium-coarse’ with whc = 195 mm). As an alternative, we used local soil information collected for 98 soil profiles by WSL.
These data comprise, among many others, the depth of every soil layer, its
grain size, and whc. Grain size was identified using hand texture measure
and the sedimentation method (Gee and Bauder, 1986); whc was calculated
based on Teepe et al. (2003) using density classes of fine earth, soil texture
classes, and humus content. Each horizon’s whc was reduced proportionally
taking into account the stone content that had been estimated in the field.
We used the package The soil texture wizard of the statistics software R
(Moeys, 2012) to aggregate the soil texture information for all layers to the
nine soil texture classes mentioned in section 4.2.2. Thus, we derived the
same texture-dependent parameters for percolation and thermal diffusity as
in the standard model, following Haxeltine and Prentice (1996) and van Duin
(1963) cited in Jury et al. (1991).
Climate data (temperature, precipitation, solar radiation) for the 98 sites
were obtained from the spatially interpolated climate data of Switzerland
spanning 1931 to 2006 (data source: Landscape Dynamics Unit, WSL, 1 ha
resolution, daily time step, based on the DAYMET model; cf. Thornton et al.,
1997). Atmospheric CO2 concentrations were taken from ice core reconstructions (Frank et al., 2010; Sitch et al., 2003) and the Mauna Loa record (Keeling et al., 2009).
The 98 study sites span an altitudinal gradient of 688 - 2202 m a.s.l. with
a similar range of whc (25 - 476 mm) in both regions. For the western plots
(Valais), mean annual precipitation varies from 684 to 1695 mm, and annual
mean temperatures are between 1.2 and 9.0 °C. The eastern plots (Engadin)
feature lower annual mean temperatures (-1.1 to 6.5 °C), which is due to the
fact that all sites are at > 1000 m a.s.l.; mean annual precipitation sums vary
from 668 to 1180 mm (Fig. 4.1).

4.2.4

Simulation experiments

In all experiments, the model was run from ‘bare ground’ for 1000 years
to create an equilibrium state of vegetation. Climate data for this spin-up
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Figure 4.1: Annual precipitation sum (mm) and total plant available water holding
capacity (whc, mm) of 98 sites located in the driest regions of Switzerland (Valais and
Engadin). Asterisks denote sites that were investigated in detail in this study; sites C, B,
D, F, G are located in Valais, A and E in Engadin. The horizontal bar shows the range of
whc (mm) commonly used in dynamic vegetation models such as LPJ and LPJ-GUESS
based on the FAO classification scheme (FAO 1991; Zobler, 1986) and the USDA soil
texture classes (cf. Prentice et al., 1992), assuming a global soil depth of 1500 mm.

period were provided by picking random years of the observation-based climate data from 1931 to 1960. We simulated 200 replicate patches to smooth
stochastic variations in tree establishment, disturbance and mortality (Smith
et al., 2001). The same set of the 20 most common European tree species
and their parameterization as in Hickler et al. (2012) were used. We applied the LPJ-GUESS version by Manusch et al. (2012), which features a
size-dependent instead of an age-dependent mortality, and we also considered a new temperature-driven limitation of carbon sink activity under cold
conditions (Leuzinger et al., 2013).
To investigate the impact of different soil properties, we compared simulations using different soil data input with respect to annual carbon uptake
(ANPP) at all sites, i.e. we compared simulation results for the FAO/USDA
data set (Prentice et al., 1992, , usually cited as FAO, 1991), hereafter called
FAO data, which are commonly used in large-scale DVM applications, and
the spatially higher resolved, i.e. site-specific soil data from WSL. Thereby,
the latter were either used as originally provided (i.e., with as many layers
as soil scientists differentiated in the field or in the lab, hereafter called nL),
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Table 4.1: Soil properties and root distributions at sites selected for the root distribution
study (Fig. 4.4, 4.5).

Site

Layer
depth
(mm)

(mm)

%roots
(β in Jackson et al. 1996)
near
at
shallow
deep
surface
depth
(0.92)
(0.98)
(0.966)
(0.966)

B
(Picea abies)

0-50
>50 - 150
>150 - 350

12.05
5.48
10.68

34.1
47.0
18.9

9.6
23.6
66.8

100.0
0.0
0.0

15.9
34.0
50.1

D
(Fagus
sylvatica)

0 - 30
>30 - 70
>70 - 100
>100 - 200
>200 - 250

7.18
21.15
20.79
15.3
6.38

22.1
34.5
24.5
15.3
3.6

5.9
12.4
14.9
22.2
44.6

9.9
90.1
0.0
0.0
0.0

9.9
19.3
20.7
25.0
25.1

(Dominant
species)

whc

or aggregated to a two-layer soil by keeping the same 1 : 2 ratio of soil depth
(upper : lower) as in the standard model (hereafter called 2L).
Additionally, we investigated the sensitivity of 2L versus nL by varying
arbitrarily whc (20 - 300 mm) at seven sites within the environmental space
spanned by these 98 sites, aiming to cover a broad gradient of precipitation
and whc while still allowing for a detailed evaluation of the simulation results
(sites A-G in Fig. 4.1). Annual precipitation is given in Table 4.2, mean
annual temperatures were 1.3 °C (sites A, C), 4 °C (site F), 6.5 °C (sites B,
E, G) and 8 °C (site D).
In order to study the combined effect of precipitation and whc, we constructed response surfaces at sites dominated by Picea abies (site B) and
Fagus sylvatica (site D), each being characterized by a low growing season precipitation sum (B: 487 mm; D: 471 mm) compared to the other sites
(mean / median: 659 / 529 mm) and a higher growing season temperature (B:
12.7 °C; D: 11.7 °C; mean / median of all sites: 10.7 / 10.6 °C). Thus, these
two sites should be particularly prone to drought. As response variables, we
chose simulated ANPP (kg C m−2 yr−1 ) and the share of dominant species
(dominant under current climate) of the total biomass averaged for the period 1931-2006. These response surfaces were constructed following a factorial
design by (i) varying annual precipitation from 200 to 800 mm at 50 mm intervals while maintaining the observed seasonal cycle of climate, and (ii)
varying whc from 20 to 150 mm at 10 mm intervals while maintaining the
observed proportional distribution of whc per soil layer (Fig. 4.4). According
to Lyr et al. (1992) Picea abies requires at least 300 mm precipitation per
growing season; Ellenberg and Leuscher (2010) refer to a minimum of 250 mm
for Fagus sylvatica per growing season. We chose a minimum precipitation
sum smaller than these values and a minimum whc slightly smaller than the
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minimum observed value of 25.6 mm to adequately test model applicability
under extreme drought stress.
We expanded this sensitivity study to investigate the impact of different
root distributions on the simulation results under dry conditions for these
two sites, where measured soil depth was 55 cm (site B) and 65 cm (site D).
In an empirical study, coarse roots (2 mm - 20 mm) of Picea abies and Fagus
sylvatica were found to 1 m soil depth (limited by excavation depth) (Schmid
and Kazda, 2001); hence, our maximum depths were within observed ranges.
First, we analyzed the importance of the fractional vertical distribution of
roots according to Jackson et al. (1996) by varying β for the originally dominant species from a low value (0.92) to simulate a high proportion of roots
near the soil surface, i.e. 80% of the roots are in the uppermost 20 cm (hereafter called ‘near surface’), to a high value (0.98) with a higher proportion of
roots in deeper layers, i.e. only 30% in the uppermost 20 cm (hereafter called
‘at depth’). We further used the ‘globally averaged root distribution for all
ecosystems’ (Jackson et al., 1996) with β = 0.966 for the dominant species,
which implies that 50% of the roots are within the uppermost 20 cm. Under
this assumption we varied total rooting depth, i.e. roots penetrating only
the upper soil part at which 40% of whc is reached (hereafter called ‘shallow’), versus a full penetration of the soil by roots (hereafter called ‘deep’,
although maximum depth is only 55 and 65 cm, respectively; cf. Table 4.1).
Root distributions of all other species were penetrating the full soil depth
assuming an exponential decline according to Jackson et al. (1996) using the
parameterization by Hickler et al. (2012).

4.3
4.3.1

Results
Impact of different soil properties

Simulated water balances agreed for the FAO, 2L and nL runs (Table 4.2).
Mean annual precipitation for the period 1931-2006 for all sites was 964 mm,
whereof on average 61% ran off, 34% were transpired (evapotranspiration),
and the remaining water was stored as interception. The proportions of evapotranspiration and runoff agree with large-scale catchment data from the
Swiss hydrological atlas (Haller et al., 2010). At the coldest sites close to the
treeline runoff was 70% of precipitation (sites A at 1792 m and C at 2065 m
a.s.l.). At lower elevations (site D with 863 m to site E at 1219 m), only 35
to 57% of precipitation ran off.

Site A

993 ± 160
29 ± 17
133 ± 41
122 ± 29
709 ± 153

Water fluxes
(mm yr−1 )

Precipitation
Interception
Transpiration
Evaporation
Runoff

896 ± 149
39 ± 6
196 ± 15
151 ± 21
510 ± 140

Site B
1287 ± 226
36 ± 20
230 ± 53
101 ± 39
920 ± 224

Site C
793 ± 132
25 ± 4
234 ± 17
210 ± 30
324 ± 125

Site D
671 ± 134
33 ± 6
234 ± 16
167 ± 23
237 ± 115

Site E

1075 ±182
78 ± 9
290 ± 18
159 ± 26
548 ± 176

Site F

903 ± 151
49 ± 6
259 ± 14
212 ± 28
383 ± 150

Site G

Table 4.2: Simulated water balance for the selected study sites using nL soils (means ± SD).
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Figure 4.2: Simulated ANPP (kg C m−2 yr−1 ) with (a) standard model soils (FAO) vs.
observed n-layered soils (nL) and (b) 2-layer soils (2L) vs. nL with the line of equality
(1:1). Asterisks denote those sites that were investigated in more detail later in this study.

In both regions (Valais and Engadin) simulated ANPP revealed very similar patterns (Fig. 4.2). Mean ANPP simulated with the standard model applying the FAO data correlated well with simulated ANPP using the aggregated local soil information (2L, Spearman rank order correlation rs = 0.99,
p < 0.0001) as well as with the simulations using the most detailed soil information (nL, rs = 0.98, p < 0.0001, Fig. 4.2a). For 2L vs. nL runs, the
positive relationship was similar (rs = 0.99, p < 0.0001, Fig. 4.2b) but the
mean relative deviation from 2L was slightly lower (2.6%) than from FAO
(4.0%). In these cases, simulated ANPP with nL was typically smaller than
when using 2L or FAO (cf. sites A, B, E in Fig. 4.2).
These three sites had soils with low whc (Fig. 4.1). When varying their
whc, the difference between nL and 2L simulation results leveled off at a
whc of ca. 100 mm (Fig. 4.3). This pattern was also valid when reducing
the imposed whc value, as compared to the measured whc at sites with
higher whc (F, G) or higher precipitation (C in Fig. 4.3). The mean difference
between the ANPP simulated by nL vs. 2L for whc ranging between 20 and
100 mm was highest at site E, which had the lowest mean annual precipitation
(relative / absolute difference: -9.2% / -0.03 kg C m−2 yr−1 ) and lowest at site
C, which had the highest precipitation (-3% / -0.01 kg C m−2 yr−1 ). Below a
whc of 100 mm, nL produced a lower ANPP than 2L at all sites except for
D at a whc of 20 mm.
The strongly limiting effect of precipitation on simulated ANPP was confirmed by response surfaces, i.e. by reducing precipitation and increasing
temperature at a Picea abies dominated site (B) and a Fagus sylvatica dominated site (D). While simulated ANPP decreased almost linearly with decreasing precipitation, the temperature increase had no significant impact on
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Figure 4.3: Relative difference between simulated ANPP (kg C m−2 yr−1 ) with nL and
2L soil models, assuming a total whc from 20 to 300 mm for selected sites (A - G). The
horizontal bar is the same as in Fig. 4.1. Symbols with letters refer to observed whc of
sites A-G.

the simulation results (data not shown).
Based on these results, we evaluated the combined effect of precipitation
and whc (Fig. 4.4). As anticipated, simulated ANPP was found to be sensitive
to changes in both precipitation and whc, which were mutually compensatory
at both sites, i.e. a low amount of precipitation can be offset by high whc and
vice versa, at least within certain limits. Consequently (and not surprisingly),
highest ANPP resulted under high whc combined with high precipitation.
Analogously, minimum ANPP was simulated with the smallest whc and the
lowest amount of annual precipitation (Fig. 4.4). However, minimum whc
and precipitation were clearly below values where these species have been
observed in reality (Ellenberg and Leuscher, 2010; Lyr et al., 1992).

