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Summary

Forest landscape dynamics result from the complex interaction of driving forces and

ecological processes operating on various scales, including large-scale natural

disturbances (e.g., wildfires, windthrow), forest management, the physical environment,

and stand-scale succession and competition processes. Projected climate change for the

21st century is expected to alter climate-sensitive processes, causing shifts in species

composition, but also to bring about changes in disturbance regimes. Mountain

ecosystems provide a wide range of goods and services to humanity and at the same

time are particularly sensitive to climatic changes. This study focuses on assessing the

response of mountain forest ecosystems to a changing climate; to do so, the effects and

interactions of these various factors must be considered and understood. Dynamic

landscape-scale models enable us to investigate these complex systems in a quantitative

and structured manner.

The objectives of this thesis are (1) to develop a model that is able to simulate realistic

vegetation patterns in weakly- as well as strongly-disturbed landscapes and under

variable environmental conditions; (2) to design and integrate a fire model that is able to

simulate a fire regime as an emergent property of climatic parameters and vegetation

properties; (3) to evaluate the relative importance of the effects of future climate

change, wildfires, windthrow and harvesting on the dynamics of mountain forests in the

European Alps.

This study describes the design and evaluation of a new landscape-scale model,

LandClim. LandClim is based on an existing model (LANDIS), which incorporates a

range of large-scale processes such as seed dispersal, wind and fire disturbances and

harvesting, which dynamically interact with forest vegetation. However, the stand-scale

representation of forest vegetation and autogenic factors of succession was found to be

too simplistic to realistically reproduce landscape patterns in the European Alps. Also,

the effects of climate change on tree population dynamics and on disturbance regimes

cannot be studied as an emergent property of the LANDIS model, but need to be

prescribed via model parameters. Therefore, the modeling presented in this study

comprises (1) the integration of a new growth and competition routine that incorporates

quantitative descriptions of forest structure, and explicitly includes the effects of

climatic and edaphic parameters on tree population dynamics; and (2) the incorporation

in



Summary

of a new fire sub-model that predicts fire size and return intervals as an emergent

property of climatic variables, soil type and vegetation properties.

LandClim was able to simulate vegetation processes, biomass and species distribution

for both managed and unmanaged stands in the European Alps in accordance with

current ecological understanding. Furthermore, the model reproduced patterns of stand

recovery and development of stand structure after disturbance events which are

congruent with empirical findings. LandClim was also able to predict most

characteristics of the fire regime along an extended climatic gradient in the continental

Rocky Mountains. Although the local accuracy of LandClim was limited, most likely

because of uncertainties in parameter estimation, the simulated fire regime under

different environmental conditions resulted in realistic, relative differences. Thus,

LandClim is capable of simulating crucial interactions between climate, fire

disturbances and forest patterns.

LandClim applications in two landscapes of the European Alps using a scenario of

anthropogenic climate change for the end of the 21st century and a range of windthrow

disturbance and harvest scenarios suggest extensive forest cover changes, commencing

in the coming decades. The simulation results suggest that projected climate change will

have a substantial impact on forest vegetation, particularly on biomass distribution as

well as on species composition along altitudinal gradients. Notably, this will only

partially be due to direct climatic effects on tree population dynamics. Fire is likely to

become an important agent in shaping the landscape, even in areas where major

wildfires do not occur under current climatic conditions; this is especially the case in

some of the drier areas of the Alps. The effects of variable wind and harvesting regimes,

however, are less likely to have a considerable impact on forest development compared

to the direct effects of climate change coupled with the indirect effects of increased fire

activity. From this study, it can be concluded that the direct and indirect effects of

projected future climate change have the potential to be a serious threat to mountain

forests in the Alps, with considerable implications for the many goods and services

provided by these ecosystems.
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Zusammenfassung

Waldlandschaftsveränderungen entstehen durch komplexe Wechselbeziehungen von

Prozessen auf verschiedenen Ebenen. Treibende Kräfte hinter Veränderungen sind unter

anderem grossflächige natürliche Störungen (z.B. Feuer, Windwurf), Waldbewirt¬

schaftung, physikalische Umweltfaktoren und Prozesse der Bestandesentwicklung wie

Sukzession und Konkurrenz. Es wird vermutet, dass die für das 21. Jahrhundert erwar¬

tete Klimaveränderung sich auf klimasensitive Prozesse auswirken wird und dadurch

nicht nur Artenzusammensetzungen, sondern auch Störungsregime verändert werden.

Gebirgsökosysteme, die eine Reihe wichtiger Güter und Dienstleistungen liefern, sind

besonders empfindlich gegenüber Klimaveränderungen. Die vorliegende Studie

beschäftigt sich mit den Reaktionen von Gebirgswaldökosystemen auf Klimaverände¬

rung. Dafür müssen die Auswirkungen und Wechselbeziehungen der beteiligten Pro¬

zesse berücksichtigt und verstanden werden. Dynamische Landschaftsmodelle bieten

dabei eine Möglichkeit, diese komplexen Systeme auf eine quantitative und struktu¬

rierte Art zu untersuchen.

Die Ziele dieser Studie sind (1) ein Modell zu entwickeln, das Vegetationsmuster

sowohl in selten, wie auch in häufig gestörten Landschaften und unter variablen Um¬

weltbedingungen realistisch simuliert, (2) ein Feuermodell zu entwerfen und zu imple¬

mentieren, welches Feuerregime simuliert, die aus Klima- und Vegetationsparametern

resultieren, (3) den relativen Einfluss einer zukünftigen Klimaveränderung, von Wald¬

bränden, Windwürfen und Waldbewirtschaftung auf die Dynamik von Gebirgswäldern

in den europäischen Alpen zu evaluieren.

In dieser Studie werden das Design und die Evaluation eines neuen Landschaftsmodells,

LandClim, beschrieben. LandClim basiert auf einem existierenden Modell (LANDIS),

welches eine Reihe von grossflächigen Prozessen berücksichtigt, wie Samenausbrei¬

tung, Wind- und Feuerstörungen und Waldbewirtschaftung, welche die Waldvegetation

dynamisch beeinflussen. Waldbestände und intrinsische Sukzessionsprozesse sind

jedoch zu vereinfacht dargestellt, um damit realistische Landschaftsmuster in den euro¬

päischen Alpen zu reproduzieren. Zudem können Auswirkungen von Klimaveränderun¬

gen auf die Walddynamik und die Störungsregime nicht direkt mit LANDIS simuliert

werden, sondern müssen durch Modellparameter vorgegeben werden. Aus diesen Grün¬

den wurde das Modell in dieser Studie wie folgt weiterentwickelt: (1) Integration einer

neuen Wachstums- und Konkurrenzroutine, welche eine quantitative Beschreibung der

v



Waldstruktur beinhaltet und explizit die Effekte von klimatischen und edaphischen

Parametern auf die Walddynamik berücksichtigt, und (2) Einbezug eines neuen Feuer¬

modells, welches Feuergrösse und Wiederkehrdauer anhand von klimatischen Varia¬

blen, dem Bodentyp und der Vegetation bestimmt.

LandClim simulierte Vegetationsprozesse, Biomassen- und Artenverteilung sowohl für

bewirtschaftete, wie auch für unbewirtschaftete Wälder in den europäischen Alpen

übereinstimmend mit heutigem ökologischen Verständnis. Zudem konnte das Modell

auch die Wiederbewaldung und die Entwicklung der Bestandesstruktur nach Störungen

so wiedergeben, dass sie mit empirischen Ergebnissen übereinstimmen. LandClim

konnte ebenfalls die meisten Eigenschaften des Feuerregimes entlang eines erweiterten

klimatischen Gradienten in den kontinentalen Rocky Mountains vorhersagen. Obwohl

die genaue Voraussage von LandClim für einzelne Bestände aufgrund von Unsicher¬

heiten in der Parameterschätzung limitiert war, wurden die relativen Unterschiede zwi¬

schen verschiedenen Umweltbedingungen gut wiedergegeben. Die wichtigsten Wech¬

selbeziehungen zwischen Klima, Waldbränden und Waldstruktur können somit mit

LandClim simuliert werden.

LandClim-Anwendungen unter einem Klimaszenario für das Ende des 21. Jahrhun¬

derts und unter verschiedenen Windwurfs- und Waldbewirtschaftungsszenarien zeigten,

dass für die kommenden Jahrzehnte substantielle Veränderungen der Wälder in den

europäischen Alpen zu erwarten sind. Die Resultate zeigten, dass der vermutete Klima¬

wandel einen grossen Einfluss auf die Waldvegetation haben wird, insbesondere auf

Biomassenverteilung und Artenverteilung entlang von Höhengradienten. Allerdings

wird dies nur zum Teil durch direkte klimatische Einflüssen auf die Walddynamik

bedingt. Waldbrände werden zunehmend zu wichtigen landschaftsbildenden Faktoren in

Gebieten wo unter heutigem Klima keine grösseren Feuer auftreten, insbesondere in

trockeneren Gebieten in den Alpen. Die Auswirkungen von veränderter Windhäufigkeit

und Bewirtschaftungsintensität scheinen einen kleineren Einfluss auf die Walddynamik

zu haben, als die einer Klimaveränderung und der damit verbundenen vermehrten Feu¬

eraktivitäten. Aus dieser Studie kann gefolgert werden, dass die direkten und indirekten

Einflüsse eines zukünftigen Klimawandels eine ernsthafte Gefahr für die Gebirgswälder

in den Alpen darstellen, was wiederum weitreichende Konsequenzen für die von diesen

Ökosystemen bereitgestellten Güter und Dienstleistungen haben wird.
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Chapter 1

Introduction

1.1 Dynamics of forested mountain landscapes

A large percentage of the human population worldwide relies on goods and services

provided by mountain forest ecosystems. Mountain forests play an important role in

regulating and securing freshwater supply in mountain areas and downstream lowlands.

Forests enhance the infiltration capacity of soils, and extend the period in which water

is available. Also, mountain forests are important as suppliers of wood, a natural

resource, and a range of non-timber commodities. The economic value of mountain

forests is not restricted to exploitable natural resources, but also extends to the key role

played by mountain forests in protecting humans and infrastructure from natural

hazards (e.g., rockfall, avalanches, floods, and landslides). In addition, over the last

decades, tourism has become increasingly important for mountain regions. As a result,

the scenic and recreational value of mountain landscapes is increasingly recognized.

Another important service provided by mountain ecosystems is their high biodiversity;

a wide range of biomes exists over relatively short horizontal distances in mountain

regions because climatic factors change rapidly with altitude.