4.3.2

Impact of different assumptions regarding vertical root
distribution

At both sites, productivity was simulated to be higher when the dominant
species had a larger proportion of roots ‘near surface’ than ‘at depth’ (Fig.
4.4). Under either root distribution, the warmer, Fagus sylvatica dominated
site D (annual mean temperature: 8 °C) was simulated to be more productive
than the Picea abies dominated site B (6.6 °C). This is in agreement with
simulation results for 2L and nL soils based on observed climate and whc
data and root distributions following Hickler et al. (2012), as shown in Fig.
4.2.
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Figure 4.4: Simulated sensitivity of ANPP (kg C m−2 yr−1 ) for the period 1931-2006
to annual precipitation sum (mm) and whc (mm) for site B dominated by Picea abies,
and site D dominated by Fagus sylvatica. The species were assumed to have either: (a,
b) a high proportion of roots near the surface or (c, d) a high proportion of roots at
depth (cf. Table 4.1).
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Mean total biomass for all whc values (20 - 150 mm) and for precipitation
values ranging from 200 to 800 mm varied from 2.1 (±0.5) to 4.1 (±0.7)
kg C m−2 at site B, and 2.7 (±0.6) to 5.4 (±0.6) kg C m−2 at site D when the
dominant species had a large proportion of roots near the soil surface, and
from values as low as 0.2 (±0.0) to 4.0 (±1.1) kg C m−2 at site B and 1.4
(±0.8) to 4.8 (±0.8) kg C m−2 at site D when the proportion of roots was high
at depth. It is noteworthy that both species outcompeted all other species
even under very low precipitation sums when they hypothetically had a large
proportion of roots near the surface, whereas the other species were assumed
to have the commonly applied root distribution according to Hickler et al.
(2012) (Fig. 4.5a, b). With increasing precipitation, total biomass increased
but the share of these two species decreased. The decrease was more distinct
for Picea abies (Fig. 4.5a) than Fagus sylvatica (Fig. 4.5b). In contrast, a high
proportion of roots at depth constituted a considerable drawback under low
precipitation for both species. In this latter case, with increasing precipitation
the share of total biomass increased according to a sigmoid function; its slope
was steeper for the Picea abies site.
The standard deviation of the simulated proportion of the dominant
species with respect to total biomass (shaded areas in Fig. 4.5) reflects the
different whc values that were used in these simulations. It was low at very
low annual precipitation (≤ 350 mm) and rose with increasing precipitation
(Fig. 4.5a, b), indicating a marginal impact of whc, i.e. storage capacity did
not determine species composition under very dry conditions, but rather root
distribution. This pattern was found for both assumptions regarding vertical root distribution, but it was more pronounced if the trees had a higher
proportion of roots at depth (Fig. 4.5a, b).
Varying absolute rooting depths instead of relative root distribution with
soil depth showed a similar pattern as presented above, emerging from interspecific competition for water (Fig. 4.5c, d). Mean total biomass varied
from low to high precipitation between 2.0 (±0.6) and 3.9 (±0.9) kg C m−2
at site B, and between 2.7 (±0.8) and 5.1 (±1.0) kg C m−2 at site D when
the dominant species were ‘shallow’ rooting, and between 0.3 (±0.0) and 4.1
(±0.8) kg C m−2 at site B, and between 1.7 (±0.8) and 5.2 (±0.9) kg C
m−2 at site D when the dominant species were ‘deep’ rooting. However, the
differences between ‘shallow’ and ‘deep’ rooting species were much less pronounced than for high proportions of roots ‘near surface’ vs. ‘at depth’ (Fig.
4.5c, d vs. a, b).
At both sites, the shallow rooting species had an advantage under very
low precipitation; it diminished with increasing precipitation (Fig. 4.5c, d).
By contrast, simulation results showed that the deep-rooting species suffered
from low precipitation under very dry conditions but became more abundant
at precipitation values above 300 mm. However, the share of Picea abies decreased again above 400 mm when it was ‘deep’ rooting, while this trend was
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Figure 4.5: Simulated fraction of total biomass by Picea abies and Fagus sylvatica,
respectively, along a drought gradient with annual precipitation sum varying from 200
to 800 mm, assuming different root distributions: (a, b) high proportion of roots near the
surface (gray) or at depth (black) (cf. Jackson et al., 1996); (c, d) roots penetrating only
proportionally to the upper 40% of whc (gray) or penetrating to total soil depth (black).
Root distributions are given in Table 4.1. Symbols denote the means of varying whc (20
to 150 mm as in Fig. 4.4), and the shaded area reflects one standard deviation.
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not evident for Fagus sylvatica (neither ‘shallow’ nor ‘deep’ rooting).
At site B, the shallow-rooting Picea abies was one of the few species
thriving at a precipitation sum of 200 mm, but it reached a shrub-like biomass
of 2.0 kg C m−2 only; at site D, Fagus sylvatica reached a share of < 80% of
total biomass under the same conditions, amounting to merely 2.1 kg C m−2 .
Provided that the dominant species is deep-rooting, Fagus sylvatica reached
a higher share of total biomass (1.1 vs. total 1.7 kg C m−2 ) than Picea abies
(0.1 vs. 0.3 kg C m−2 ) at low precipitation sums, but a lower share at values
> 350 mm (Fig. 4.5c, d).
Total biomass was generally higher at site D (Fagus sylvatica) than at site
B (Picea abies), but it was shrub-like at both sites under low precipitation.
However, the standard deviations for different values of whc (cf. Fig. 4.5c, d)
did not taper towards lower precipitation sums as for the different vertical
root distributions (cf. Fig. 4.5a, b), and they also overlapped partially for both
rooting depths, thus indicating a coherent importance of whc when applying
different absolute rooting depths (Fig. 4.5c, d). Overall, relative vertical root
distribution (Fig. 4.5a, b) appeared to be more influential for the simulation
result than different absolute rooting depths (Fig. 4.5c, d).

4.4
4.4.1

Discussion
Impact of different soil properties

We expected high deviations between the simulation results for 2L / nL vs.
FAO soil data, as the global FAO data set does not consider differences in soil
depth and features only two soil texture classes for all our study sites. Moreover, these soil texture classes imply relatively high whc (195 and 225 mm)
compared to the site-specific observational data with a median whc of 143 mm
(Fig. 4.1). However, simulated ANPP was found to be highly correlated under all assumptions regarding soil properties; still the relative differences
were smaller for nL vs. 2L than for nL vs. FAO. The very small differences
in model behavior at most sites may be due to the compensation of differences in soil properties by abundant precipitation, as annual precipitation
sums at all sites are larger than 650 mm (Fig. 4.1; cf. site C with a very low
whc but high precipitation). The latter is also evident from the sensitivity
study of precipitation and whc (Fig. 4.4). Additionally, differences in whc
could have been compensated by underestimated canopy interception. According to van der Salm et al. (2007) on average 28% of precipitation should
be intercepted, with some variation by tree species. Matyssek et al. (2010)
suggested also 30-40% interception loss for needle-leaved trees and 15-30%
for broad-leaved trees. In our simulations, on average only 4.5% of precipitation was intercepted, thus soil water content was likely overestimated. In
contrast, simulated evaporation rates were slightly higher than in van der
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Salm et al. (2007) (9% of precipitation vs. 7%), and thus may have partly
compensated for the underestimated interception.
For most of the 98 sites, it thus appears acceptable to aggregate soil
information to two layers as the median of the relative difference of ANPP
between nL and 2L across all sites was merely 1.7%. However, there are a
few sites with low whc and relatively low annual precipitation sums (P ) that
showed deviations of up to 18% (e.g., site B: whc = 28.2 mm, P = 896 mm)
in simulated ANPP. Besides the total amount of precipitation, the frequency
and intensity of precipitation events matter; a few heavy precipitation events
can replenish soil water and may compensate for droughts, i.e. they may
alleviate constraints on productivity (Knapp et al., 2008; Raz Yaseef et al.,
2010).
In accordance with Wolf (2011), we found that especially the dry sites
require a high resolution of soil information. When whc was below 100 mm,
ANPP was typically overestimated by up to 21% when n soil layers were
aggregated to only two layers (2L). Whenever one of the layers is depleted in
the model, water availability is considered as limiting for plant transpiration.
As vertical soil water flow was almost non-existent in the model during a
drought, this may affect nL, but not necessarily 2L. In the 2L case water
may be absorbed at any depth within a bigger layer, while the finer nL layers
may be depleted.
According to Webb et al. (2000), 19% of terrestrial soils (excluding icecovered Antarctica and Greenland) have a potential water storage capacity
of ≤ 100 mm. Thus, employing such simplified assumptions about soil properties, as done in most vegetation models (cf. Cramer et al., 2001; Sitch et al.,
2008), may lead to a strong overestimation of simulated global carbon uptake
and storage.
Moreover, shallow soils with a whc <100 mm have been found to be a
strong driver of tree mortality during drought in the southwestern USA (Peterman et al., 2012). An increase of drought-dependent mortality due to
climate change as well as its causes and consequences are being discussed
intensively (Adams et al., 2010; Allen et al., 2010; McDowell et al., 2008),
and the need for a mechanistic representation of drought-dependent mortality in DVMs has been stated repeatedly (McDowell et al., 2011). However,
the higher ANPP that we found when using the global FAO data set instead of actual soil properties under low whc values clearly demonstrates
that without high-quality, detailed soil information, DVMs cannot properly
reflect regional drought impacts.
Additionally, LPJ-GUESS simulated tree growth, i.e. positive ANPP values, also for low whc in combination with precipitation values that were
smaller than the observed species-specific limits, i.e. approximately 300 and
250 mm per growing season for Picea abies and Fagus sylvatica, respectively
(Ellenberg and Leuscher, 2010; Lyr et al., 1992). Although total biomass
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was only shrub-like, these results indicate that (1) plant water availability
is too high due to soil hydrological model assumptions and underestimated
interception, or (2) drought tolerance limits are not properly reflected in the
current model version and thus constitute an additional source of uncertainty
for simulation results under scenarios of future climate change (cf. Sitch et al.,
2008).

4.4.2

Impact of different assumptions regarding vertical root
distribution

Vertical root distribution is pivotal for simulating transpiration rates accurately in DGVMs (cf. Ostle et al., 2009). However, to our knowledge a
quantitative analysis evaluating the impact of different rooting depths and
distributions at the ecosystem scale has not been available prior to the present
study.
The model indicated higher productivity when the dominant species had
a larger proportion of roots near the surface than at depth (Fig. 4.4, 4.5).
Under many conditions, having the majority of roots near the surface is
ecologically beneficial because the construction and maintenance costs for
roots are lower near the surface, nutrient concentrations are higher, the risk
of oxygen deficiency is lower, hydraulic drain still remains in the rooting zone,
and for most sites the primary source of water is from above (Schenk, 2008;
Schenk and Jackson, 2002; Schenk, 2005). However, for some reasons such as
physical stability, competition for resources, and the access to groundwater, it
might be more beneficial for a tree to have more roots in deeper layers. Both
Fagus sylvatica and Picea abies have been shown to have their maximum
root density in the upper 20 cm of the soil, with Picea abies having a higher
density in the topsoil than Fagus sylvatica, which had a higher proportion
of large roots in deeper layers (Schmid and Kazda, 2001). Hence, the model
behavior of favoring species with a large proportion of roots near the surface
seems to be justified for both species.
In DVMs such as LPJ-GUESS (and most other vegetation models), a
high root proportion in upper layers is pivotal as water is coming from above
only; lateral routing of water (i.e. into neighboring grid cells) is not considered
and the groundwater table is assumed to be inaccessible for plants (Gerten
et al., 2004). Whenever water becomes limiting, those species are favored
in these models that take up the vast majority of water near the surface.
An overestimation of simulated evaporation, runoff or interception would
amplify this effect. As shown above, simulated runoff was within observed
ranges (Haller et al., 2010) and evaporation was overestimated only slightly,
whereas interception was notably underestimated (van der Salm et al., 2007).
Therefore, we conclude that neither evaporation nor interception amplified
this effect.
With higher precipitation sums, infiltration and percolation increased,
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thus favoring species with a higher water uptake at depth than near the surface, i.e. simulated dominance of the target species decreased when it had a
high proportion of roots near the surface, while its dominance increased when
it had the highest proportion of roots at depth (Fig. 4.5a, b). Globally, the
deepest roots were found in seasonally water-limited ecosystems (Schenk and
Jackson, 2002, 2005), and they were positively related with annual precipitation, evaporative demand and coarse soil texture, thus allowing for deep
infiltration (Collins and Bras, 2007; Schenk and Jackson, 2002). According
to Schenk (2008) and Schenk and Jackson (2002), roots penetrate soils only
as deep as necessary to satisfy evaporative demands, thus balancing carbon
costs and benefits (Guswa, 2008).
In most DGVMs, the distribution of roots is static and not correlated to
age or biomass, i.e. water uptake is calculated irrespective of root biomass;
this may be problematic when stands are not mature yet or when mortality comes into play (Arora and Boer, 2003). Furthermore, vegetation models
ignore the difference between coarse roots (with the main task of providing
stability to the plant) and fine roots (by which water and nutrients are taken
up) and just assume the presence of ‘root biomass’, which makes a biomassdependent modeling of water uptake difficult. Lastly, roots cannot adapt to
changing water availability in these models. In reality, trees may for example
increase the amount of fine roots under dry conditions to get access to the
scarce water resource, decreasing it in the dry topsoil but increasing it in
wetter lower horizons (Konôpka and Lukac, 2013). Thus, while we acknowledge the difficulty of modeling functional root distribution in the soil and
appreciate the rationale for making simple assumptions in vegetation models, our study clearly shows the limitations of these approaches along drought
gradients and under a changing climate.
Water uptake rates are influenced by rooting depth, both in reality and
in vegetation models (Jackson et al., 2000). Therefore we expected variable
rooting depths to alter simulated carbon uptake. While we found a strong
difference between the simulation results when assuming a high proportion of
roots ‘near surface’ vs. a higher proportion ‘at depth’ (Fig. 4.5a, b), this did
not hold true for ‘shallow’ versus ‘deep’ roots (Fig. 4.5c, d). For the latter,
the same β, i.e. the global value of 0.966 proposed by Jackson et al. (1996),
was used. This indicates a negligible effect of varying rooting depth in the
current version of LPJ-GUESS, which is unlikely to be realistic (e.g., Irvine
et al., 2002). When soil water storage is filled by infiltration only (as assumed
in virtually all DVMs), the root proportion in the upper layers is much more
influential for the simulation results than the proportion at depth. Without
allowing plants to tap water from the saturated zone, variable rooting depths
in DVMs, that are intended to capture e.g. the different development stages of
plants (Arora and Boer, 2003), cannot be expected to change model behavior
significantly.
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In summary, the proportional root distribution in LPJ-GUESS is more
influential for the simulation results than absolute rooting depth per se due
to simplified hydrological assumptions. Thus, before refining the modeling
of vertical root distributions, e.g. using climate- or soil texture-driven approaches (e.g., Guswa, 2008; Laio et al., 2006; Schenk, 2008) or coupling root
distribution with root biomass (Arora and Boer, 2003), it is necessary to
reassess the hydrological assumptions of DVMs.

4.5

Conclusion

Dynamic vegetation models typically use aggregated soil layer descriptions
derived from global maps rather than detailed site-specific soil information.
We showed that aggregated descriptions of soil properties may lead to misleading results. When observed whc is below 100 mm, simulated vegetation
carbon uptake differed by up to 21% between runs with aggregated and
non-aggregated soil layer descriptions. This is problematic, as soils with whc
below 100 mm are globally widespread. However, high precipitation can compensate for low whc and vice versa. Importantly, with the anticipated future
decrease of summer precipitation due to anthropogenic climate change, this
possible compensation for low whc is likely to be reduced. Hence, it is pivotal to model soil hydrology with a high vertical resolution. The hydrologic
assumptions underlying LPJ-GUESS and many other DVMs exert a key control on simulated water availability for plants compared to the assumptions
about the vertical root distribution. However, in reality rooting depth is of
key importance particularly during different tree development stages and
drought events. A species with a large proportion of roots near the surface
was modeled to have a higher productivity and to be more abundant under
a drought-shaped precipitation regime than the same species having fewer
roots near the surface, because the only water source was infiltration from
above. Consequently, the distribution of roots, in particular the proportion
of roots in the top soil layers, was more important for simulated tree growth
than rooting depth. Adding new mechanisms to the model such as considering
capillary rise from the saturated zone, or the incorporation of deep roots that
tap the ground water would be highly important. This poses the challenge of
measuring and simulating ground water zones correctly and efficiently. Yet,
this clearly is a high priority for robust assessments of vegetation responses
to changing drought regimes.
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The impact of climate change and its
uncertainty on carbon storage in
Switzerland
Manusch, C., Bugmann, Wolf, A.
In revision in Regional Environmental Change

Abstract. Projected future climate change will alter carbon storage
in forests, which is of pivotal importance for the national carbon balance
of most countries. Yet, national-scale assessments are largely lacking. We
evaluated climate impacts on vegetation and soil carbon storage for Swiss
forests using a dynamic vegetation model. We considered three novel climate
scenarios, each featuring a quantification of the inherent uncertainty. We
evaluated which regions of Switzerland would benefit or lose in terms of
carbon storage under different climates, and which abiotic factors determine
these patterns. The simulation results showed that the prospective carbon
storage ability of forests depends on the current climate, the severity of
the change, and the time required for new species to establish. Regions
already prone to drought and heat waves under current climate will likely
experience a decrease in carbon stocks under prospective ‘extreme’ climate
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change, while carbon storage in forests close to upper treeline will increase
markedly. Interestingly, when climate change is severe species shifts can
result in increases in carbon stocks, but when there is only slight climate
change, climate conditions may reduce growth of extant species while not
allowing for species shifts, thus leading to decreases of carbon stocks.
Keywords: biomass, carbon, climate change, dynamic vegetation models,
LPJ-GUESS

5.1

Introduction

Carbon storage by vegetation is controlled by climate (Beer et al., 2010).
Already short-term events such as heat waves and droughts can markedly
reduce carbon uptake and lead to some forests being a carbon source, as
shown in Europe for the year 2003 (Ciais et al., 2005). However, in the same
period trees in temperature- but not precipitation-limited areas, i.e. at high
elevations, benefited in terms of growth (Jolly et al., 2005). Thus, increasing temperatures and changing precipitation patterns as expected for the
remainder of the 21st century (Seneviratne et al., 2012) are likely to affect
ecosystem dynamics and, among others, alter global vegetation carbon pools
(Heimann and Reichstein, 2008).
The different climatic tolerances of tree species regarding, e.g., frost or
drought lead to competitive advantages for certain species and thus favor
species shifts under climate change (Fuhrer et al., 2006). For instance, in an
inner-Alpine dry valley (Swiss Rhone valley, Valais) Pinus sylvestris L. forests
are turning into oak forests due to the higher drought tolerance of Quercus
pubescens Willd. (Rigling et al., 2013). Similarly, in the western United States
abrupt vegetation shifts due to climate-driven mortality of Populus tremuloides Michx. (Anderegg et al., 2013) and Pinus edulis (Breshears et al., 2005)
have been reported. Meanwhile, trees at the cold treeline have already shifted
upwards due to both land use change and global warming (Gehrig-Fasel et al.,
2007).
In general, different regions vary in their sensitivity to climate change
(Gonzalez et al., 2010). Ecosystem susceptibility to climate change is inter
alia controlled by spatial and temporal climate variations (Lindner et al.,
2010). Therefore, particularly areas that feature large climatic gradients over
small spatial scales, such as mountain regions, require a high spatial resolution (< 5 km) of climate projections to make reliable predictions of possible
climate change impacts (Trivedi et al., 2008).
Many previous assessments of climate change impacts were based on
ecosystem models that have been applied either at coarse spatial resolution
on continental to global scales (e.g., Bachelet et al., 2003; Cramer et al., 2001;
Hickler et al., 2012; Morales et al., 2007; Sitch et al., 2008; Zaehle et al., 2007)
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or at local to regional scales (e.g., Elkin et al., 2013; Morales et al., 2005; Wolf
et al., 2008). However, there is a need for assessments at the regional to national scale of vegetation and soil carbon storage; particularly in areas that
are characterized by high topographic variability, a high spatial resolution
of the assessment is required that allows policy makers to analyze climate
change risks and to develop national adaptation and mitigation strategies.
To date, such studies at the national scale are quite rare (e.g., Koca et al.,
2006).
Furthermore, although most previous simulation studies have covered a
broad range of greenhouse gas emission scenarios (based on Nakicenovic et al.,
2000), they did not investigate the ‘lower edge’ of climate change, i.e. assuming high intervention intended to stabilize the temperature increase compared
to preindustrial values at 2°, as internationally agreed upon (United Nations
Framework Convention on Climate Change). Elkin et al. (2013) recently presented one of the first such studies for two valleys in Switzerland. Here, we
extend this study to the national scale, using a novel gridded daily climate
change data set (spatial resolution ≈ 2 km) (CH2011, 2011; Fischer et al.,
2012) and the dynamic vegetation model LPJ-GUESS (Sitch et al., 2003;
Smith et al., 2001) to estimate the potential future carbon stocks for entire
Switzerland. In addition to Elkin et al. (2013), we include the uncertainty
range of three climate projections gained by the probability distribution for
changing temperature and precipitation (Fischer et al., 2012) in our study
to cover the full range of possible climate change impacts on carbon storage.
Also, we differentiate vegetation and soil carbon storage.
Specifically, we focus on the following research questions: (1) Under which
conditions do Swiss forests remain a carbon sink with respect to climate
change in the coming decades and centuries? (2) Which variables, in terms
of the various elements of climate and atmospheric CO2 concentrations, are
driving the change in carbon storage? (3) Which other factors may counteract
climate change impacts? (4) How does the inherent uncertainty of climate
scenarios affect the simulation results?