Effective resource management and land use planning in the European Alps aim to take

this wide range of goods and services provided by mountain forests into account, by

incorporating biodiversity management, wood production, and scenic landscape

maintenance, while safeguarding the protective function of forests against natural

hazards. Anticipating the long-term cumulative effects of management policies is quite

difficult, given the multiple factors and interactions that operate on various spatial and

temporal scales. Mountain forests are characterized by steep environmental gradients

and topographic differentiation, which generate micro-climatic sites that limit tree

establishment and growth. In addition, periodic natural disturbances (e.g., windthrow,

bark beetle infestations, and avalanches) strongly influence vegetation patterns in

mountain landscapes. Thus, understanding the dynamics of the entire forest landscape is

increasingly important for mountain landscape management.
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Introduction

In addition, there are increasing concerns about the long-term consequences of

anthropogenic climate change for mountain landscapes. State-of-the-art projections of

climatic changes for the 21st century in the European Alps suggest a considerable

increase of air temperatures coupled with a decrease of summer precipitation, i.e.

warmer and drier conditions for many subalpine forests (Gyalistras et al., 1998; Wanner

et al., 2000; IPCC, 2001a; Schär et al., 2004). These climate trends are likely to lead to

a shift in vegetation composition (e.g. Kienast, 1991; Kräuchi, 1994; Bugmann, 1997b;

Fischlin and Gyalistras, 1997), but they could also lead to a very different wildfire

regime in areas that are currently unaffected, or virtually unaffected, by this disturbance

agent (Conedera et al., 1996; Beniston, 2000). In current climatic conditions, the

wildfire regime in the Swiss Alps is characterized by low frequency fire, although the

more continental areas (e.g. the intra-alpine dry valleys (Valais, Engadine)) exhibit

significant exposure to fire under current climatic and land-use conditions. Given the

expected changing climate conditions, the fire frequency, size and intensity are expected

to change (e.g. Overpeck et al., 1990; Ryan, 2000; Flannigan and Wotton, 2001).

Therefore, in order to understand and predict landscape dynamics, we must consider the

interactions of a variety of factors and processes, including climate, succession, natural

disturbances and management. The limitations of observational studies in addressing

questions that relate to landscape dynamics are evident. To study landscape changes,

research on spatial and temporal scales larger than those suitable for experiments or

stand-level studies is required. In addition, it is impossible to assess the impact that

these complex, interacting processes will have in the future, based on observational

methods alone. However, dynamic landscape-scale models allow us to investigate the

influence and interactions of these different drivers of landscape dynamics in a

quantitative and structured manner (Mladenoff and Baker, 1999).

1.2 Models of forest landscape dynamics

Landscape simulation models are spatially explicit models designed for predicting

changes in land cover patterns across large geographic areas (i.e., the scale of 103—106

ha) and over long time periods (i.e., decades to centuries) (Mladenoff and Baker, 1999;

Baker, 1989). These models incorporate ecological processes that occur over large

areas, and focus on the relationship between these processes and spatial vegetation

patterns. Landscape models usually include spatial processes such as seed dispersal and

large-scale disturbance regimes (e.g., windthrow, wildfires, insect infestation,

harvesting). Depending on their purpose, landscape models vary in respect of temporal

and spatial scale, biological detail and environmental attributes included. Most

landscape models focus on large landscapes and emphasize the importance of spatial

processes. Typically, they include simplified representations ("parameterizations";
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Models of forest landscape dynamics

cf. Bugmann et al., 2000) of stand-scale ecological processes such as tree growth and

competition.

Many landscape models characterize forests as a set of discrete states (e.g. successional

classes, forest cover types) (Green, 1989; Baker et al., 1991; Acevedo et al., 1995;

Gardner et al., 1996; Starfield and Chapin, 1996; Keane et al., 2002; Plotnick and

Gardner, 2002; Yemshanov and Perera, 2002). Such models are largely based on a

simple rule-based transition model, related to Markov models. Vegetation changes are

modeled by transition probabilities between the different states. Species-level dynamics

are not explicitly simulated; hence, the species-level response to a changing climate or

to large-scale disturbances cannot be investigated with these models.

Landscape models that take the interaction of tree species and large-scale disturbances

into account tend to use simplified representations of stand-level forest properties, for

example they track only the presence or absence of species age classes but not tree

density and size (He and Mladenoff, 1999b; Roberts and Betz, 1999; Pennanen and

Kuuluvainen, 2002), or they estimate forest composition based on forest inventory data

and stand age (Li, 2000). In these models, environmental variability, vegetation

composition and structure as well as the response of vegetation to disturbances are

represented by simple classifications, which capture the most important elements of

vegetation dynamics, rather than by a detailed mathematical parameterization. Such

simplified formulations of vegetation dynamics may be sufficient to represent

landscapes where fine-scale patterns and processes are frequently overridden by large-

scale disturbances, but these models are difficult to apply in landscapes which are

infrequently disturbed today, such as those in the European Alps.

Other modeling approaches for landscape dynamics are based on spatial applications of

forest gap models (Keane et al., 1996; Miller and Urban, 1999). These approaches

incorporate spatial interactions between forest patches as well as the fine-scale

processes embodied in the original gap models. Spatial application of gap models to

large areas makes it possible to incorporate many species-specific details when

simulating landscape dynamics, and therefore to mechanistically simulate the

interactions between environmental variables, disturbances and individual trees.

However, due to computational limitations, applying gap models to large areas while

carrying all the information of a gap model is relatively demanding (e.g. Pacala et al.,

1996; Caspersen et al., 1999). To simulate large areas based on this approach, spatially

inexplicit scaling-up (e.g. Acevedo et al., 1995; Urban et al., 1999), or simplifying the

representations of some ecosystem processes may be helpful. In a recent approach,

Garman (2004) developed a landscape-scale model by scaling-up a forest gap model

using a meta-model scaling concept (cf. Urban et al., 1999).

3
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1.3 Aims of this study

The general impetus behind this study was to contribute to a better understanding of

forest landscape dynamics in the European Alps by developing a new landscape-scale

modeling approach that can (1) track forest properties relevant to ecosystem

management, based on variables relating to stand biomass, species composition and

stand structure; (2) simulate species-level responses to a changing climate; (3) study the

impacts of a changing management regime on landscape development; and (4)

investigate the indirect climatic effects by simulating fire disturbance based on climatic

variables and vegetation properties.

The new modeling approach is based on the well-established landscape model LANDIS

(He and Mladenoff, 1999b). LANDIS incorporates a range of large-scale processes such

as seed dispersal, wind and fire disturbances and harvesting, which dynamically interact

with the forest vegetation. The integration of these different processes makes the model

suitable for studying the complex nature of landscape dynamics. As a first step, I

evaluated the suitability of the original LANDIS model for simulating landscape

dynamics in the Swiss Alps (Chapter 2). I found that some processes are not integrated

with the complexity or at the scale required for forest landscapes in the Alps and the

objectives of this study. Firstly, forest vegetation in LANDIS is represented in a very

simplified manner; no quantitative information is included about forest composition or

forest structure. Secondly, tree growth and inter-specific competition effects are not

explicitly simulated. Thirdly, the effects of changing climate on landscape properties

cannot be studied as an emergent property of the model, but need to be prescribed via

model parameters. Finally, the model is not capable of predicting the natural

disturbance regimes based on climate and vegetation properties alone. Instead, the

specification of both current and future disturbance regimes is required as an input to

the model. Particularly in the case of fire, which is strongly dependent on climatic

properties, and also partially dependent on fuel load (Bessie and Johnson, 1995), this is

problematic for predicting the future state and dynamics of forested landscapes. Thus, to

overcome the limitation of the LANDIS model with respect to the objectives of this

study, further model development was necessary.

Therefore, this study has the following three main goals:

1) To develop a simulation model that is able to simulate realistic vegetation patterns

in weakly- as well as in strongly-disturbed landscapes and in variable environmental

conditions.

2) To design and integrate a fire model that is able to simulate fire regime as an

emergent property of climatic parameters and vegetation properties.

4



Aims of this study

3) To evaluate the importance of the effects of future climate change, wildfires,

windthrow and harvesting on the dynamics of mountain forests in the European

Alps.

To fulfil these three objectives, I initially integrated a new growth and competition sub¬

model. This new sub-model incorporates quantitative descriptions of forest structure

and explicitly includes the effects of climatic and edaphic parameters on tree population

dynamics. The detailed description of this model and the model testing are presented in

Chapter 2. As a second step, I replaced the fire sub-model in LANDIS with a new fire

routine that is able to simulate fire size and return intervals as an emergent property of

climatic variables, soil type and vegetation properties. The fire sub-model is presented

and discussed in Chapter 3. The ability of the resulting new landscape model,

LandClim, to reproduce the fire regime of landscapes that are currently under a high-

fire regime was tested by applying it to the climate of the Rocky Mountains, using the

Colorado Front Range as a case study. Finally, the model was used to simulate past and

possible future landscape dynamics using various disturbance scenarios in the European

Alps (cf. Chapter 4).

5





Chapter 2

Improving the formulation of tree

growth and succession in a spatially

explicit landscape model

Published as: Schumacher, S., Bugmann, H. and Mladenoff, D.J., 2004. Improving the

formulation of tree growth and succession in a spatially explicit landscape model.

EcologicalModelling, 180(1): 175-194.

Abstract - Long-term forest landscape dynamics are determined by a set of driving

forces including large-scale natural disturbances, land-use, the physical environment,

and stand-scale succession processes. Landscape models have an important role as tools

for synthesizing existing information and making projections of possible future

vegetation dynamics on large spatial scales. However, current landscape models cannot

readily be used to study (1) the change from weakly to strongly disturbed landscapes,

(2) the impact of changing climatic parameters on landscape-scale dynamics, and (3) the

effects of such changes on vegetation structure. Using European mountain forests as a

case study, this paper focuses on improving the well-established LANDIS landscape

model so that it can be applied to study these research questions. We integrated a simple

tree succession sub-model into LANDIS, which incorporates quantitative descriptions

of forest structure, and included sub-models to capture the influences of competition as

well as climatic and edaphic parameters on tree population dynamics. The new model

was subjected to a number of quantitative tests against measured data. It accurately

predicted the altitudinal distribution of vegetation properties under both managed and

unmanaged conditions in the Dischma valley (Switzerland). It also provided realistic

and accurate patterns of vegetation recovery following wind disturbance events, in spite

of the very simple model formulations. To demonstrate the utility of the added detail,

we applied the model in scenario mode under a range of changes in climatic and

disturbance parameters, assuming a continuation of the current management regime.

The simulations showed that the various driving forces have quite different effects on

different species, and that their combined effect differs from one scenario to the next.

Notably, there are few models that integrate forest growth and succession with

7



Improving the formulation oftree growth and succession in a spatially explicit landscape model

disturbance dynamics in a semi-mechanistic manner. Our version of LANDIS achieves

this integration based on simple concepts and methods that do not require many

parameter estimates. We conclude that the new model has the potential to provide an

integrated picture of the impacts of both direct and indirect effects of climate change on

forest landscape dynamics.

Keywords - Forest dynamics; Tree growth; Competition; Succession; Landscape model;

LANDIS; Disturbances; Mountain forest ecology.

2.1 Introduction

Mountain forests are characterized by complex spatial vegetation patterns. Steep

environmental gradients and topographic differentiation generate micro-scale conditions

that limit tree establishment and growth (Ott et al., 1997). In addition, periodic natural

disturbances (e.g., windstorms, wildfires, avalanches) and anthropogenic disturbances

(e.g., management) strongly influence vegetation patterns in mountain landscapes.

Understanding the long-term dynamics of these systems is essential for planning forest

management and for predicting the consequences of environmental changes, to name

just a few research issues. Therefore, we need to be able to predict the effects of the

complex interaction of the various agents that drive forest dynamics at the landscape

scale.

The limitations of empirical studies in addressing the questions that relate to landscape

dynamics are evident. To study landscape changes, research on spatial and temporal

scales larger than those amenable to experiments or stand-level observational studies is

required. Often, models are the only way to consider the interactions and changes

within forest landscape systems that cannot be tested under real-world conditions. Thus,

landscape-level ecological models are essential to improve our understanding of the

dynamics of large-scale processes and form a crucial basis for analyzing the

consequences of changes in the ecological factors involved.

Typically, recent landscape models were designed to predict changes in land cover

patterns across large geographic areas (the scale of 103—106 ha) and over long time

spans (e.g., hundreds of years) (e.g., Baker, 1989; Mladenoff and Baker, 1999).

Landscape models usually focus on processes such as seed dispersal, wind and fire

disturbances, insect infestations and harvesting. For this reason, they typically include

simplified representations (parameterizations) of stand-scale ecological processes such

as tree growth and competition. Also, the description of stand structure in these models

is often greatly simplified (Roberts, 1996; He and Mladenoff, 1999b). Such simplified

formulations of vegetation dynamics may be sufficient to represent landscapes where

fine-scale patterns and processes are frequently overridden by large-scale disturbances.

8
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In landscapes which are infrequently disturbed today, it is difficult to apply these

models. To study weakly-disturbed systems, and in particular those where a change of

disturbance regime is anticipated in coming decades as an impact of Global Changes,

landscape models which contain a more detailed representation of stand-scale processes

and of their interactions with the large-scale disturbance regime may be required.

European mountain forests, on which our study focuses, are influenced today to a

certain extent by large-scale processes such as windthrow, and may be increasingly

subject to a changing wildfire regime. At the same time, landscape-scale dynamics in

these systems are also strongly determined by a range of factors and processes that

operate at the stand and patch scales (Ott et al., 1997). To investigate the landscape-

scale dynamics of European mountain forests, we used the well-established LANDIS

landscape model (He and Mladenoff, 1999b; He and Mladenoff, 1999a; He et al.,

1999a; He et al., 1999b; Mladenoff and He, 1999) as a starting point for our study.

LANDIS integrates the range of large-scale processes relevant for our project.

However, we were unable to realistically reproduce landscape patterns in the European

Alps with the unmodified version 3.40 (He and Mladenoff, 1999b) of this model, for the

reasons outlined below.

LANDIS does not explicitly simulate tree growth, and does not account for inter¬

specific competition effects during stand development. Instead, it is based on the

assumption that establishment probabilities reflect the factors affecting the species'

performance during succession. Once established, trees die only because of large-scale

disturbances, or when they approach their maximum lifespan. Thus, applying the model

to weakly-disturbed landscapes resulted - in the long run - in the domination of shade-

tolerant species with long lifespans, even if they were assigned very low establishment

probabilities. Under the current weak disturbance regime of the central European Alps,

LANDIS produced a strong dominance of subalpine (1600-2300 m a.s.l.) Pinus cembra

landscapes instead of the widespread Picea abies (cf. Ellenberg, 1996). In reality, Pinus

cembra may reach old age, but is not normally competitive against Picea abies except

at the highest elevations and in dry continental climates. We had to conclude that the

forest stand description and stand-scale ecological processes included in the model were

too simplistic to realistically simulate forest dynamics in weakly disturbed landscapes,

thus making it impossible to study their fate under a changing disturbance regime.

In addition, the establishment probabilities in LANDIS have to be defined by the user,

i.e. they do not emerge from the interactions of the modeled processes. This does not

allow the user to simulate the effects of a changing environment (e.g. climate change)

on landscape properties, or to simulate transitions of species composition over a

climatic gradient without basically prescribing the outcome of such changes via

modified parameter values. Thus, establishment probabilities have a decisive effect on

determining species composition across the landscape.

9



Improving the formulation oftree growth and succession in a spatially explicit landscape model

Finally, LANDIS incorporates only data on the presence or absence of tree age-classes,

and thus does not provide any quantitative detail about stand composition or stand

structure at an individual grid cell level. Therefore, based on these simple variables it is

difficult to model succession more accurately (i.e., processes such as competition

between trees), or to use LANDIS to assess the effects of landscape properties on, for

example, ecologically relevant variables such as habitat suitability for wildlife.

To overcome these shortcomings, we replaced the stand-level model parts of LANDIS

with an improved tree growth and succession sub-model. This sub-model contains (1) a

more detailed quantitative description of forest structure in each simulated grid cell, and

(2) more mechanistic formulations of growth and competition than are currently

incorporated in landscape models. Tree- and stand-scale ecological processes in the new

model are mostly derived from approaches in the widely used gap models (e.g. Shugart,

1984; Urban and Shugart, 1992; Liu and Ashton, 1995; Bugmann et al., 1996), but they

were simplified considerably compared to their original implementation.

We introduced these modifications with the following three objectives in mind: (1) to

be able to investigate the influence of a changing disturbance regime on landscape

properties, i.e. to study the transition from currently weakly-disturbed to more strongly-

disturbed landscapes in the future; (2) to be able to study the impacts of changing

climatic parameters on landscape dynamics without having to make a priori

assumptions about these effects, i.e. to obtain a landscape-level model that is sensitive

to climate and soil properties, and (3) to investigate landscape properties which are

relevant for ecosystem management, based on variables relating to stand biomass,

species composition, and stand structure.

2.2 Model description

We first give a brief overview of the original LANDIS model, followed by a description

of the expanded model which introduces the overall model structure and describes

major model alterations.

2.2.1 Overview of the original LANDIS model

The LANDIS model has been described in detail elsewhere (He and Mladenoff, 1999b;

He and Mladenoff, 1999a; He et al., 1999a; He et al., 1999b; Mladenoff and He, 1999).

It is a spatially explicit, raster-based, stochastic model designed to simulate forest

change in combination with disturbance regimes such as fire, windthrow, and forest

management. The model simulates vegetation dynamics on large landscapes (on a scale

of 104—106 ha) and over long time spans (e.g. hundreds of years) in ten-year time steps.
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It simulates forest stands on a rectangular grid with a user-defined size (usually 30 x

30 m). Each grid cell contains coarse vegetation information at the species level.

Vegetation status is defined by data regarding the presence or absence of 10-year age

cohorts of each species. Actual size and number of trees are not modeled. For each

species, a set of attributes such as longevity, age of first reproduction, shade and fire

tolerance, and seeding distance are driving vegetation dynamics. Furthermore, each grid

cell belongs to a so-called "land type". These user-defined land types are the basis for

distinguishing between different site characteristics, environmental conditions, and

species-specific establishment probabilities.

The establishment of new tree cohorts is modeled based on seed availability and a

simple parameterization of light and site conditions (Mladenoff and He, 1999). Seed

availability is determined by seed travel distances and the age of maturity of each tree

species. Seed travel distance is defined by species-specific effective and maximum

parameters (He and Mladenoff, 1999a). The difference in species' ability to reproduce

vegetatively after disturbances is also taken into account in the model. For successful

establishment, propagules have to be available in the grid cell, and light conditions have

to be favorable. Species can establish only if they are more shade-tolerant than any

other species that is already occurring in the grid cell. Whether a new cohort will

actually establish is further dependent on species-specific establishment coefficients, as

discussed above. They reflect the relative potential of the various species to successfully

establish under different environmental conditions.

In LANDIS, tree growth is not modeled explicitly. Only the age of the surviving tree

cohorts (see below) is incremented in each time step. Thus, the model is based on the

implicit assumption that establishment probabilities also reflect the factors affecting the

species' growth success (cf. Roberts, 1996).

Mortality is implemented in LANDIS as an age-dependent function. Age-dependent

background mortality occurs in the last fifth of a species' potential lifespan, during

which the mortality probability increases gradually with age. In addition (and very

importantly), mortality is also caused by the various disturbance regimes, as outlined

below.

Wildfires are simulated stochastically using mean fire return intervals and fire sizes,

which are parameters by land type. Fire severity is simulated based on fire intensity

(determined by time since last disturbance), the age of a cohort, and fire tolerance (He

and Mladenoff, 1999b). Windthrow is simulated stochastically, in a manner similar to

fire. Susceptibility to windthrow is approximated based on the maximum lifespan and

the current age of the trees. The interaction of wind and fire regimes is implemented by

increased fire intensity after windthrows, to represent the effect of fuel accumulation

(He and Mladenoff, 1999b). The harvest module is based on management areas with

specific management objectives. Each management area is divided into stands. Timber
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harvesting can be restricted to stand boundaries or may be allowed to 'spread' until a

defined harvest size is reached. The order in which stands are treated is determined by

ranking algorithms that prioritize stands by criteria such as stand age or economic value.

Harvest events remove selected age cohorts of selected tree species from each cell

(Gustafson et al., 2000).

2.2.2 Design of the modified model1

We extended the patch-scale formulations of LANDIS by (1) introducing a more

detailed description of the properties of tree cohorts; (2) incorporating new formulations

for tree growth and succession; and (3) adding routines describing the physical

environment, i.e. light availability, temperature, and soil moisture. This resulted in a

model that consists of two main parts: a 'local' succession model that operates on each

grid cell with a time step of 1 year, and a landscape model that contains processes

operating over several cells in 10-year time steps (Fig. 2.1).

Local model:

1-year time steps

/Bioclimatic

I variables
,

Succession

Biotic

variables

Landscape model:

10-year time steps

Seed

dispersal

Harvest

Wind

Fire

Figure 2.1

Basic structure of the modified LANDIS model.

1
Note that key equations that are not explicitly presented in this chapter are explained in more detail in

Appendix A.
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Stand-scale processes

Forest stand structure is modeled based on quantitative information of tree age cohorts,

i.e. groups of trees of the same species and age. These cohorts are characterized by the

average biomass of an individual tree (6;) and the number of trees in the cohort (Nc), not

just data regarding presence or absence as in the original LANDIS model. Thus, the

biomass of a cohort (Bc) is calculated according to Eq. (2.1).

Bc=BrNc (2.1)

The change of cohort biomass is tracked using a yearly time step in the model (cf.

Fig. 2.1). Differentiation of Eq. (2.1) yields

d^=d4 dA^
dt dt dt

The first term represents changes in biomass of individual plants (growth), whereas the

second term tracks changes in the number of individuals that form an age cohort

(mortality).