5.2
5.2.1

Materials and methods
The dynamic vegetation model

We used the dynamic vegetation model LPJ-GUESS (Lund-Potsdam-Jena
General Ecosystem Simulator) that captures tree population dynamics on
small patches of land (typically 0.1 ha) based on mechanistic descriptions
of the underlying physiological and biogeochemical processes (Sitch et al.,
2003; Smith et al., 2001). Individuals of each species are represented in age
cohorts, i.e. they establish on one patch in the same year, experience the
same resource competition and have the same growth rate. Each species
has specific properties regarding growth, establishment, mortality, metabolic
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rates, shade tolerance, and bioclimatic limits (Smith et al., 2001). Here, we
used the species parameterization compiled by Hickler et al. (2012) that
represents the 20 most common European tree species as well as several
plant functional types (PFTs) representing shrubs and grasses.
Physiological processes such as photosynthesis and respiration as well as
carbon and water fluxes are updated with a daily time-step, whereas growth
(carbon allocation), the turnover of leaves and fine roots, sapwood-heartwood
conversion and vegetation dynamics are simulated annually (Sitch et al.,
2003). Carbon of dead vegetation enters a litter pool from which 70% are
respired annually to the atmosphere whereas the remaining 30% are transferred to the soil carbon pool, 29.55% to an ‘intermediate’ and 0.45% to a
‘slow’ pool (Sitch et al., 2003). Decomposition is modeled as a function of soil
moisture and temperature. At 10 °C and ample soil water, the turnover time
is 2.85 years for the litter pool, 33 years for the ‘intermediate’ and 1’000 years
for the ‘slow’ carbon pool. A detailed description of the model is provided in
Sitch et al. (2003).
Soil hydrology is simulated with a multi-layer ‘bucket’ model based on
site-specific soil layer information for water holding capacity and soil texture
to better reflect dry conditions as described by Manusch et al. (2013). Rain
and snowmelt infiltrate the upper 500 mm of the soil until field capacity is
reached; excess water is lost as runoff (Gerten et al., 2004). The lower layers
are fed by percolation from surplus water of the upper layers. Percolation
from the lowest layer is considered runoff. Roots penetrate the whole soil
column, but their mass declines exponentially (Jackson et al., 1996). Thus,
transpiration occurs from all soil layers. Evaporation is extracted from the
upper 200 mm of the soil only (Gerten et al., 2004).
LPJ-GUESS and the related LPJ-DGVM have been successfully applied
to simulate species composition as well as carbon storage at numerous sites,
regions and globally for past, current and prospective climate conditions
(Hickler et al., 2012; Leuzinger et al., 2013; Poulter et al., 2009; Wolf et al.,
2012; Elkin et al., 2013). In this study, we applied an improved (in terms
of depicting the underlying processes) version of the standard model (Sitch
et al., 2003; Smith et al., 2001) that features carbon sink-limitation under
cold conditions (Leuzinger et al., 2013) and a size- instead of the former
age-dependent mortality (Manusch et al., 2012).

5.2.2

Study sites

The Forest Soils and Biogeochemistry Unit of the Swiss Federal Institute for
Forest, Snow and Landscape Research WSL (hereafter called WSL) maintains
a soil data set of more than 1’000 forested sites located all over Switzerland
comprising, among many other variables, layer-specific information on depth,
grain size, and water holding capacity (whc), i.e. maximum plant-available
water storage (defined as the difference between field capacity and the per-
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manent wilting point). Grain size was derived with hand texture measure
and by the sedimentation method (Gee and Bauder, 1986); whc was defined
based on Teepe et al. (2003) with density classes of fine earth, soil texture
classes, and humus content. In this study, we excluded all soils that are fed
by groundwater and that are shallower than the assumed evaporation depth
of 20 cm (Gerten et al., 2004) to allow for comparable climatic driving conditions and to ensure a minimum rooting depth. We prepared the soil data for
the model as described in Manusch et al. (2013) using the package The soil
texture wizard for the statistics software R (Moeys, 2012). In total, we used
915 sites covering a broad climatic gradient from low to high altitudes (286 m
- 2188 m a.s.l.) with whc ranging from 19 to 972 mm. Historic climate data
for 1980-2009 were provided by Meteotest (Remund, 2011). Within this period, the mean annual temperature of all sites varied from 0.6 to 12.9 °C and
annual precipitation ranged from 633 to 2470 mm. Atmospheric CO2 concentrations were derived from the Mauna Loa record (Keeling et al., 2009).

5.2.3

Climate scenarios

To depict prospective climate change, we used gridded daily change signals
for temperature and precipitation in Switzerland that were obtained from
the Center for Climate Systems Modeling (C2SM) at ETH Zurich (CH2011,
2011). These projections with a spatial resolution of 2 km are based on the
two non-intervention emission scenarios A1B, A2 (Nakicenovic et al., 2000)
and a mitigation scenario in which emissions are reduced by 50% until 2050
(RCP3PD) that limits global warming to less than 2°C by the end of this
century relative to preindustrial conditions (Meinshausen et al., 2011; Moss
et al., 2010). The baseline dataset refers to the period 1980-2009, and the
scenario data represent the annual cycle of daily changes for three 30-year periods (time slices) centered around 2035, 2060 and 2085 (Fischer et al., 2012).
The scenario data were derived as an ensemble from 20 GCM-RCM combinations and therefore allowed for uncertainty estimations expressed with a
probability distribution where the 2.5, the 50 and 97.5% quantiles are interpreted to be possible lower, medium and upper estimates for climate change
(hereafter called anomalies) (Fischer et al., 2012). A detailed description of
the dataset and its derivation was provided by Fischer et al. (2012).
We applied linear interpolation between the central year anomalies of
each time slice and thus generated continuous daily anomalies for the period
1994 to 2100 (Table 5.1). Using these data we created continuous daily data
sets from 1994 to 2100 by drawing sample years randomly from the reference
period (1980 to 2009) and adding the daily anomalies of temperature differences and proportional change of precipitation. Beyond 2100, we assumed
a hypothetical, constant climate until the end of the simulation period in
2300 to create a likely equilibrium of carbon pools. To this end, we added
the 2100 anomalies to randomly drawn reference years, and used a constant
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Table 5.1: Mean anomalies for projected climate change in 2100 averaged across all 915
study sites in Switzerland (CH2011, 2011) for annual mean temperature and growing
season (gs) precipitation (April-October). Anomalies refer to the reference period 19802009. Low, medium and upper changes cover the uncertainty range of the projections, i.e.
reflecting the 2.5%, 50% and 97.5% percentiles of the probability distribution of projected
change (cf. Fischer et al., 2012).

Scenario

A2
A1B
RCP3PD

Temp. change (annual, °C)

Precip. change (gs, %)

Low

Medium

Upper

Low

Medium

Upper

(’Moderate’)

(’Medium’)

(’Extreme’)

(’Extreme’)

(’Medium’)

(’Moderate’)

3.3
2.7
0.8

4.7
3.8
1.4

6.1
5.0
2.0

-30.9
-26.0
-13.4

-14.6
-12.0
-3.9

1.7
2.1
5.6

atmospheric CO2 equivalent concentration of 703 ppm (A1B), 856 ppm (A2),
and 450 ppm (RCP3PD), respectively. To minimize the risk of favoring single
years and to allow for comparability across all data sets, we used the same
random set of reference years for generating all time series.
Percentage sunshine was derived as in Elkin et al. (2013) by converting
solar radiation from observed data (1975-2010) to percentage sunshine assuming that the maximum solar radiation of each day throughout all observed
years corresponds to 100% of bright sunshine for this day of the year. Thereafter we drew random years for the whole simulation period. We confirmed
that annual carbon uptake is similar in amount and distribution using observed daily values, randomly sampled observation years, and the mean over
all observed values for percentage sunshine (C. Manusch, unpublished data).

5.2.4

Simulation experiments

Model calibration. As mentioned above, the model described in section 5.2.1
was based on the species parameterization according to Hickler et al. (2012).
However, the newly introduced parameters by Manusch et al. (2012) that are
relating tree size to mortality rates were validated based on five sites only
(Manusch et al., 2012). Therefore we recalibrated them and cross-compared
the results with above- and belowground vegetation carbon stock from the
latest Swiss National Forest Inventory (NFI, Speich et al., 2011). In more
detail, we used the mean values for five sub-regions of Switzerland that are
characterized by similar growth conditions (so-called ’Production Regions’):
Jura, Plateau, Pre-Alps, Alps and Southern Alps as target values. For the
calibration, we selected all sites per Production Region where simulated vegetation carbon stock for the observation period equaled the mean simulated
vegetation carbon stock for the according region (in total nine sites). Then
we changed one parameter at a time and evaluated the result at all nine sites
against the corresponding target value of each region. In the final setting,
the optimal parameter dbhdeath was 50 cm larger and the shape parameter
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of the function 0.5 larger for all species compared to Manusch et al. (2012),
e.g. 260 cm and 2.8 for boreal/temperate shade-tolerant needle-leaved evergreen species, and 290 cm and 3.3 for temperate shade-tolerant broadleaved
summergreen species (cf. Supporting information Fig. 5.6). Thus, trees can
grow larger with the new parameterization because mortality increases less
fast with diameter compared to the original settings.
Model initialization. We ran the model from bare ground for 1000 years
of ‘spin-up’ to create an equilibrium state of carbon pools in vegetation and
soils. The simulation experiment was performed on 200 patches per site to
control for stochastic variations in simulated vegetation dynamics (Smith
et al., 2001). Climate data for the spin-up period were derived from randomly,
year-wise drawn climate data from the reference period (1980–2009). Thereafter, the historic data for 1980–2009 were used to simulate this reference
period followed by the projections for 2010–2300 as explained further above.
We wanted to cover a wide range of possible future climate outcomes and
its consequences for ecosystems. Thus, we exploited the uncertainty ranges
that are provided with the CH2011 (2011) scenarios by using (1) the lower
estimate of temperature change with the upper estimate of (negative) precipitation change (hereafter called ‘Moderate’); (2) the medium estimates
of climate change (‘Medium’); and (3) the upper estimate of temperature
change with the lower estimate of precipitation change (‘Extreme’) for the
scenarios RCP3PD, A1B and A2, i.e. in total nine possible climate outcomes
(cf. Table 5.1). To disentangle the effect of climate change and CO2 increase,
we additionally ran three control scenarios: one without climate change and
without CO2 increase, i.e. temperature anomalies were assumed to be 0 and
precipitation anomalies to be 1, and CO2 was kept constant at the 2012 level
of 394 ppm (hereafter called CTR); one scenario without climate change but
including the CO2 increase (A2 scenario, CTR_CO2 ); and one scenario that
employed the A2 ‘Extreme’ anomalies for temperature and precipitation but
constant CO2 from 2012 onwards (CTR_CLIM ).
Model application. Forest management pursues different targets at different sites (e.g., protection from gravitational natural hazards in mountain
regions vs. timber production in low-elevation areas). We therefore decided
not to include management in this study but to focus on the impact of varying climatic influences on carbon storage, and not of varying management
practices.
We evaluated the impact of the three climate change scenarios with their
three possible variants (Table 5.1) on carbon pools for potential natural vegetation, their dynamics and species composition at the 915 sites where WSL
soil profile information is available (see above). To derive a synopsis at the
national scale, we interpolated the results using co-kriging with topography
(digital terrain model with spatial resolution of 25x25 m) as external driver
and aggregated the data to a grid with a cell size of 0.1 ha (Aertsen et al.,
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Table 5.2: Simulated carbon stock (Mt) in forest vegetation (Veg) and soils of Switzerland for potential full forestation (below current treeline) and simulated vs. observed
carbon stock for the currently forested areas in the observation period 1980-2009, and
simulated changes (∆, Table 5.1) for both compartments. Simulations were done with
LPJ-GUESS, range indicates range of results for all climate scenarios. Observations are
based on NFI data for vegetation carbon and BUWAL and WSL (2005) for soil carbon.

Period

Compartment

Fully forested
(Mt)

Current land use
(sim./obs., Mt)

1980-2009

Veg
Soil
∆Veg
∆Soil
∆Veg
∆Soil

429
484
0 - 54
-53 - 17
18 - 125
-101 - 8

158 / 143
179 / 160
0 - 20
-19 - 7
6 - 45
-37 - 3

2070-2099
2271-2300

2012). We assessed vegetation and soil carbon pools in forests for (1) a potential full forestation below current, in most areas anthropogenically induced
treeline (simplistically assumed at 2200 m a.s.l., Leuzinger et al., 2013) and
(2) for the currently forested area according to NFI (Table 5.2, Speich et al.,
2011). Based on these results, vegetation and soil carbon stocks were analyzed with regard to the CTR, CTR_CO2, and CTR_CLIM simulation
results to investigate the relative effects of climate change and CO2 . As these
effects were strongest for the most extreme climate scenario (A2, ‘Extreme’),
we additionally analyzed the impact of temperature change (expressed as ∆
growing degree-days, GDD) and water availability change (∆ growing season
precipitation) on carbon storage and species composition for this particular
climate scenario in more detail.