Tree growth

The growth model is based on the a priori assumption of a logistic growth relation for

the isolated plant (Eq. 2.3). Note that in the present context, this equation simply

represents a phenomenological description of individual tree growth, not a model of

population-level dynamics.

^
=
rl(t)-(l-^]-Bl(t)

(2.3)
dt

lW I KXt))

The individual growth rate, r[(t), is derived from a species-specific maximum growth

rate (rs), which represents growth under optimum environmental conditions. The growth

rate rx(t) is calculated as a function of three growth-limiting factors: light availability

(light rf), the sum of degree-days (DD rf) and a drought index (drStr_rf), as described

below. We applied Liebig's "Law of the Minimum" to combine these growth response

factors (Eq. 2.4).

rx(t) = rs mmilight_rf(f),DD_rf(t\drStr _rf(t)) (2.4)
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Also, maximum plant size, Kx(f), is implemented as a function of environmental

conditions (Eq. 2.5). It is reduced by degree-days (DD rf) and drought (drStr rf,

starting from a species-specific maximum plant size under optimal environmental

conditions (Ks).

K> (t) = Ks mm(DD
_

rf(t), drStr
_

rf(t)) (2.5)

The light response function (light rf is implemented as it is in a range of gap models

similar to the formulation suggested by Urban and Shugart (1992) (cf. Fig. 2.2a). We

assumed that this growth reduction is effective only within a closed canopy; canopy

openness is defined by available light at the forest floor (avLs > avLopen; cf. Table 2.1).

A proxy for light availability is calculated for each cohort using the Beer-Lambert law

(Monsi and Saeki, 1953); the corresponding light extinction coefficient is given in

Table 2.1. Total leaf area for each tree cohort is estimated from tree diameter at breast

height using the allometric equations by Bugmann (1994). Tree diameter is calculated

from aboveground biomass based on the equation by Schroeder et al. (1997). In the

model, a cohort is assumed to be shaded by the leaf area of all cohorts in the same cell

containing trees of larger individual biomass, and thus can assumed to be taller than the

target cohort. In addition, based on empirical evidence from Schulze et al. (1977), we

assume that one third of the leaf area of a cohort is responsible for self-shading.

To express temperature limitations on tree growth, we used the degree-day response

function (DD rf introduced by Bugmann and Solomon (2000, p. 99, Eq. 3'; cf.

Fig. 2.2b). For this, the annual sum of growing degree-days (DD) is derived based on

the method described by Bugmann (1994). Finally, the drought response function

(drStr rf is based on the relationship proposed by Bassett (1964), which was also used

in the model by Bugmann (1994, p. 66, Eq. 3.26; cf. Fig. 2.2c). This relationship is

based on a

0 1

Available light, avL

0 2500 5000

Degree-days, DD

drTol:

1

•5

0 1

Drought index, drl

Figure 2.2

Growth reduction functions used in the model: a) light response factor (light rf), b)

degree-day response factor (DDrf), c) drought response factor (drStrrf). Legends:

Abbreviations are explained in Table 2.3.
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Table 2.1

General parameters used in the modified LANDIS model.

Name Parameter description Value

k Light extinction coefficient (-) 0.5

2?i(t=0) Tree biomass at the time t=0 of cohort establishment (kg) 10

avLopen Threshold light availability to define open canopy conditions (-).
l

0.6

mrf Threshold growth reduction for stress-related mortality (-) 0.1

minYrs Minimum of stress years (yr) 3

la relative light availability of 60% corresponds to a canopy closure of 15% (Kimmins, 1987), which we

defined as non-forest.

drought index (Bugmann and Solomon 2000, p. 98, their Eq. 1'), calculated using the

water balance model by Bugmann and Cramer (1998).

The latter two growth-limiting factors require climatic input data, i.e. the mean monthly

temperatures and the monthly precipitation sum. The simulation model obtains this data

for each simulation year by randomly selecting a year from a historical climate data set

from a nearby weather station. The climatic parameters for each grid cell are adjusted

for elevation using lapse rates, thus resulting in a landscape-wide input data set of

weather conditions in any given simulation year. In addition, each grid cell in the model

has a user-specified elevation, slope, aspect, and soil type, which are required by the

soil water balance model.

Tree mortality

As for the growth section of the model, a yearly mortality rate, mc(t), is implemented as

follows:

dN
-rf- = -me(t)-Ne (2.6)
d^

The mortality rate is composed of a growth-dependent (mStress), a density-dependent

(mDense) and an intrinsic (mAge) component. These three factors do not operate

independently. The first two factors represent the effects of competition, and therefore

cannot be effective simultaneously. In addition, it is well known that low growth rates

often signify a means of adapting to low resource availability (cf. Loehle, 1988), which

leads to potentially high longevity. To represent this ecological tradeoff, we assume that

trees exposed to competition-related mortality are not at the same time subject to
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intrinsic mortality. Consequently, a maximum function was chosen to combine these

three mortality factors (Eq. 2.7).

mc(t) = max(mStress(t),mDense(t),mAge(t)) (2.7)

The stress-dependent mortality factor (mStress) is based on the assumption that only 1%

of species would survive 10 years of consecutive stress. Here, stress occurs when one of

the three growth response factors described above drops below a threshold value, m rf

(cf. Table 2.1). Stress-related mortality occurs only when a minimum number of

consecutive stress years (minYrs, Table 2.1) has accumulated (Eq. 2.8). The counter for

the number of stress years (sYrs) is increased by one each time 'stress' occurs,

otherwise it is put back to zero.

mStress = <

ln(0 01)

1-e 10 sYrs> minYrs (2 8)

0 else

Density-dependent mortality (mDense) occurs if total stand biomass exceeds maximum

stand biomass (maxBi). This value approximates the carrying capacity of a forest stand

and is user-defined. The mortality rate is calculated based on the difference between

maximum stand biomass, maxBf (cf. Table 2.4), and simulated stand biomass Bf. To

determine the excess biomass of each cohort, this excess cover is divided by the number

of cohorts that occur in the cell (numCohof). This biomass is then used to reduce the

cohort's biomass:

_

maxffe. -maxBf),0] 1
._ n.

mDense =
^ ^-^

(2.9)
numCoho{ B1 Nc

Intrinsic mortality is accounted for by a constant probability of death throughout the

lifetime of the tree, assuming that 1% of trees belonging to particular species reach their

maximum longevity (maxAges). We used the equation as commonly implemented in

forest gap models (e.g., Botkin, 1993; Bugmann, 1996):

ln(0 01)

mAge = \-emcaAge° (2.10)

In addition to these annual mortality rates, large-scale disturbances can cause mortality.

These exogenous mortality causes are simulated only once each decade (see below).
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Tree regeneration

Tree regeneration is simulated based on seed availability and environmental conditions.

Seed availability in each cell is checked every decade with the original LANDIS

seeding routine (Mladenoff and He, 1999). For those species with available seeds,

establishment potential over each decade is estimated as a function of environmental

conditions, which are considered each year for two different reasons: firstly to

determine the growth performance of newly establishment tree cohorts (over the last

decade), and secondly to determine the number of years that have been favorable for

establishment.

In the first step, the biomass of newly established cohorts (Bi(t=\0)) at the end of a given

decade is calculated from an initial tree biomass, which is the same for all species

(B[(t=0)). Biomass increment over ten years is tracked by an exponential growth

function (Eq. 2.11). Growth rates (r\) are reduced every year by environmental

conditions in an similar way to those described in the 'tree growth' sub-model (Eq. 2.4).

This results in larger establishment biomass for species with higher growth rates and for

those with a higher tolerance of unfavorable environmental conditions.

BXt = 10) :Bi(t + V) = BXt) (l + /;(0) (2.11)

In the second step, the model tracks the number of years (out of 10) in which

environmental conditions have been favorable for the establishment of a given species

(estYrSs). The routine that checks site conditions every year was implemented in a

similar way to those used in gap models (e.g., Bugmann, 1994, 1996; Shugart, 1984): a

particular year is favorable for establishment only if the following five criteria are met:

(1) available light at forest floor is higher than a species-specific threshold value

(minLs); (2) winter temperature (mean temperature of the coldest month) is higher than

a threshold minimum temperature (minTs); (3) the sum of growing degree-days exceeds

the minimum species-specific requirement (minDDs); (4) the drought index (drlse) has

to be lower than the species-specific maximum drought tolerance; (5) browsing

probability is calculated after Bugmann (1994, p. 60, Eq. 3.4) based on browsing

pressure (brows?) and a species-specific browsing tolerance (brTok); it has to be smaller

than a uniformly distributed random number. In addition, actual tree establishment

occurs only in a few years when all four factors are favorable, to take into account that

additional factors, which are not explicitly modeled, may prevent establishment. This is

expressed by the user-defined establishment coefficient (estCoeffi). Furthermore, after

each ten-year period, the establishment routine continues only if total stand biomass is

at least ten percent smaller than maximum stand biomass (maxBf). If stand biomass is

higher, newly established cohorts would die in the next growth period due to density-

related mortality (see the section on 'Tree mortality', above).
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Finally, if stand biomass permits establishment, the density of newly established trees

(Nc(t=\0)) is determined. Nc(t=\0) is calculated based on a user-defined maximum

establishment density (potDensi), which is reduced linearly by light availability at the

forest floor (avLs), resulting in smaller densities of tree regeneration under a dense

canopy. The resulting tree density is distributed among all tree species with available

seeds (sumSpeci) in proportion to the species' growth performance in the establishment

layer, as an assessment of plant vigor. Growth performance (grPers) is defined here as

the ratio of realized growth increment during the last ten years to the maximum possible

growth increment under optimal environmental conditions. We assumed that species

with better growth performance are capable of establishing more trees than species

whose saplings do not grow well. Furthermore, the potential regeneration density of

each species is reduced proportionally to the species-specific number of years over the

last 10-year period when establishment would have been possible (estYrss). This takes

into account the fact that unfavorable establishment years cause a reduction of a

species' establishment density (cf. Eq. 2.12).

Nc(t = 10) = potDens, • avLa • sum^ •^^ (2.12)

Landscape-scale processes

Tree mortality is caused not only by the 'endogenous' mechanisms included in the

succession sub-model described above. Exogenous sources of mortality included in

LANDIS are windthrow, fire and forest management. These large-scale disturbance

regimes are simulated with a ten-year time-step and are largely unchanged from the

original LANDIS model. Minor modifications had to be made to adjust these processes

to the altered model structure described above. Firstly, we defined tree susceptibility

towards disturbances, and tree selection for harvesting based on the tree diameter

classes (derived from biomass) instead of life span and age classes. For example, the

probability of wind mortality for individual trees increases with tree size (Table 2.2).

Secondly, we took into account the fact that only portions of cohorts, rather than entire

cohorts, may be killed by natural disturbances or by harvesting, and implemented this as

the mortality probability of individual trees. Thirdly, we extended the harvest module to

include additional management prescriptions. In particular, it can be specified that

stands be harvested only when the average diameter of the hundred largest trees in the

stand (calculated on a per hectare basis) - a common variable in central European

forestry (e.g., Anonymous, 1983) - is above a minimum size. In addition, we expanded

the set of harvest ranking algorithms by a) ranking by tree density and b) ranking by

biomass of the hundred tallest trees per hectare.
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Table 2.2

Windthrow susceptibility classes defined by diameter class (diameter at breast height, dbh) with

associated mortality probability of single trees for each class as implemented in the model. The values

were estimated based on literature data (e.g. Canham et al., 2001).

Diameter class (dbh) <10cm 10-20 cm 20-30 cm 30-40 cm >40 cm

Mortality probability 0.25 0.50 0.70 0.90 1.00

2.3 Methods used for model tests and applications

2.3.1 Study area

We studied landscape dynamics in the Dischma valley, which is located near Davos at

46.8°N, 9.8°E in the eastern part of the Swiss Alps. It is a typical Alpine valley

extending from 1500 to 3200 m a.s.l. Mean annual rainfall at 1560 m a.s.l. (climate

station Davos-Platz) is 1043 mm, while nearby at 2560 m a.s.l. (Weissfluhjoch), it

amounts to 1276 mm (SMA, 1960-2000). The mean annual temperature in Davos is

3.2 °C and at Weissfluhjoch -2.4 °C (SMA, 1960-2000). The main soil types are brown

soil, brown podzols, and podzols. In this study, we focused only on the northern part of

the valley that is forested today. Forests up to 2000 m are typically dominated by Picea

abies, while forest composition at higher elevations is dominated increasingly by Larix

decidua and Pinus cembra. The current tree line is located at ca. 2100 m a.s.l., well

below the natural tree line because of century-long human influences (alpine pastures).

2.3.2 Model parameters

The model requires parameter sets describing tree species, physical site conditions and

disturbance regimes. General parameters used in the modified model are given in

Table 2.1. Species parameters include life-history traits, environmental responses, and

demographic rates. These were estimated based on literature data and are summarized in

Table 2.3. Site parameters can be defined by ecoregions (land types), but in this study,

we defined only one ecoregion (cf. Table 2.4). Climate data containing information on

monthly mean temperature and precipitation sum from the climate station Davos-Platz

(SMA, 1960-2000) was used. Altitudinal lapse rates were derived by monthly linear

interpolations between the climate stations Davos-Platz (base station) and

Weissfluhjoch (SMA, 1960-2000). The size of each grid cell was set to 25 m x 25 m.

Elevation, slope and aspect for every grid cell were derived from a digital elevation
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Table 2.3a

Species life history parameters.

Species rs ^s maxAges matus EDS MDS vegPs sp ags

(yr1) (t) (yr) (yr) (m) (m) (-) (yr)

Abies alba 0.04 17.6 700 70 50 160 0 0

Larix decidua 0.07 13.5 850 30 60 200 0 0

Picea abies 0.08 15.2 700 50 70 250 0 0

Pinus cembra 0.03 5.9 1050 70 30 -1 0 0

Pinus mugo 0.06 0.4 300 10 90 300 0 0

Pinus silvestris 0.075 8.1 760 30 90 300 0 0

Alnus incana 0.12 4.9 150 20 30 100 30

Alnus viridis 0.09 0.035 100 20 30 100 30

Betula pubescens 0.12 1.7 170 20 200 700 30

Populus nigra 0.12 10.6 280 20 240 800 30

Populus tremula 0.12 3.8 140 20 240 800 30

Salix caprea 0.12 0.4 170 20 430 1400 30

Sorbus aucuparia 0.12 1.8 110 10 30 -1 50

r: maximum biomass growth rate (Flury, 1895; Burger 1945-53; Anonymous, 1983; Schober, 1987;

Lick and Sterba, 1991; Hillebrand, 1997); K: maximum above-ground tree biomass a species can

potentially reach2 (Assmann, 1961; Grosser, 1977; Burger, 1945-53; Bugmann, 1994); maxAge: expected

longevity (Bugmann, 1994); matu: maturity age for seed production (Rohmeder, 1972 p. 35); ED:

effective seeding distance; MD: maximum seeding distance (Rohmeder, 1972); vegP: probability of

vegetative reproduction, and spAge: maximum age for vegetative reproduction (Burschel and Huss,

1997).

model with a resolution of 25 m (DHM25, © 2002 Swiss Federal Office of

Topography). Soil information was taken from Krause's soil maps (1986). Avalanche

tracks were delineated based on an avalanche hazard map (Gründer and Kienholz,

1986). Note that avalanches were simulated, but not investigated further, as the

behavior of this part of the landscape is largely dictated by the pre-determined high

recurrence time of the avalanches. The characteristics of the current wind disturbance

regime in the study area were estimated based on investigations of storm history in

Switzerland (WSL and BUWAL, 2001). The mean return interval was estimated as 600

years, and the mean disturbance size as 2.5 hectare

See Chapter 4.2.4 for more details.

See Chapter 4.3.4 "Disturbance scenarios: Wind parameters and scenarios" for more information on the

parameterization of the current wind disturbance regime.
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Table 2.3b (continued)

Species life history parameters.

Species E/Ds folTypes shdTols minDDs minTs drTols brToL

(-) (-) (-) (d) (°C) (-) (-)

Abies alba 1 5 5 641 -6 3 3

Larix decidua 2 2 1 323 -11 2 2

Picea abies 1 5 3 385 -11 1 2

Pinus cembra 1 5 3 323 -99 4 3

Pinus mugo 1 4 1 323 -99 5 2

Pinus silvestris 1 4 1 610 -99 5 2

Alnus incana 2 2 2 610 -99 1 2

Alnus viridis 2 2 2 272 -99 2 2

Betula pubescens 2 1 1 498 -99 3 1

Populus nigra 2 2 3 662 -99 1 3

Populus tremula 2 2 2 610 -99 3 3

Salix caprea 2 1 3 610 -99 2 1

Sorbus aucuparia 2 1 2 498 -99 4 2

£/£>: 1 denotes evergreen species; 2 deciduous species;folType: foliage type4 (Bugmann, 1994); shdTol:

species shading tolerance (ordinal number between 1 and 5, 1 denotes least shade tolerant) (Ellenberg,

1996 p. 119); minDD: minimum annual degree-day sum (Bugmann, 1994); minT: minimum temperature

for establishment (Bugmann, 1994); drTol: drought tolerance of species (1 =

very intolerant; 5 =

very

tolerant) (Bugmann, 1994; Bugmann and Cramer, 1998); brTol: browsing tolerance (Bugmann, 1994).

2.3.3 Simulation experiments

We ran various sets of simulation experiments to test and apply the model in the

Dischma Valley. We started all the simulations on an empty landscape. At the

beginning of the simulations, all species were allocated a 10% probability of

contributing seeds to a cell. The first 1000 years of each simulation were used to allow

for the establishment of trees and to reach equilibrium between climatic conditions, the

disturbance regime, and vegetation structure and composition. Model evaluation started

following this "spin-up" period of the simulation.

4
See Chapter 4.2.4 for more details.
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Table 2.4

Site (land type) parameters.

Name Parameter description Value

maxBf Maximal stand biomass (t/ha)

potDenSf Potential establishment density (m~2)

browsf Browsing pressure (0.. 1)

estCoefff Establishment coefficient (for all species) (0.. 1)

The first test consisted of running the model using a harvest regime similar to that of the

study area5 over the last 300 years, so as to evaluate current landscape composition.

This simulated landscape composition was compared with forest inventory data

collected during the MAB project (Hefti et al., 1986). The comparisons were based on

biomass and species composition, aggregated over an elevational gradient for the entire

currently forested area (excluding avalanche tracks)6. The 'historic' harvesting regime

was started after the first 1000 simulation years (see above) and continued for 200

years, to mimic the period from 1700-1900 AD (before 1700 AD, harvesting activities

had presumably been minimal). In this period, the harvesting regime was fairly

intensive, as forests were used by the local community for multiple purposes: mowing,

cattle and goat grazing, firewood collection, wood extraction for fence posts, single

stem extraction for housing construction (local use), and clear-cutting for timber trading

(Günter, 1981). After 1900 AD, the 'historic' harvest regime was replaced in the

simulation by a 'current' harvesting regime, which consists of single tree selection in

only a small fraction of the area (Hefti et al., 1986). These simulations were conducted

under current climatic conditions and the current wind regime. To account for random

effects, evaluation was carried out on the mean values of fifty simulation runs.

In a second set of simulations, model behavior under potential natural conditions (i.e.,

current climatic conditions and no forest management) was tested at the landscape scale

by evaluating the distribution of forest properties over an elevational transect from the

valley bottom to the tree line. The total valley area was considered as a potential forest

area for these simulations, except for current settlement and productive agricultural

areas; that is, alpine pastures above the current tree line were treated as potential forest

area. This allowed us to investigate whether the model is able to realistically simulate

5
See Chapter 4.2.4 "Disturbance scenarios: Historical harvest regime" for more information on this

harvest regime.
6
See Appendix B.3 for more information.
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the change of species composition with altitude and the location of the potential natural

tree line. To account for wind disturbance and other random effects, we averaged the

years 1000-1500 of single simulations and then took the average result of twenty-five

such simulation experiments.

In this second set of simulations, model behavior was also evaluated on a stand scale.

We examined natural (i.e., no forest management) stand development patterns after

disturbance events. To explore model behavior on smaller scales, we divided the

landscape into elevation bands, each 100 meters wide. We assumed that vegetation

behavior within these bands would be comparable, as the climate is similar. We sorted

all cells within each band by age since the last disturbance, and then averaged the

simulated stand structures according to age since the last disturbance. The basis for

these analyses was a 3000-year simulation, of which the last 2000 years were examined.

Finally, the model was applied to a range of possible future climate and disturbance

scenarios to assess the sensitivity of the forest cover to Global Change. Based on the

Third IPCC Report (IPCC 2001a), we developed simple scenarios that comprised an

increase in temperature, a decrease of precipitation and an increase in wind disturbance

frequency. We performed three sets of scenario runs: a) 'current': current climate,

current wind regime (600 years mean return interval); b) 'moderate': mean temperature

No* Young forest

Mature forest,
lo*"

i

mono-layer

Mature forest,

multi-layer

Old forest with

rejuvenation

Figure 2.3

Definition of vertical structure classes as used in this study. 5CanoPy, total biomass of trees

bigger than 20 cm dbh (diameter at breast height); B^^ total biomass of species trees

smaller than 20 cm dbh. avL^^, portion of light that passes the cumulative leaf layer of

trees smaller than 20 cm dbh (corresponds roughly to a crown closure of 10%). DBHcanopy,

average diameter of trees bigger than 20 cm dbh.