5.3
5.3.1

Results
Present state of simulated carbon storage and species
composition

Under current climate conditions (1980-2009), vegetation carbon stocks simulated for the five Swiss Production Regions were within observed ranges for
these regions, although management was excluded in the simulations, which
is in contrast to current forest management (Fig. 5.1). In the regions Plateau
(P) and Jura (J), deviations between simulated and measured vegetation carbon were lowest with 1% (P) and 3% (J), while it was by 9% lower in the
Pre-Alps (PA), and in the Alps (A) and Southern Alps (SA) it was by 21%
(A) and even 63% (SA) higher than the measured values. For the whole of
Switzerland, simulated vegetation carbon stock under current land use was
10% higher than observed (Speich et al., 2011) (Table 5.2), and simulated
soil carbon storage was 12% higher than observations (data from: BUWAL
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Figure 5.1: Observed vs. simulated vegetation carbon stock of broadleaved and needleleaved tree species for the NFI Production Regions in Switzerland (Speich et al., 2011).

and WSL, 2005).
In all regions both needle- and broad-leaved species occurred (Fig. 5.1).
However, compared to observations, the simulated proportion of broadleaved
species in the total vegetation carbon stock was notably higher, especially in
the regions that are characterized by low to medium elevation but much less
so in the Alps (Fig. 5.1): 20-31% (Jura, Plateau, Pre-Alps) vs. 10% (Alps)
and 5% (Southern Alps).

5.3.2

Simulated changes in vegetation and soil carbon due
to climate change

For most of the Swiss area an increase of carbon storage in vegetation towards
the end of this century is simulated by all scenarios (Fig. 5.2). Carbon storage
would be even higher at the end of the simulation period (2271-2300, Fig.
5.3). The increase in vegetation carbon stock was characterized by an increase
in broadleaved and a decrease in needle-leaved species starting in the middle
of the 21st century in all NFI Production Regions (Fig. 5.4), indicating the
onset of species shifts.
However also under the most extreme scenario (A2, ‘Extreme’), until
the end of this century almost all sites were still dominated by the currently
dominant vegetation type (needle- or broadleaved, Fig. 5.5). Towards the end
of the simulation period with this scenario, most sites currently dominated by
needle-leaved trees turned into broadleaved dominated sites and experienced
an increase in carbon storage. In the same period, currently broadleaved
dominated sites remained broadleaved dominated and showed similar rates
of increase or decrease as 200 years earlier (Fig. 5.5).
Sites with an increase in precipitation and a low absolute GDD increase,
but a high relative GDD increase for the A2 ‘Extreme’ scenario showed an
increase in carbon storage of up to 12 kg C m−2 until the end of this century
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Figure 5.2: Simulated change in vegetation carbon stocks (kg C m−2 ) between the reference period (1980-2009) and the end of the present century (2071-2099) for the climate
scenarios RCP3PD, A1B, and A2, each with three possible outcomes: low annual temperature increase and low precipitation decrease in summer (‘Moderate’); medium annual
temperature increase and medium summer precipitation loss (‘Medium’); and high temperature increase and high precipitation loss in summer (‘Extreme’), always assuming
a full forestation of Switzerland. Simulation results were interpolated based on the 915
study sites shown in the lower left panel. Shaded areas correspond to areas above treeline,
simplistically assumed to occur at 2200 m a.s.l (cf. Leuzinger et al., 2013), gray zoned
areas are the Production Regions of the Swiss National Forest Inventory (NFI).
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A1B
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Medium
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101

Figure 5.3: Simulated change in vegetation carbon stocks (kg C m−2 ) between the reference period (1980-2009) and the end of the simulation period (2271-2300). For explanations cf. Fig. 5.2.

(Fig. 5.5). All these sites are located at altitudes above 1900 m a.s.l., i.e.
close to the current cold treeline. At sites with the same low increase of
absolute GDD but a lower relative increase, carbon stock increase was lower
and needle-leaved trees were still dominant at the end of the simulation
period. Only one site was dominated by needle-leaved trees (mainly Abies
alba) although its GDD values were high before climate change and increased
by as much as 1800 °C, while growing season precipitation decreased by more
than 30%. The proportion of needle- vs. broadleaved trees was 84 vs. 14% at
this site in 1980-2009. In contrast in 2271-2300 it was predicted to be 48%
vs. 31%; the remaining vegetation was mainly grass.
Under certain climate scenarios (cf. section 5.3.3) some regions experienced a decrease of vegetation carbon storage (Fig. 5.2, 5.3). The maximum
decrease of the carbon stock over all scenarios was -6.6 | -8.8 kg C m−2 (20702099 | 2271-2300, both A2 ‘Extreme’) while the absolute maximum increase
was 12.2 | 16.0 kg C m−2 (A1B ‘Medium’ | A2 ‘Extreme’, all values refer to
the 915 study sites). Sites that featured high GDD and a low growing season
precipitation before climate change (i.e. low relative but high absolute GDD
increase, and high relative but low absolute precipitation decrease, Fig. 5.5)
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Figure 5.4: Mean simulated broadleaved and needle-leaved vegetation carbon stocks
(kg C m−2 ) for all study sites of the Pre-Alps and Alps from 2000 to 2300 for the scenarios
RCP3PD and A2.

were especially prone to vegetation carbon losses.
When the average results across the 915 sites were extrapolated over the
total area of Switzerland, vegetation carbon stock was constant or increased
for all scenarios until the end of this century and increased until the end
of the simulation period (Table 5.2, 5.3). For CTR_CO2 it started to increase at the end of the 21st century and leveled off towards the end of the
22nd century (Table 5.3). Without an increase in CO2 (CTR_CLIM ), vegetation carbon pools decreased towards the middle of the next century and
then slightly increased again. Without climate change and atmospheric CO2
increase (CTR), they were nearly constant.
Soil carbon stocks were decreasing for most climate scenarios. This decrease was highest at the end of the simulation period in 2300 (Table 5.2).
When climate did not change but CO2 increased (CTR_CO2 ), soil carbon
stocks increased notably (Table 5.3), while they decreased when CO2 was constant and only climate change occurred (CTR_CLIM ). In accordance with
vegetation carbon stocks, soil carbon stocks were constant when climate and
CO2 did not change (CTR).
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Impact of different climate change scenarios on simulation results

The simulation results depended strongly on the underlying assumptions regarding climate (Fig. 5.2, 5.3). In general, RCP3PD was the scenario that
featured the lowest increase in vegetation carbon for the whole simulation
period. The A1B and A2 scenarios, however, showed a similar increase in
vegetation carbon over time. Surprisingly, RCP3PD was the only scenario
under which in some regions a marked loss in vegetation carbon was predicted, irrespective of the level of that scenario (‘Moderate’ to ‘Extreme’).
This loss increased with the severity of climate change. Across all scenarios
for the 21st and the 23rd century, the ‘Extreme’ variant with highest temperature increase and highest precipitation loss in summer featured regions
where vegetation carbon stocks decreased strongly compared to the reference
period (Rhone valley, Engadin, Basel, and Schaffhausen, Fig. 5.2 & 5.3). Yet,
with the same ‘extreme’ variants other regions experienced the highest increase in vegetation carbon by the end of the 23rd century compared to the
‘medium’ and ‘moderate’ variants. In contrast, at the end of the 21st century,
the highest vegetation carbon increase nation-wide was simulated for A1B
and A2 under a ‘moderate’ climate.

5.4

Discussion

To fulfill the emission reduction aims of the Kyoto Protocol (United Nations
Framework Convention on Climate Change) and to develop adaptation and
mitigation strategies at the national scale, decision-makers need nation-wide
information on above- and belowground carbon storage capacities under both
current and future climates. However, to date studies at national scale are
scarce (e.g., Koca et al., 2006). We provided a vegetation model-based national assessment of current and future vegetation and soil carbon stocks for
Switzerland. In a next step, the additional influence of varying management
practices should be investigated to provide more concrete recommendations
for policy makers.
LPJ-GUESS somewhat simulated higher total vegetation biomass for
Switzerland compared to observed NFI data (Speich et al., 2011). This was
not surprising, as the observed values represent mostly managed forests,
whereas the LPJ-GUESS simulation experiments were set up to describe
potential natural vegetation, thus assuming an equilibrium state of carbon
pools in the absence of management (Smith et al., 2001). Therefore the observed values can only be understood as a benchmark.
It would have been more valuable to use old-growth forest data for the
comparison. However, this was not feasible as only very few forest stands are
completely unmanaged or fall into the class of old-growth forests in Switzerland. At the same time, however, it should be noted that the management of
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Table 5.3: Simulated future carbon stock of vegetation (Veg) and soil (kg C m−2 ) for all
915 sites based on the scenarios A2 ‘Extreme’, CTR_CLIM, CTR_CO2 and CTR (see
Sec. 5.2.4) averaged for 50 year intervals.

Period

A2 ‘Extreme’
Veg
Soil

CTR_CLIM
Veg
Soil

CTR_CO2
Veg
Soil

CTR
Veg
Soil

2000-2050
2051-2100
2101-2150
2151-2200
2201-2250
2251-2300

12.4
12.5
13.2
14.8
15.3
15.4

12.1
10.4
8.9
9.7
10.2
10.4

12.7
13.6
13.8
13.7
13.4
13.6

12.4
12.3
12.2
12.3
12.2
12.2

17.2
15.4
12.7
12.1
12.4
12.7

17.1
14.2
10.3
8.9
8.8
9.0

18.1
20.1
22.7
23.9
24.2
24.3

17.9
18.4
18.4
18.5
18.5
18.5

Swiss forests is ’light’ compared to most other European countries (C stock
in Swiss forest biomass is about twice as high as in central Europe, and
three to four times as high compared to all of Europe), and the management
aims to mimic natural conditions (’close-to-nature sylviculture’) (McEvoy,
2004; de Turckheim and Bruciamacchie, 2005). Additional information for
the cross-comparison as potential natural vegetation maps (e.g. Brzeziecki
et al., 1993) or different model studies were also not possible due to missing
data and would have raised additional uncertainties.
Most of the Swiss forests have an age between 60 and 120 years; thus
they feature neither very old nor very young stands (BUWAL and WSL,
2005), and the century-long harvesting practices most likely also imply that
soil organic carbon is lower than under natural conditions (Gimmi et al.,
2009, 2013). In the model, however, the higher biomass compared to the
observations led to higher rates of carbon flow to the soil, and thus to higher
rates of soil carbon stocks than in reality (BUWAL and WSL, 2005).
For centuries, forestry in Switzerland favored needle-leaved trees (mostly
Picea abies); this started to change about 40 years ago only, as a result
of efforts to render forest composition more natural (BUWAL and WSL,
2005). Potential natural vegetation for most of the low-elevation regions (J,
P and PA) are Fagion associations (Brzeziecki et al., 1993). Therefore the
simulated high proportion of broadleaved species (mainly Fagus sylvatica) in
these regions (Speich et al., 2011) matches potential natural vegetation well,
but fails to capture the details of land use history.
Under climate change, the mean simulated vegetation carbon stocks for
Switzerland increased for all scenarios (Table 5.2). This is consistent with
simulation results at the global scale (Cramer et al., 2001; Levy et al., 2004;
Sitch et al., 2008), for Europe (Zaehle et al., 2007) as well as with local empirical ecosystem studies at mid-latitudes in the Northern hemisphere (Norby
et al., 2005). Higher atmospheric CO2 concentrations have a fertilizing effect
at least in the short term; net primary productivity and water use efficiency
increase (Amthor, 1995). This is reflected in the simulation results: when
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Figure 5.5: Simulated mean change in vegetation carbon stocks (kg C m−2 ) relative
to 1980-2009 for the end of this century (upper panel) and the end of the simulation
period (lower panel) vs. absolute and relative differences in GDD and growing season
precipitation using the most extreme scenario (A2 ‘Extreme’). Different colors indicate
the simulated type of the dominant species (broadleaved or needle-leaved) in the reference
period and the prospective dominant type for 2070-2099 and 2271-2300, respectively.