Yes
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+2°C, precipitation -10%, mean return interval wind 400 years; and c) 'extreme':

temperature +4°C, precipitation -20%, return interval wind 200 years. The 'current'

harvesting regime - single tree selection in a small fraction of the area - was applied in

all three scenarios. The simulation results from the three scenarios were compared in

terms of biomass distribution (total biomass and species composition) and vertical stand

structure classes (cf. Fig. 2.3), aggregating the results over the entire forested area

(excluding avalanche tracks). To account for random effects, we again averaged the

years 1000-1500 of single simulations and then took the average result of twenty-five

such simulation experiments for each of the three scenarios.

2.4 Results

2.4.1 Model tests

Landscape-scale behavior

Applying the management regime to the years 1700-2000 AD resulted in a simulated

landscape in the year 2000 AD which was dominated mostly by Picea abies. Scattered

Larix decidua dominated cells and some Pinus cembra dominated areas at higher

elevations, but rarely at low elevations (Fig. 2.4b). It should be noted that the simulation

shown in Figure 2.4b is just one realization of the stochastic process underlying the

model; that is, depending on the particular simulation run, variation of the simulated

patterns may occur. However, we found that the variation from one run to the other was

Figure 2.4

Dominant tree species (i.e., species with biggest biomass on cell), a) current forest map

(Hefti et al., 1986), b) simulated landscape with forest management and current alpine land

use, and c) simulated landscape under potential natural conditions.
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not overwhelmingly large in this weakly disturbed landscape The aboveground

biomass and species composition in the simulated year 2000 AD (mean of fifty

simulation runs) exhibited gradual changes with altitude (Fig 2 5b) Biomass at lower

elevations is slightly above 200 t/ha, above 1750 m a s 1, it decreases gradually to about

50 t/ha at the upper forest border Species composition changes from Picea abies

domination to Pinus cembra dominated forests in the uppermost forested areas

The simulations under natural conditions allowed forests to expand beyond the current

upper forest border (Fig 2 4c) According to the model, these areas are dominated by

Pinus cembra with a narrow Alnus viridis belt at the tree line At lower elevations,

stands are dominated by Picea abies, but there are also scattered areas dominated by

Larix decidua (Fig 2 4c) The simulated natural vegetation dynamics resulted in

biomass values and species composition that also changed with altitude (Fig 2 5c)

Total aboveground biomass (excluding avalanche tracks) was highest at lower altitudes,

declined slightly with altitude between 1550 and 1850 m a s 1, and started to decrease

more strongly at altitudes between 1850 m and 2250 m a si (Fig 2 5c) Over the

elevational gradient, there was a transition from Picea abies dominated forests at lower

elevations to a Pinus cembra dominated forests in upper parts Larix decidua biomass

increased with altitude, and after reaching a maximum biomass at about 1800-1900 m

a s 1, it started to decline again (Fig 2 5 c)

Figure 2 5

Biomass distribution aggregated over the entire landscape (excluding avalanche tracks) a)

current forest properties (Hefti et al, 1986), b) simulated landscape with forest

management and current alpine land use, and c) simulated landscape under potential

natural conditions
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Stand-scale behavior

The biomass development of stands during the 1000 years after a wind disturbance

showed similar patterns at all elevations; therefore only the results from one elevational

band are shown (Fig. 2.6). However, succession was slower with increasing altitude.

For example, the time duration until maximal stand biomass was attained was 200 years

at the lowest elevations and 300 years at 1850-1950 m a.s.l. It exceeded 400 years

above 1950 m a.s.l. Also, the relative abundance of different species changed with

altitude (cf. Fig. 2.5c).

Figure 2.6

Diameter distribution during stand development after wind disturbance (1750-1850 m asl).
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Examining tree diameter distributions over time (Fig. 2.6), we found that some trees,

mostly small specimens, had typically survived the wind disturbance event (Fig. 2.6a);

that is, complete blowdown events with 100% mortality were rare (cf. Table 2.2). The

establishment of new trees occurred mainly during the first 20 years after the

windthrow, followed by a period of stem exclusion and self-thinning (Fig. 2.7). During

the stem exclusion period, the number of trees in the smallest diameter class started to

decline due to density-dependent mortality, and because some of them were growing

into the larger diameter classes (Fig. 2.6b). As soon as some trees attained large

dimensions (Fig. 2.6c), ongoing stem exclusion created space for stand re-initiation.

Only shade-tolerant species (Pinus cembra, Picea abies) were able to establish under

the existing canopy (Fig. 2.6c). Stand re-establishment, stem exclusion and growth into

larger diameter classes of the new cohorts took place continuously while old cohorts

were still present (Fig. 2.6d). Some single, large stems from the old cohorts remained in

the stand for several hundred years (Fig. 2.6e). Because of this overlap in the

development phases of old and new tree cohorts and the asynchronous succession of

growth phases in the different grid cells, stands subsequently grew into an equilibrium

with a broad range of diameter classes (Fig. 2.6e-f). The pattern of stem numbers

overtime was similar for all stands up to 2050 m a.s.l. Above this altitude, stem number

fluctuations ceased, and stem numbers were generally higher than those at the

equilibrium phase in stands at lower elevations.
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Figure 2.7

Simulated average mean tree biomass and stem number during stand development after

windthrow (dots), displayed in 20 year time steps from right to left: the first dot (rightmost)

is 20 year after the windthrow, and the last dot (leftmost) 200 years after the windthrow.

The solid line has a slope of-1.5, as suggested by self-thinning models (e.g., Yoda et al.,

1963).
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2.4.2 Model application

The sensitivity of the model to future climate scenarios was investigated by comparing

total aboveground biomass, tree species composition and the fraction of stand structure

types aggregated over the entire forested area (excluding avalanche tracks) (Fig. 2.8).

Under the 'current' scenario, total biomass yielded an average of 185 t/ha; under the

'moderate' future scenario, somewhat higher values were achieved, while the 'extreme'

scenario resulted in less biomass (ca. -10%) than the 'current' scenario (Fig. 2.8a).

Also, the three scenarios resulted in different average species compositions (Fig. 2.8a).

While the 'moderate' scenario was characterized by the continued dominance of Picea

abies at the landscape scale, the biomass of Abies alba increased strongly, and a number

of deciduous species (e.g. Populus spp.) were also able to grow in the landscape. In the

'extreme' scenario, strong changes in species composition occurred. Abies alba and
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Figure 2.8

Landscape properties under several scenarios of climate and disturbance change: 'current',

'moderate' and 'extreme' (see text for details), a) species-specific biomass, b) vertical

structure (cf. Fig. 2.3). The data represent averages over the entire forested landscape

except for avalanche tracks.
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Picea abies became co-dominant, and deciduous species had a much larger share in the

landscape.

The simulated effects on vertical stand structure were more gradual than those of total

biomass and species composition (Fig. 2.8b). While the landscape properties under a

perpetuated "current climate" scenario would be characterized by about 25% young

stands, and about equal fractions (30%) of mature mono-layer and multi-layer forests,

the percentage of young stands increases to 30% and to nearly 40% in the two climate

change scenarios, mostly at the expense of the mature mono-layer stands.

2.5 Discussion

2.5.1 Model tests

Landscape-scale behavior

The simulated distribution of dominant tree species in the landscape (Fig. 2.4b-c) is

difficult to compare to the map of current species distribution for two main reasons.

Firstly, the map of current stands (Fig. 2.4a) is derived from forest inventory data,

which provides a good description of stand structure, but provides less information on

species composition (Hefti et al., 1986); therefore, the estimated species distribution

patterns may not be very accurate. Secondly, the simulated distributions (Fig. 2.4b-c)

varied between simulation runs due to the stochastic processes embedded in the model.

Nevertheless, it is evident that the model yields spatial vegetation patterns under the

harvesting regime (Fig. 2.4b) that are similar to those of the current landscape

(Fig. 2.4a). Below, we discuss model behavior as aggregated over the elevational

gradient, and also at the stand scale (cf. next section).

The simulated landscape for the year 2000 AD showed total biomass values of about

200 t/ha at lower elevations, with these gradually decreasing with altitude (Fig. 2.5b).

These values are similar to those derived from forest inventory data (Hefti et al., 1986;

cf. Fig. 2.5a), and to values of 200-250 t/ha (300-400 mVha) for managed spruce

forests reported by Leibundgut (1986). The simulation results match the measured

values at lower elevations quite accurately, whereas at higher altitudes, biomass seems

to be somewhat underestimated by the model. Also, the model projects a rather linear

decrease of total biomass between 1650 and 2100 m a.s.l., whereas the measured data

may point at a slightly non-linear decrease, but these differences are not large.

The comparison between simulation results and inventory data also suggests that the

model correctly represents the dominance of Picea abies below 2000 m a.s.l. However,
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the model seems to underestimate the amount of Larix decidua biomass, whereas Pinus

cembra is over-represented, particularly at higher altitudes. It is quite likely that these

differences are due to the fact that our management regime is not only relatively coarse,

but did not include wooded pastures, where Larix decidua is favored quite strongly over

more shade-casting trees such as Picea abies or Pinus cembra (cf. Walder, 1983). Larix

decidua is an early successional species that can co-exist or dominate only after

disturbances (Ott et al., 1997). Overall, we can conclude that the simulated biomass and

species distribution correspond well to available measured data.

The simulated forests under natural, unmanaged conditions (Fig. 2.4c, Fig. 2.5c) cannot

be compared directly with the inventory data (Fig. 2.4a, Fig. 2.5a); however, literature

data is available for this model test. The simulation produced evidence that three species

dominate: Picea abies, Larix decidua and Pinus cembra (Fig. 2.4c, Fig. 2.5c). These are

the three main tree species of the current forest cover (Wälder, 1983) (Fig. 2.4a), and

are also the three main species of the potential natural forest vegetation in this area

(Landolt et al., 1986; Zumbühl and Burnand, 1986; Ellenberg, 1996; Ott et al., 1997).

Compared to current conditions, Larix decidua and Pinus cembra forests are thought to

have covered larger areas before forest management began (Landolt et al., 1986), and

this is reflected in the simulation results, where these two species occupy a higher

portion in Figure 2.5c than in Figure 2.5a, particularly at elevations between 1650 and

2100 m a.s.l. The simulated fraction of biomass of Larix decidua (Fig. 2.5c) is

considerably higher than under the management scenario (Fig. 2.5b), but still somewhat

smaller than currently observed in the study area (Fig. 2.5a). Measurements of

aboveground standing volume in a Picea abies virgin forest that is similar to potential

natural forests in the lower elevations of our study area resulted in biomass values of

about 300 t/ha (550 m3/ha) (Hillgarter, 1971). Simulated values at lower elevations (Fig.

2.5c) are considerably higher than under the management scenario (Fig. 2.5b), but still

somewhat smaller than this measured data. The presence of a belt of Larix decidua-

Pinus cembra forests above 2000 m a.s.l. agrees with literature data (e.g., Landolt et al.,

1986, Ellenberg, 1996). Its biomass has been estimated to amount to 50-100 t/ha (100-

200 mVha) (Leibundgut, 1986); again, simulated values are very similar, although

somewhat lower above 2150 m a.s.l. Finally, the simulated presence of a strip ofPinus-

Alnus 'krummholz' just below the tree line is quite realistic (Landolt et al., 1986).

Similar experiments were conducted with a forest gap model (Bugmann, 1999;

Bugmann and Pfister, 2000). They showed that the sequence of tree species and forest

types simulated along altitudinal gradients is largely the result of competitive

interactions, i.e. the realized niche of the species (Fig. 2.5c) is only partly dictated by

the species' autecological properties (their fundamental niche; cf. Table 2.3). Therefore,

we can conclude that the simulated vegetation characteristics are an emergent property

of the modeled processes.

30



Discussion

The potential timberline (the upper elevation limit of closed forest; cf. Körner, 1998) in

the study area is estimated to be located at about 2200 m a.s.l., i.e. about 100 m higher

than the current timberline (Wälder, 1983). This upper potential limit corresponds well

to the simulated timberline elevation, where the Pinus cembra biomass drops below

50 t/ha and Alnus viridis starts to dominate (Fig. 2.5c). The tree line (i.e., the line

connecting the highest patches of forest) in the study area is estimated to be around

100-200 m higher than the potential natural timberline (Wälder, 1983; Körner, 1998).

The highest A. viridis patches are simulated to occur roughly at this altitude. Hence, the

simulated elevations of timberline and tree line match the empirical findings relatively

well.

Overall, these results demonstrate the ability of the modified LANDIS model to

simulate species composition in complex mountain landscapes from climatic and

edaphic information alone, which is a distinct advantage over previous model versions.

Stand-scale behavior

Simulated stand-scale development is also an emergent property of the new model, i.e.

these dynamics are not prescribed by model parameters, but result from the interactions

between species and tree cohorts with different properties. Simulated stand

development after wind disturbances showed the typical sequence that is well known

from a host of empirical studies (cf. Oliver and Larson, 1996): stand initiation, stem

exclusion, understory reinitiation, and multi-aged stage (Fig. 2.6). During the stand

initiation phase, available growing space was partly occupied by advanced regeneration,

and was filled with new trees which became established shortly after the disturbance.

The introduction of new trees caused an increase in stem numbers during the first 20

years. Recent investigations of recovery success in wind-disturbed areas at high

altitudes suggest that the simulated establishment density of about 2700 trees per

hectare ten years after a disturbance may be high, but it is still within a realistic range:

Schönenberger (2002) reported 1000-2500 saplings per hectare ten years after wind

disturbance events. Note that the Schönenberger (2002) data is from areas that are

subject to considerable browsing by ungulates, which was not reflected entirely in our

simulations. Competition between trees increased soon after stand initiation, thus

causing stem exclusion and preventing the establishment of new trees. This self-

thinning with an associated increase in stand biomass was estimated quite realistically

by the model (Fig. 2.7) (cf. Yoda et al., 1963; Begon et al., 1996; Kikuzawa, 1999).

During this stage, the forest develops to maturity: about 150 years after the wind

disturbance, total biomass of trees larger than 20 cm dbh was larger than total biomass

of those smaller than 20 cm dbh. This corresponds well with the findings in a primeval

forest similar to semi-natural Picea abies stands in the Dischma valley, where Hillgarter

(1971) found that this 'young forest' phase lasts for 80-130 years. Also, stem numbers
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and diameter distributions were comparable between this field study and our simulation.

For example, Hillgarter (1971) reported 500-800 stems per hectare in mature mono¬

layer stands. In years 150 and 200, when the majority of the simulated stand was

composed of mature mono-layered forests, our simulation resulted in 652 and 411 stems

per hectare, respectively. Furthermore, Hillgarter (1971) suggested that stands remain in

the mature forest phase for about 200-260 years. This corresponds well with the

simulation results, where the process of stand decay and understory re-initiation started

after about 200 simulation years (Fig. 2.6c) and continued for the next 200 years

(Fig. 2.6d-e) until the majority of the stand was composed of new tree cohorts

(Fig. 2.6e). In the model, understory re-initiation started when the mortality of some

larger trees created enough growing space for late-successional (here, moderately

shade-tolerant) species to successfully establish under the canopy (Fig. 2.6d). Where the

gaps created by the death of large trees are too big to be closed by other canopy species,

the understorey vegetation grows into the canopy, forming multi-aged stands (Fig. 2.6e-

f). Thus, the early successional species Larix decidua, a very shade intolerant species, is

replaced gradually (Fig. 2.6). This succession from forests with Larix decidua (co-

domination to forests composed of late successional species has been observed in

various studies (e.g. Mayer, 1966; Zöhrer, 1969).

Therefore, we can conclude that the modified LANDIS model is capable of accurately

portraying stand-level processes after disturbance events, in spite of the simple

assumptions that were used for formulating the modified succession sub-model.

2.5.2 Model application

Total aboveground biomass averaged across the entire landscape increased under the

'moderate' scenario of environmental change, compared to current conditions. The

temperature increase led to increased productivity and thus increased biomass storage,

whereas a moderate increase of drought occurrence (through the increase of temperature

coupled with the decrease of precipitation) and the increased incidence of windthrow

events, reduced biomass. Taken together, the temperature effect by far outweighed the

other two effects in this scenario. Under the 'extreme' scenario, however, aboveground

biomass decreased considerably compared to current conditions, indicating that the

effects of drought and windthrow are becoming more important than further

temperature-induced increases of productivity.

No pronounced changes of species composition (Fig. 2.8a) are simulated under the

'moderate' scenario compared to current conditions, with Picea abies still keeping its

dominant role on an entire valley scale. The increased abundance of Abies alba in this

scenario is due to the increased temperature, whereas deciduous species such as

Populus and Salix are favored due to the increased incidence of wind disturbances.
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Under the 'extreme' scenario, deciduous species are favored even more because of the

strongly increased incidence of windthrow events, whereas drought limits the

abundance of Picea abies, leading to a biomass decrease. Overall, both scenario results

show that the various driving forces have quite different effects on the abundance of the

different tree species.

The modified LANDIS model projects gradual changes in stand structure types

(Fig. 2.8b) under this set of environmental scenarios. The simulated changes mostly

reflect the changes in the disturbance regime, with more frequent wind disturbances

leading to a higher fraction of young stands. The reduced fraction of mature mono-layer

stands and old stands with rejuvenation may be counter-intuitive at first sight, but more

frequent wind disturbances mean that an increasing number of stands do not have

enough time to develop into mature mono-layer forests, let alone into old-growth

forests. The 'mature multi-layer' stands simulated by the model are often in transition

from young stands to mature mono-layer forests. Multi-layered forests also result from

wind disturbances that do not blow down all of the large trees.

The tree growth model included in the present version of LANDIS is far less

sophisticated than the carbon balance equations of global biogeochemistry models (e.g.

Sitch et al. 2003, Churkina et al. 2003). However, there are few models at the landscape

scale that integrate forest growth and succession with disturbance dynamics in a semi-

mechanistic manner (e.g. Keane et al., 1996). Our version of LANDIS achieves this

integration based on simple concepts and methods that do not require many parameter

estimates. Thus, we suggest that the modified LANDIS model can be used as a basis for

evaluating the relative importance for landscape-scale aboveground biomass storage of

(1) climate-induced changes in productivity, (2) tree population dynamics, and (3)

changing disturbance regimes. This feature may be of utmost importance for

determining the terrestrial carbon balance (cf. Körner, 2003).

2.6 Conclusions

Forest dynamics at the landscape scale are influenced by species-specific responses to

environmental factors, by intra- and inter-specific competition as well as by exogenous

disturbance regimes. We have integrated a new succession model within a landscape-

scale model framework (LANDIS) to examine these complex interactions.

We tested the new model's ability to simulate forest dynamics in the European Alps on

both the landscape and the stand scale. We were able to show that the model simulates

accurate biomass distribution and species composition for both managed and

unmanaged stands, and it also simulates the characteristics and the elevation of the

potential natural timberline well. Furthermore, the model produces patterns of stand
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recovery and stand structure development after windthrow events that are congruent

with empirical findings. Thus, the modified LANDIS model is able to simulate

vegetation processes in accordance with current ecological understanding, while the

model structure is still simple and does not include the detail of stand-scale models.

The simulation results under several scenarios of environmental change show that the

new model can be used to study the transition from weakly disturbed to strongly

disturbed landscapes, a feature that was not present in earlier model versions. In

particular, by including a range of tree-tree interactions, the new model is able to

simulate realistic vegetation development even in weakly disturbed landscapes, and is

capable of simulating the influence of disturbances on vegetation properties as well as

stand recovery after such events. Studying transitions from weakly to strongly disturbed

landscapes is an important issue, as global environmental change is likely to bring about

changes in the distribution of extreme climatic events, which may trigger changes in the

large-scale disturbance regimes in many landscapes.

Because the adapted model explicitly incorporates the effects of a range of climatic

factors on tree regeneration and growth, it is more suitable for addressing the direct

impacts of climatic changes on forested landscapes. Through a simple set of scenario

calculations (which should not be mistaken as predictions), we were able to demonstrate

that the model is sensitive to changing climatic parameters. Notably, the effects of

climatic changes on forest landscape dynamics are emergent properties of the modified

model, rather than being prescribed through site-specific or species-specific parameters,

which was the case in earlier versions of LANDIS.

The modified model can also serve as a tool to help with decision-making in the context

of long-term forest management. It provides variables - such as biomass, stand density,

species dominance, or vertical structure - that can be used for assessing, for example,

the habitat requirements of wildlife, and indices that are relevant to a range of other

ecological issues. Also, variables such as stand density and vertical stand structure are

crucial for predicting the long-term consequences of forest management decisions, e.g.

the ability of mountain forests to avert natural hazards, such as avalanches, rockfall or

landslides.

Finally, the ability of the model to simulate landscape-scale aboveground biomass

storage allows us to evaluate the effect of Global Change scenarios on aspects of the

carbon balance of mountain ecosystems. Hence, the modified LANDIS model as

described in this study has the potential to provide an integrated picture of the impact of

both direct and indirect effects of climate change on forest landscape dynamics.
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Chapter 3

Modeling the interaction between

vegetation and fire dynamics

3.1 Introduction

Forest dynamics and patterns result from the effects of successional processes, the

physical environment and disturbance regimes. Due to the complex interaction of these

agents, it is difficult to predict the long-term development of forest landscapes under

projected future climate changes (IPCC, 2001a). A landscape-scale model that is able to

address some of these interactions is the adapted LANDIS model, which was described

in detail in Chapter 2. There, I presented a new, simple tree succession sub-model for

LANDIS that incorporates quantitative descriptions of forest structure, and includes

sub-models to capture the influence of competition as well as climatic and edaphic

parameters on tree population dynamics. In the model described in Chapter 2, the large-

scale disturbance processes were (with minor modifications) used as implemented in the

original LANDIS model. This chapter presents another modification step based on the

model described in Chapter 2: the integration of a new sub-model for forest fire

dynamics. I refer to this new model - the adapted model described in Chapter 2 with the

integrated fire sub-model described in this chapter - as the LandClim model.