only CO2 increased and climate was kept at historic values (CTR_CO2 ),
vegetation carbon stock increased faster during the first 50 years than with
additional climate change (Table 5.3). Thereafter, vegetation carbon stock
increased further with climate change but was constant for CTR_CO2. In
contrast, other studies suggested a prolonged fertilization with increasing
CO2 also when climate did not change (Cramer et al., 2001).
Most vegetation models do not consider that CO2 fertilization may accelerate ecosystem carbon release due to faster life cycles (Bigler and Veblen,
2009; Bugmann and Bigler, 2011). In contrast, we simulated tree mortality
to be size- instead of age-dependent, and thus allowed for the acceleration
of tree life cycles (Manusch et al., 2012); as a consequence, in the long term
total vegetation carbon was lower under the CTR_CO2 scenario than under
projected climate change (A2 ‘Extreme’, Table 5.3). Furthermore, it is important to take into account that climate change may counteract a possible
CO2 fertilization due to impairing climatic conditions, e.g. droughts that are
projected to occur more frequently and to be longer in many regions worldwide (IPCC, 2007), thus suppressing tree growth and increasing mortality
rates (Allen et al., 2010).
According to Norby et al. (2010), the CO2 fertilization effect may also
be limited in the long term by decreasing nitrogen (N) availability due to
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higher growth rates and larger vegetation carbon stocks. LPJ-GUESS does
not feature an explicit N cycle and always assumes optimal N availability
(Haxeltine and Prentice, 1996), hence such N limitation is not reflected in
the simulation results. However, anthropogenic N deposition is quite high in
Swiss forests today (BUWAL and WSL, 2005). It is likely to stay high in
the future, and thus it appears justified to assume that N limitation will be
negligible for the future of Swiss forests.
Although mean vegetation carbon stocks for Switzerland were simulated
to increase, this did not hold true for all sites and species (Fig. 5.5). Importantly, the number of sites dominated by needle-leaved species (particularly
Picea abies) was projected to decrease, and broadleaved species became dominant (typically Fagus sylvatica and Quercus spp., cf. Fig. 5.4, 5.5). This shift
was caused by the parameterized climatic constraints for the establishment
of boreal species, i.e. the requirement of low winter temperatures that is used
to describe current species distribution patterns (cf. Dahl, 2007). In combination with the CO2 fertilization effect described above and less competition
by needle-leaved trees, this led to strong increases in the carbon stocks of the
broadleaved species. Thus, this phenomenon may not occur under managed
conditions. Additionally, this counteraction to the negative effects of impairing climatic conditions for the extant species requires that new species have
enough time to grow and mature. Nevertheless, this shift from needle-leaved
to broadleaved species is in line with other studies from the montane to the
subalpine zone in Switzerland (cf. Theurillat and Guisan, 2001).
This has still implications for forest management. Today, Swiss policy
favors natural regeneration (WaG, 1991, 2008); during the last four decades
plantations were diminished from ca. 15 M trees in 1975 to 1.2 M in 2011
(BAFU, 2012). This policy may meet its limitations in the coming decades.
For example, Castro et al. (2004) showed that natural seed dispersal had low
establishment success at the margins of the range of a species and therefore
was unable to counteract the high seedling mortality rates. Thus, to avoid
enhanced future carbon losses, a rethinking of management practices may
be required. Without planting species that are adapted to future climatic
conditions and promoting high species diversity, the environmental and economic consequences may be disastrous (Millar et al., 2007; Thomas Ledig
and Kitzmiller, 1992).
Soil carbon stocks were simulated to decrease or increase only slightly
towards the end of the simulation period (Table 5.2, 5.3), as found in previous studies with the related model LPJ (Zaehle et al., 2007). However,
other dynamic vegetation models showed an increase in global soil carbon
stocks under climate change (Sitch et al., 2008). Indeed, the quantification of
the impact of elevated temperature on decomposition rates is still subject of
discussion (Davidson and Janssens, 2006; Hakkenberg et al., 2008). Consequently, soil carbon turnover and its dependency on temperature continues to
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be modeled differently with different vegetation models (Portner et al., 2009),
leading to quantitative and qualitative differences in simulation results, thus
indicating considerable uncertainty due to methodological difficulties.
In LPJ and LPJ-GUESS, decomposition rates depend on temperature using a general empirical relationship (Zaehle et al., 2007). Its effects are clearly
visible when comparing CTR_CLIM and CTR_CO2 (Table 5.3): when CO2
did not increase, but climate changed, i.e. temperatures increased, decomposition rates were highest, thus leading to minimum soil carbon. An increase in CO2 , but constant temperature and precipitation patterns resulted
in increasing soil carbon stock due to higher litter production rates. Besides
rising temperatures, other factors such as management or land use changes
may augment the decrease in soil carbon stocks (Heikkinen et al., 2013), but
these were not considered in our study.
At sites that are exposed to climatic limitations already under the current
climate, i.e. at warm-dry sites or near upper treeline, forests showed the
highest susceptibility to climate change, confirming the findings by Elkin
et al. (2013). For the Rhone valley, the Engadin, Basel and Schaffhausen,
losses in vegetation carbon were simulated for all ‘Extreme’ scenarios (Fig.
2, 3). Drought-induced growth reductions and increases in mortality for Scots
pine in the Swiss Rhone valley and a shift towards the more drought-tolerant
pubescent oak forests were reported in several studies (e.g., Bigler et al., 2006;
Dobbertin et al., 2007; Rebetez and Dobbertin, 2004; Rigling et al., 2013).
In contrast, regions close to the current treeline were simulated to experience
a strong increase in vegetation carbon stocks (Fig. 5.5). Indeed, growing
conditions at current upper treeline in the European Alps have improved
already, leading to ingrowth as well as upward shifts of forests near the current
treeline - though not only due to climate but also due to land use changes
(Gehrig-Fasel et al., 2007; Bolli et al., 2007).
Earlier simulation studies have shown that simulated carbon stocks depend on the underlying climate scenarios (Berthelot et al., 2005; Schaphoff
et al., 2006; Scholze et al., 2006). Due to the breadth of climate scenarios employed here, we were able to identify that only simulations using the
‘moderate’ and ‘medium’ variants of the scenarios A1B and A2 show an increase of vegetation carbon at currently dry sites towards the end of this
century and in the 23rd century (Fig. 5.2, 5.3), whereas all other scenarios
resulted in decreasing vegetation carbon. The increases were caused by shifts
from needle- to broadleaved species that were accelerated when climate exceeded the tolerances of the needle-leaved species. The resulting high mortality improved establishment and growing conditions for new, more warmthand/or drought-adapted species. However, this does not necessarily imply
that under such climate conditions ecosystem services from forests would
generally be safe. As Elkin et al. (2013) pointed out, some ecosystem services
such as protection against rockfall or avalanches depend on particular tree
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species mixtures. Furthermore, extensive losses of Norway spruce, ‘the major
commercial tree species in Europe’, would be likely to reduce strongly the
economic value of forest stands in Switzerland (Hanewinkel et al., 2013).
Interestingly, for the scenario with the weakest climate change signal
(RCP3PD, Table 5.1) some areas showed an increase but others a decrease
in vegetation carbon stocks under all variants, while the more severe scenarios tended to show an increase in carbon stocks. Koca et al. (2006) also
found a higher carbon storage capacity with a higher CO2 emission scenario
compared to an ‘environment oriented’ scenario; the authors argued that
higher CO2 concentrations allowed for a higher fertilization effect. However,
we showed that the effect is higher in the long term under climate change
than without, which means that rising CO2 is not the sole driver.
Finally, it is noteworthy that climatic growing conditions in the RCP3PD
scenario were worse than before climate change, but not sufficiently poor (as
in A1B and A2) to allow for adaptation such as species shifts that then
would have been able to compensate carbon losses. Still, even under the
smallest amount of climate change some species shifts take place, although
much more slowly, as indicated by the slight increase in vegetation carbon in
the RCP3PD scenario by the end of the simulations in 2300.

5.5

Conclusion

This study provides a national overview of climate change impacts on potential carbon storage in Switzerland based on three novel climate scenarios,
each featuring a quantification of the inherent uncertainty. As management
was not included here, we recommend disentangling its effect in a follow-up
study to provide recommendations for actions that support policy makers
directly.
We demonstrated that species shifts maintain the current capacity of
forests to act as a carbon sink over the coming decades and even centuries
even when management is excluded. Although growing conditions for current
species in many areas of Switzerland are deteriorating due to higher temperatures and lower growing season precipitation, increasing CO2 concentrations
and particularly shifts to climatically better adapted species may lead to the
maintenance of a carbon sink.
The magnitude and rate of change of carbon storage and tree species composition at the sub-national scale depend on the initial climatic conditions,
the severity of the climate scenario as well as its uncertainty; for example, the
more extreme scenarios such as A1B and A2 induce strong species shifts and
thus allow for a faster adaptation of the ecosystem to the new conditions,
including higher future vegetation carbon storage than under the smallest
climate change (RCP3PD).
The uncertainties inherent in the climate scenarios lead to a high uncer-

tainty in the simulation results; for example, sites that are prone to heat
waves and droughts under current climatic conditions will experience losses
in carbon stocks under the most ‘extreme’ assumptions in all scenarios but
not necessarily under ‘moderate’ or ‘medium’ conditions. This suggests that
while the national signal (i.e., continued carbon sink capacity) is relatively
robust, the sub-national (regional) signal may be much less trustworthy. This
uncertainty needs to be taken into account in ecosystem management strategies, as they are typically developed at spatial scales much below the national
scale.
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Figure 5.6: Simulated size-dependent mortality based on Manusch et al. (2012) with NE
boreal/temperate shade-tolerant needle-leaved evergreen (e.g. Picea abies), NEIS boreal/temperate intermediate shade-tolerant needle-leaved evergreen (e.g. Pinus sylvestris),
TBS temperate shade-tolerant broadleaved summergreen (e.g. Fagus sylvatica) and IBS
temperate shade-intolerant broadleaved summergreen (e.g. Betula sp.).

6

Synthesis

In this thesis I aimed to improve the understanding of processes of forest
dynamics at their limits and how to represent them in a dynamic vegetation
model. In particular, I focused on two points: tree mortality as the ‘ultimate
boundary’ and drought or water availability as a key climate-dependent limit.
I used the hybrid vegetation model LPJ-GUESS and revised the representation of tree mortality either due to ‘intrinsic’ (Chapter 2) or ‘extrinsic’
forces (drought, Chapter 3). Thereafter I evaluated the importance of soil
properties and plant water uptake for simulating carbon storage of forests
in general (Chapter 4), and I finally projected the impact of climate change
with the revised model version (Chapter 5). Below, I discuss the findings of
these chapters, important methodological aspects and future research needs.

6.1
6.1.1

General discussion
Representation of mortality

Tree mortality is one of the main processes driving vegetation dynamics; nevertheless it has not received much attention in vegetation modeling studies
so far (Keane et al., 2001). In Chapter 2, I replaced the age-dependent mortality routine that is commonly applied in gap models and thereof derived
hybrid DGVMs by a size-dependent approach and evaluated model output
in terms of growing stock, PFT distribution, and the growth-longevity rela119
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tionship at five sites in Switzerland that form a climatic gradient. Only the
size-dependent mortality approach matched all three patterns sufficiently at
four of these sites (cf. Grimm et al., 2005). However, growing stock of the
fifth site (Sion) was overestimated by all mortality approaches. The latter was
due to inappropriate descriptions of drought in LPJ-GUESS. I concluded that
intrinsic mortality should be simulated by size rather than by age, and I suggested the need for more detailed process descriptions of water limitations in
the model, which I subsequently addressed in Chapters 3 and 4.
When I replaced age by size as a mortality predictor, I used diameter at
breast height (dbh) as a measure of ‘size’. An alternative approach, i.e. relating
size to biomass (instead of dbh), led to similar results (not shown in the
thesis). However, it would be quite difficult to parameterize a biomass-based
approach because direct, non-destructive measurements of individual tree
biomass are not feasible, and indirect biomass estimations using allometric
rules typically are based on tree height (e.g., Popescu, 2007) or dbh (e.g.,
Basuki et al., 2009) as predictors. Thus, these methods depend strongly on
the assumption underlying the allometric equations, and often require prior
knowledge on stand characteristics (e.g., tree species) (Jenkins et al., 2003).
For all these reasons, I decided to focus on the more easily accessible and less
uncertain ‘size’ variable dbh to set up the mortality routine.
As maximum size in LPJ-GUESS is related not only to dbh but implicitly
also to tree height due to allometric rules (Eq. 3 in Sitch et al., 2003), trees
die also when they reach their maximum height. However, in reality trees
are known to virtually stop growing in height as they get old, but they still
can survive for extended periods of time, only growing in diameter (Ryan
et al., 2006; Ryan and Yoder, 1997). This was considered in some other hybrid
DGVMs (e.g., Moorcroft et al., 2001; Sato et al., 2007), but its importance in
LPJ-GUESS remains unknown. Thus, the impact of this issue on simulation
results should be scrutinized in future studies, and the allometric rules used
in LPJ-GUESS should be evaluated critically and adapted accordingly.
The upper limit to tree height has, inter alia, been explained by the higher
cavitation risk of tall trees, the so-called hydraulic limitation (Domec et al.,
2008; Koch et al., 2004; Mencuccini et al., 2005; Ryan et al., 2006; Ryan
and Yoder, 1997). Indeed, when water availability becomes limiting, trees
at maximum height face the highest mortality probability, in addition to
seedlings (McDowell et al., 2008). In general, xylem vulnerability to drought
facilitates hydraulic failure and thus tree mortality (Anderegg et al., 2012;
Brodribb and Cochard, 2009; Hoffmann et al., 2011). This process, however,
has rarely been considered in models of long-term vegetation dynamics.
Hickler et al. (2006) and Zaehle et al. (2006) incorporated a complex hydraulic architecture scheme in LPJ and LPJ-GUESS, respectively, but did
not investigate mortality due to hydraulic failure. I addressed this issue in
Chapter 3 by introducing a simple approach with far fewer parameters and
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thus lower uncertainties than these other studies, by simply equating conductivity loss (i.e., xylem embolism) due to water stress with a reduction
of sapwood area to represent hydraulic failure. With parameter settings reflecting the highest susceptibility to hydraulic failure, the model simulated
a clear decrease in biomass. However, parameter settings capturing intermediate vulnerability led to an increase in biomass compared to the standard
model results. This counter-intuitive result was due to the fact that newly
established saplings overcompensated for the higher mortality in larger trees.
These unanticipated stand-scale effects overrode any stand-level impacts of
the increase in mortality at moderate droughts, and they suggest that a fundamental understanding of tree persistence and community assembly towards
the dry limit is lacking in this (and many other) vegetation model. As a way
forward and a mere first step, I suggest to redefine the climatic limits for
drought stress in the model (e.g., relating it to the driest month instead of
average drought across the growing season), and to refine how plant water
availability and uptake are simulated, particularly for small trees. I addressed
this to some extent in Chapter 4 of this thesis.

6.1.2

Water limits

Chapter 4 revealed shortcomings of the original model in terms of water availability. Particularly at dry sites, the simplified soil properties and hydrologic
assumptions that are commonly used in DGVMs led to unrealistically high
water availability. As a consequence, carbon uptake and carbon storage were
overestimated under these conditions. This is not surprising, as DGVMs were
originally designed for global applications and therefore use global soil data
sets. However, my study showed that applying these models at smaller, i.e.
regional or local scales, requires more accurate soil data to reliably simulate
soil water content and hence carbon uptake and storage, especially under
water limitation.
Although I was able to improve the representation of soil properties in
the model, at least two hydrological shortcomings remain: First, interception
was underestimated and plant water availability and thus uptake was overestimated by the deficient simulation of hydrological processes (see Chapter 4).
Second, several factors determining runoff generation and thus plant water
availability are not addressed in the current model, e.g. slope or aspect of
a site. However, Wolf (2011) pointed out that soil properties have a decisively higher influence on simulated carbon storage than lateral water fluxes
in LPJ-GUESS.
Provided that these hydrological problems were solved, another two issues would remain that need to be addressed in subsequent studies before
attempting to simulate severely dry conditions. First, most currently available DGVMs assume limitation by the carbon source (photosynthesis) under
drought, modeled as a direct negative effect of drought on photosynthesis
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(Leuzinger et al., 2013). Empirical evidence, however, suggests that carbon
sink activity, i.e. plant growth, is reduced first under water shortage while
photosynthesis is maintained at a high level (Muller et al., 2011). Thus, such
models either overestimate biomass if photosynthesis is used to constrain
biomass, or they have been ‘tuned’ to match observed biomass patterns,
thus giving ‘the right answer for the wrong reason’ (Leuzinger and Thomas,
2011), i.e. simulating correct biomass values but applying inappropriate climatic limits.
Second, it is well-known that biotic agents such as bark beetles benefit
when trees suffer from droughts, whereas in LPJ-GUESS (and many other
vegetation models) the risk of disturbances is a probabilistic function that is
not coupled to any climate variable (besides fire, cf. Thonicke et al., 2001).

6.1.3

Methodological aspects

Model choice
As explained in the introduction of this thesis, I chose LPJ-GUESS because
it is a ‘second generation’, hybrid dynamic vegetation model combining a
DGVM with gap model features to describe vegetation dynamics, and was
successfully applied at several temporal and spatial scales. However, the question remains if the choice of a different dynamic vegetation model would
have led to deviant conclusions of this thesis, and how fortunate my choice
was. Unfortunately, the formulations of the processes and the according parameterizations described in this thesis differ considerably between models
(Gerten et al., 2008; Morales et al., 2005; Ostle et al., 2009; Sitch et al.,
2008), which aggravates a direct comparison (see discussion in Chapter 5).
Still, some conclusions can be drawn.
In Chapter 2 of this thesis, I introduced a new, more process-based approach for describing ‘intrinsic’ tree mortality, and I showed that it performed
robustly along different climatic gradients. As the approach is process-based,
simple and robust, I believe that it could and should be implemented in other
models. In contrast, the proposed ‘extrinsic’ drought-dependent mortality
was not robust due to problems in the description of soil water availability,
which can also occur in other DGVMs, as explained further below.
I showed that the simplified assumptions on soil hydrology and plant water uptake that many models have in common are considerable sources of
uncertainty. Especially at small spatial scales and under dry conditions, the
choice and degree of detail of soil data influence the simulation results, irrespective of the model that is chosen. This may explain why several DGVMs
failed in water-limited ecosystems in Mediterranean areas (Morales et al.,
2005).
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Limitations of the model
Besides the shortcomings of the original model mentioned above, I wish to
stress two further limitations that emerged during this thesis:
(i) In the Appendix, I investigated simulated establishment rates at the
study sites that had been used in Chapter 2. Interestingly, the driest site showed intermediate establishment rates compared to other,
wetter sites, which contradicts the expectation of minimum establishment under water limitation, as it would be characteristic of dry woodlands. This was still found to be true when establishment was simulated
to be drought-limited, employing an algorithm developed by Hickler
et al. (2012). Therefore I suggest testing simulated establishment rates
against measured data, although I am aware that the calipering limits
of typical monitoring campaigns (e.g. in the context of National Forest
Inventories) hardly ever cover the smallest trees, which would be of key
interest in the present context.
(ii) Bioclimatic limits (temperature and soil water constraints; cf. Hickler
et al., 2012; Sitch et al., 2003) drive the simulated species composition as they regulate establishment and survival. They are based on
empirical observations, but the underlying processes or physiological
principles are not always understood (cf. Scheiter et al., 2013). For example, we showed that without bioclimatic limits the arctic treeline
was simulated by LPJ to be at considerably higher latitudes than with
bioclimatic limits (Leuzinger et al., 2013), indicating their high potential for model ‘tuning’. In the simulations conducted during my thesis,
the settings for the bioclimatic limits resulted at some sites in sudden species die-offs when the limits were exceeded (data not shown)
or unrealistic species compositions. The latter is important for climate
impact studies: with the current model formulations, sharp transitions
between species tend to occur, thus neglecting the possibility of gradual
species shifts. This also raises the question whether the current species
may adapt to changing climatic conditions to some extent (plasticity),
or whether they are as static as assumed in most DGVMs (Scheiter
et al., 2013).
Evaluation of model behavior
In this thesis, model behavior was evaluated using data from National Forest Inventories, the International Tree Ring Database, or it was compared
to often less quantitative literature data. I have mentioned already in the
respective discussion sections that these data should be viewed as rough
benchmarks only, rather than rigorous datasets that must be matched by the
model. This is so because the model simulates potential natural vegetation,
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i.e. it does not include the influence of management. However, most Swiss
forests are managed, or management has ceased only a few decades ago.
Nevertheless, I think the model performed satisfactorily as measured against
these data. Also keeping in mind that correct results could be achieved for
the wrong reasons, using different types of data for model evaluation simultaneously is a way forward (cf. Grimm et al., 2005). An example is the use of
the growth-longevity relationship in Chapter 2, which helped to distinguish
one model from the other – where all models predicted growing stock and
species distributions reasonably well.

6.2

Outlook

After improving the intrinsic mortality routine and the representation of soils
in the model, and after introducing a drought-dependent mortality routine
as well as sink- instead of source-limitation under cold conditions (Leuzinger
et al., 2013), the next step would be to combine these advancements into one
model version and evaluate whether overall model performance is enhanced.
If this was the case, the implications of the new model for climate change
impacts could be investigated and be compared to the findings of Chapter
5, particularly with regard to drought limitations (arising from Chapter 3).
However, before doing so, some additional steps emerge from the above discussion, which are summarized here as further research recommendations.
• Hydrological processes should be treated more comprehensively, also
considering capillary rise of water or allowing roots to tap ground water. Also, the sensitivity of interception storage should be examined
and probably be re-parameterized to reduce water availability for infiltration, which in turn should strengthen the importance of vertical
root distribution and rooting depth.
• Establishment under water limitation has been addressed already by
Hickler et al. (2012). However, the results shown in the Appendix of this
thesis indicated that there are still deficiencies in this regard that may
have been caused by the above-mentioned problem of overestimated
infiltration in the upper soil layers.
• Allometric rules should be revised in terms of maximum tree heights
that should be reached well before maximum diameters, and thus allow
trees to stop growing in height decisively before they die. However,
maximum tree heights should not be treated as static values (cf. Rasche
et al., 2012).
• Chapter 2 showed a large influence of patch-destroying disturbances on
the amount of simulated biomass in DGVMs. Therefore the role of the
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disturbance interval as a hidden calibration parameter should be scrutinized. Moreover, specific disturbances coupled to climate extremes such
as droughts or late-spring frosts (e.g., Rammig et al., 2010) should be
considered. Only then changing patterns of disturbances such as frequency or duration can be addressed. Apart from that, the individual
intrinsic mortality assumes a constant annual mortality risk due to
disturbances (see Chapter 2). Hence, there is a functional overlap of intrinsic mortality and the patch-destroying disturbance function, which
remains a challenge that should be addressed in subsequent studies.
• To support decision makers with estimates of climate change impacts
as aimed for in Chapter 5, work towards including past and potential
future management practices would be needed. Studies that considered management in LPJ or LPJ-GUESS are either very generic (e.g.,
Zaehle et al., 2006), consider only agricultural management (Bondeau
et al., 2007) or refer only to single sites like our recent study for two
alpine valleys (cf. Elkin et al., 2013). Rasche et al. (2011) included a
sophisticated management sub-model in the forest gap model ForClim
and improved model performance considerably when model output was
compared to data from managed forests. It is conceivable to develop a
similar, albeit most likely simplified tool for DGVMs.
• We recently investigated the effect of bioclimatic limits at the cold treeline and showed that a more process-based approach, namely a sinklimitation of carbon, is more appropriate to simulate biomass towards
the cold treeline (Leuzinger et al., 2013). A global assessment of the
impact of bioclimatic limits in DGVMs would shed light on the role
of these calibration parameters for simulated carbon storage. Scheiter
et al. (2013) argues to enhance the physiological realism underlying
the bioclimatic limits, or to avoid them entirely. An alternative approach to the classical ‘bioclimatic limits-driven’ DGVMs would be the
recently introduced trait-based models (Scheiter et al., 2013; Van Bodegom et al., 2012).
• In addition to Chapter 3, the study by Leuzinger et al. (2013) could be
extended for water-limited ecosystems such as the dry treeline, investigating the effect of a sink-limitation of growth on carbon storage.

6.3

Conclusion

This thesis emphasized the importance of a process-based representation of
mortality and water limitations in vegetation models and has demonstrated
possibilities to overcome current shortcomings when modeling forest dynamics at their limits. However, this work has also shown that these models still

do not describe all key processes of vegetation dynamics reliably, which casts
doubts on our current ability to assess and quantify the possible impacts of
climate change on terrestrial ecosystems. In spite of all their limitations, I
think that vegetation models are valuable tools for climate impact studies as
long as their results are interpreted with their assumptions and limitations
in mind, otherwise erroneous conclusions and wrong recommendations are
likely. It is clear that these models need further, detailed scrutiny and I call
for caution when it comes to using them as black-boxes for providing support
to decision makers in the context of developing adaptation and mitigation
strategies.
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A

Simulating growing stock under
drought conditions – deficiencies of
LPJ-GUESS and how to possibly
overcome them
A.1

Introduction

In Manusch et al. (2012) the growing stock of forests was simulated with
the ecosystem model LPJ-GUESS (Sitch et al., 2003; Smith et al., 2001) at
five sites in Switzerland and compared to observed data of the Swiss National
Forest Inventory (NFI; EAFV 1988). While the model performed well at four
sites (Basel, Bern, Bever, Davos), it overestimated growing stock by almost
50% at the driest site (Sion). In the discussion of Manusch et al. (2012),
we speculated that the model underestimated the growth-efficiency mortality under dry conditions and therefore resulted in a too high tree density
and hence exceedingly high biomass and growing stock. Incorrect growthefficiency mortality may also result from a poor description of growth, i.e.
if growth rates are too high; a too low mortality is simulated. An exceedingly large establishment combined with high growth rates that allow trees
to survive may amplify this effect.
In this brief study we investigate whether the overestimation of growing
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stock at Sion is due to an underestimation of growth-efficiency mortality itself, or whether the processes determining this mortality are described insufficiently. In order to best understand the results, we evaluate the consequences
for all five Swiss sites of Manusch et al. (2012).

A.2

Material and Methods

The input data for the five Swiss sites and a description of LPJ-GUESS
including the mortality formulations was provided by Manusch et al. (2012).
Model setup and parameterization was applied in accordance with this study.
Here, only a short overview of the processes tree growth and establishment
based on Smith et al. (2001) and Sitch et al. (2003) is given. Both processes
are calculated at the end of each simulation year; whereas establishment takes
place in 5-year intervals.
Tree growth in LPJ-GUESS results from the allocation of annual net primary production (anpp) to leaves, fine roots and sapwood. A fixed amount
of sapwood is converted to heartwood every year. The allocation follows simple allometric rules (diameter-height relationship and crown area-diameter
relationship) and is further determined by equations derived from the pipe
model theory, i.e. individual sapwood cross-sectional area and leaf area are
proportional to each other. Here, I compare simulated growth rates (i.e. radial
increment in mm yr−1 ) with observed values derived from the International
Tree Ring Data Base (ITRDB, 2013) and Weber et al. (2007). The observed
sites are within a 20 km distance to the simulation sites and located at similar
altitudes.
Establishment occurs only if PFT-specific temperature requirements are
fulfilled. After patch-destroying disturbances or in the first simulation year,
the establishment rate is proportional to a PFT-specific maximum rate and
light is assumed to be not limiting. Thereafter, the potential annual productivity at the forest floor determines the establishment rate, i.e. establishment
is light-limited (and water-limited whenever NPP is water limited). A ‘background’ establishment rate ensures a minimum establishment rate. Between
seed production and standing biomass, a positive, species-specific relationship is assumed (spatial mass effect). The annual number of new saplings is
drawn from a Poisson distribution using the establishment rate as expected
value. To evaluate establishment in this study, ‘establishment rates’ were defined as the number of trees with age = 1 year averaged over all patches (N
ha−1 ).
First, I analyzed the establishment rates of the simulation results generated by Manusch et al. (2012), i.e. establishment was not explicitly droughtlimited. Second, I applied a formulation proposed by Hickler et al. (2012)
aimed at capturing the effects of drought on establishment, i.e. prohibiting
establishment when the fraction of available water holding capacity in the
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upper soil layer (fAWC ), averaged across the growing season, was below a
PFT-specific limit (for TBS 30%, for NE 43%; cf. Hickler et al., 2012). I considered the mean fAWC of the previous year when age = 0 as prerequisite
for successful tree establishment (age = 1).

A.3

Results and Discussion

The growth-efficiency mortality probability was similar for all intrinsic mortality approaches applied in Manusch et al. (2012) (Fig. A.1). At the juvenile
stage it was high (0.5-2.5% per year) due to poor growing conditions and
high competition in the understory. When trees grew into the larger diameter classes it decreased. The simulated growth-efficiency mortality probability
was highest at the sites Basel, Bern and Sion, and lowest at Davos and Bever.
This decline in mortality from juvenile to mature stages corresponds to theoretical expectations (Goff and West, 1975; Harcombe, 1987). Comparable
mortality rates for the juvenile stage were reported in studies based on data
from the Austrian NFI (Monserud and Sterba, 1999) as well as the Swiss
and French NFI (Vieilledent et al., 2010). Therefore we conclude that the
simulated growth-efficiency mortality did not deviate from expectations for
the site Sion. Moreover, it seemed to be realistic for all sites.
Simulated tree growth (radial increment in mm yr−1 ) was within
measured ranges (Table A.1). Highest growth rates were observed and
simulated at Bern and Basel. Lowest growth rates were observed at the
colder or drier sites Bever, Davos, and Sion. However, as shown for Sion in
Table A.1, observations may differ strongly although measured trees were
situated within a radius of 20 km to the study site and at a similar altitude
(study site 542 m, a 580 m, b 590 m). This might have been caused by different
stand properties, e.g. a consequence of different management, or different
tree selection criteria in the field.
The differences in growth between the sites were less distinct in the small
diameter classes (< 20 cm) than in the diameter classes ≥ 20 cm (Fig. A.2).
Hence, in the smaller diameter classes, where the growth efficiency mortality
should be particularly pronounced when competition for light is acting in
combination with drought impacts, tree growth at the Sion site was not
lower than in the other sites. In the diameter classes > 16 cm, tree growth
was lowest in Sion but highest in Davos. As Davos was also a site with low
tree growth values (Table A.1), it was likely that many small, slow-growing
trees dominated the stand in Davos. This was confirmed with Fig. A.3.
In general, tree numbers differed strongly for all sites in the small diameter classes but converged in larger classes to < 20 N ha−1 (Fig. A.3). The
overall pattern and densities were within observed ranges for forest reserves
in Switzerland (Brang et al., 2011; Heiri et al., 2009). Besides in Davos, sim-
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Table A.1: Simulated vs. observed mean radial growth rates (Gmean ) for the five study
sites in Switzerland introduced by Manusch et al. (2012). Observed values were derived
from sites with a maximum distance of 20 km and app. the same altitude as the study
sites.
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Gmean
(mm yr−1 )

Davos
Gmean
(mm yr−1 )

Bern
Gmean
(mm yr−1 )

Basel
Gmean
(mm yr−1 )

Sion
Gmean
(mm yr−1 )

Ancal
Acal
Dstd
Dsimp

0.7
1.1
1.0
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1.2
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0.6
1.3
1.1
1.1

(Observed
Gmean
(mm yr−1 )

0.8 ± 0.3a
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Figure A.1: Simulated mean growthefficiency mortality per diameter class
at five sites in Switzerland, applying
three intrinsic mortality assumptions.
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Figure A.2: Simulated mean annual
growth (radial increment) at five sites
in Switzerland, applying three intrinsic
mortality assumptions.
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Figure A.3: Simulated mean density at five sites in Switzerland, applying three intrinsic
mortality assumptions.

ulated tree densities were high in Bever, whereas Sion showed a medium tree
density and Basel was the site with the lowest density values (Fig. A.3). At
the sites with lower densities, growth was highest, i.e. competition was lowest
(Fig. A.2). Accordingly, the medium density in Sion in the small diameter
classes resulted in low to medium competition between trees and hence led to
growth rates per tree that were not lower than the average of the other sites.
This combination of effects explains why the growth-efficiency mortality in
Sion was similar to the results at the other sites.
Comparing the simulation results from Sion to those from the climatically most similar site, Basel, revealed that tree growth was slightly lower
or equal but the density was higher in the small diameter classes in Sion
indicating higher establishment rates. Thus, in a next step I compared simulated establishment rates at both sites for drought-unlimited establishment
vs. drought-limited establishment (cf. Hickler et al., 2012).
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Figure A.4: Simulated establishment rates and fractions of plant-available water holding
capacity (fAWC ) in the upper soil layer without and with application of drought-limited
establishment at two TBS-dominated sites: a) Basel and b) Sion. Drought tolerance for
TBS is 30% of AWC, the intrinsic mortality formulation is Dsimp (cf. Manusch et al.
2012).

In Basel, the minimum fAWC (29%, Fig. A.4) of all simulated years was
slightly below the TBS-specific limit (30%), and the mean fAWC throughout
the investigation period was 54%. In Sion, the minimum fAWC (15%) and
the mean fAWC (27%) were clearly below the TBS-specific limit. However,
only in a few years (e.g. 1950s) the establishment rates for Sion were significantly smaller when drought limitation was switched on than without.
Averaged over the full period, this was partly compensated after wet years,
where drought limitation was switched on but was not effective (e.g. 1988).
Although drought limitation should have rarely been effective in Basel, in
single years the difference between drought limitation and no-drought limitation appeared exceedingly high (e.g., 1950, 1965). Yet, the mean fAWC
in the previous year was sufficiently high to exclude drought-limiting effects.
When drought limitation for establishment was not considered, in 81% of all
years, establishment was simulated in Basel, but only in 63% of all years in
Sion. The simulated number of establishment years differed by -3% (Basel)
to -5% (Sion) when drought-limited establishment was considered; this was
a rather small effect. On average in an establishment year establishment occurred on 2-3 of 50 patches at either site. In years where trees established on
many patches, the mean establishment rate was higher, too (e.g., Basel in
1950 on 9 patches, Sion in 1964 on 15 patches, and in 1967 on 12 patches).

Establishment rates for these single years were up to two times higher in Sion
compared to Basel, thus the mean establishment rates for all years were ca.
50% higher in Sion regardless whether establishment was limited by drought
or not. The general annual pattern of establishment rates with and without
drought limitation was similar for all applied intrinsic mortality functions at
the two sites (cf. Manusch et al., 2012, data not shown). According to these
results, establishment might have been too high at the dry site. The reasons
for this should be investigated further, e.g. light availability at the forest
floor and/or an insufficient limitation of establishment by drought effects.
Unfortunately, in most of the broad-leaved species dominated forest reserves
in Switzerland, that would be the only suitable data reference, management
was only stopped ca. 50 years ago and thus forests are in early development
phases (Heiri et al., 2011) that do not fully reflect the simulated equilibrium
state.
Lastly, it should be noted that drought-induced dieback of Pinus sylvestris
was observed around Sion during the last decades (Bigler et al., 2006; Dobbertin et al., 2005), a process which is not captured by LPJ-GUESS. Thus,
I suggest including a drought-dependent mortality routine to improve the
simulation of biomass and growing stock under dry conditions.
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