Fire is a critical disturbance process in many ecosystems, and plays an important role in

determining the structure and successional pathways of forests (Kimmins, 1987; Agee,

1993). Projected future scenarios of climate change in the European Alps include

significant changes in temperature and precipitation (cf. IPCC, 2001a; Schär et al.,

2004), which could have a considerable direct effect on vegetation properties (e.g.

Kienast, 1991; Solomon and Bartlein, 1992; Bugmann, 1997b). In addition, fire regimes

are also expected to change along with climate (Ryan, 2000; Flannigan and Wotton,

2001), which is of increasing importance in areas where climate is projected to become

warmer and/or drier. It is possible that in some areas the direct effects of climate on

vegetation composition or production will be overridden by more drastic indirect effects

of climate change on fire (Overpeck et al., 1990). Fire regimes are a result of a range of

35



Modeling the interaction between vegetation and fire dynamics

factors such as ignition location, weather, vegetation type, fuel load and topography

(Agee, 1993). Thus, to model future forest dynamics, it is important to include fire

behavior at the landscape level.

The aim of the development of a new fire sub-model for the LandClim model was to

provide a tool that is capable of predicting the fire regime as an emergent property. The

model was designed primarily to be applied to regions which are not strongly

influenced by fire occurrence under current climatic conditions, but which will perhaps

experience a different fire regime under future climatic conditions. In these zones, such

as the northern part of the central European Alps, neither the properties of natural fire

regimes, nor the potential influence of projected climate change on fire activities are

well known (Conedera et al., 1997; Conedera, 2003).

The original fire sub-model in LANDIS (He and Mladenoff, 1999b) cannot be used for

such predictive purposes, because it requires the specification of the fire regime via

model parameters (see Chapter 2). Thus, the requirements of the new fire model were

(1) the ability to simulate fire regime as an emergent outcome of climate-vegetation

interaction, and (2) the ability to simulate the influence of fire occurrence on forest

dynamics. Furthermore, the complex interaction of fire, climate and forest pattern had

to be represented with a temporal and spatial resolution compatible with the other parts

of our landscape model (see Chapter 2).

A range of landscape fire models exists (Gardner et al., 1999), but they do not usually

integrate the kind of fire, climate and forest interaction dynamics required in the model

described in this chapter. Detailed fire behavior models based on Rothermel's

mechanistic fire growth model (1972) (e.g. Albini, 1976; Andrews, 1986; Finney, 1998)

are widespread, but they require detailed fuel and weather input data to simulate fire

spread on short temporal resolutions. At the same time, these models typically do not

simulate vegetation dynamics with the detail required in our approach. Spatially explicit

forest gap models which integrate fire (e.g. Keane et al., 1996; Miller and Urban, 1999)
- and simulate detailed vegetation dynamics - are also based on mechanistic fire

models (Rothermel, 1972; Albini, 1976). However, the integration of such an approach

in the LandClim model would require much more detailed information about local

wind speed, relative humidity, fuel moisture, and the structure and packing of the fuel

bed than can be provided by the current structure of the model. There would also be the

danger that it would produce an overly complex model. Finally, landscape models that

use stochastic approaches to examine fire and forest-vegetation interactions require a

good understanding of the fire regimes in the respective study regions. Typically, fire

regimes are predefined by fire frequency and size distribution parameters (e.g. Green,

1989; Baker et al., 1991; Gardner et al., 1996; He and Mladenoff, 1999b; Li, 2000).

Thus, these models cannot be used for predictive purposes concerning climate-fire

interactions under a changing climate.
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The available models demonstrate that fire behavior as a function of climate and

vegetation is well understood on a scale of hours and meters, but less so on a landscape

scale (Gardner et al., 1999). The modeling approach discussed in this chapter is based

on the knowledge and experience of these fire studies and aims to encapsulate climate,

fire and forest dynamics interaction by balancing simplicity with realism. The specific

objectives of this chapter are 1) to describe the new fire routine of the LandClim model

and 2) to test if the model is able to correctly simulate vegetation composition along an

altitudinal gradient in a climatic zone affected by fire; 3) to test whether the model is

able to predict potential fire regimes over a broad climatic gradient; and 4) to determine

the importance and reliability of selected fire parameters with the help of a sensitivity

analysis.

3.2 Model overview

3.2.1 Assumptions and structure of the model

To obtain a landscape model that simulates the interaction of fire events, landscape

structures, and weather conditions over long periods of time and in a spatially explicit

manner, a new fire sub-model was integrated into the modified LANDIS model,

described in Chapter 2. In this context, a 'long period of time' means the dynamics over

hundreds, to thousands of years, rather than changes over one fire season. The aim of

the new fire model was to simulate the fire regime as an emergent property based on

climatic parameters and fuel load alone, while still keeping structure and input

requirements as simple as possible.

A major assumption made in the model described here is that fire occurrence is

primarily responsive to climatic conditions. This assumption is based on the observation

that regional drought is the principal cause of large fires, i.e., the importance of spatial

fuel configuration in controlling the fire spread process is overridden by extreme fire-

weather conditions (e.g. Romme and Despain, 1989; Swetnam and Betancourt, 1990;

Johnson, 1992; Bessie and Johnson, 1995; Millspaugh et al., 2000; Flannigan and

Wotton, 2001). Thus, variations among fire seasons rather than fuel variables associated

with stand age (as implemented in the original LANDIS model) is assumed to be the

most important factor when determining fire occurrence. However, fuel components

have an influence on fire intensity. In particular, high fuel loads have the potential to

cause high intensity fires. As the flammability of fuel components is dependent on the

fuel moisture content, there can be differences in fire intensities between marginal and

extreme fire weather years (e.g. Bessie and Johnson, 1995).
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The overall structure of the model is shown in Figure 3.1. Forest-fire occurrence is

simulated with a ten-year time step, whereas the parts of the model that concern

ecological processes on a local level, such as fuel development, are simulated on an

annual basis. This is consistent with the overall structure of the landscape model

described in Chapter 2, where processes operating on a local level (on single cells) are

tracked in one-year time steps, whereas landscape-scale process (operating over several

cells) are tracked in ten-year time steps.

3.2.2 Fire ignition and spread

A fire disturbance process can only be started with the presence of a fire ignition source.

To ignite a fire, the fire ignition source - for example a lightning strike - has to concur

with flammable, dry fuels (e.g. Nash and Johnson, 1996; Podur et al., 2003). In the

model, within each decade a number of fire ignitions are assumed to occur at randomly

selected locations to mimic lightning-caused fire ignitions during fire seasons. The

ignition routine implemented in the original LANDIS model was also used in the new

fire model (He and Mladenoff, 1999b): the number of potential ignition sources is

determined by multiplying a user-defined ignition coefficient (ign) with the number of

Forest dynamics:

1-year time steps

f Bioclimatic

I variables
,

Fire model:

10-year time steps

f Drought \
index J

Fire spread

Figure 3.1

Overview of the model structure.
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cells in the landscape. The number of ignition sources is reduced exponentially and

randomly each time an ignition source is able to ignite a fire, and is reduced by one if

fire is not ignited. This process is repeated until the number of ignition sources drops

below one. However, the LandClim model determines whether an ignition source can

ignite a fire at a given location differently from the original LANDIS model, as

described below.

A fire is only simulated if fire-spread to a neighboring cell is possible. Fire spreads from

each ignited cell to any of its eight neighbors (the four adjacent cells and four diagonal

cells). Whether an adjacent cell will burn depends on a fire spread probability, which

represents the susceptibility of fire disturbance of the adjacent cell. A cell will burn only

if this fire spread probability is larger than a uniform random number. In this way, a fire

will spread until it completely stops expanding in all directions or reaches the

boundaries of the landscape (note that in the original LANDIS model, a maximum fire

size had to be prescribed by the user).

The base equation for the fire spread probability function (fireP^e) is expressed as a

simple function of an annual drought index (drLw), which mimics average fuel dryness

for any given cell (Fig. 3.2, Eq. 3.1). As a first attempt I used a linear relationship.

However, this resulted in a strong overestimation of fire occurrence for low and

medium values drought indices. To correct this I introduced the exponent fireProb to

alter the shape of the function and thus to simulate more realistic fire probabilities.

firePi
base

drl.
fireProb

(3.1)

where fireProb is a parameter that determines the slope of the curve (Table 3.1). The

drought index (drLw, cf. Eq. A. 12, p. 108) is provided by the soil-moisture routine (see

Chapter 2) of the model from the annual sums of potential and actual évapotranspiration

0 0.2 0.4 0.6 0.8 1

Drought index (-)

Figure 3.2

Fire probability (//rePbase) of a given cell as a function of the drought index (drl^).
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Table 3.1

Default parameters used in the fire subroutine (standard simulation runs).

Name Parameter description Value Source

ign Ignition coefficient

fireProb Coefficient, fire probability

sa Coefficient, slope adjustment

twf Twig wood fraction (portion oftwig

weight of total woody biomass)

fis Foliage slash fraction

ts Twig wood slash fraction

bs Bole wood slash fraction

firt Foliage retention time (yr) Evergreen:

Deciduous:

twtr Twig wood turnover rate (year1)

lign Average lignin content of foliage (%)

dec\ Coefficient, bole wood decomp. rate

dec2 Coefficient, bole wood decomp. rate

CKbig Crown kill threshold small trees (t/ha)

CKsmall Crown kill threshold small trees (t/ha)

ck\

ck2

tfci

tfci

bfic

fier

ter

ber

Coefficient, crown kill

Coefficient, crown kill

Coefficient, twig fuel consumption

Coefficient, twig fuel consumption

Coefficient, bole fuel consumption

Live foliage consumption rate

Live twig consumption rate

Live bole consumption rate

0.0002 Estimated

2.5 Estimated

0.001 Estimated

0.1 Paulsen (1995)

1.0 Estimated

1.0 Estimated

0.05 Estimated

5

1

0.03

Bugmann (1994)

Christensen (1977)

20 Meentemeyer(1978)

0.0166 Mackensen et al. (2003)

0.093 Mackensen et al. (2003)

30 Estimated based on Arno

(2000) and Johnson (1992).

5 Estimated

0.21111 See text

-0.00445 See text

0.8 Fahnestock and Agee (1983)

0.2 Fahnestock and Agee (1983)

0.4 Fahnestock and Agee (1983)

0.5 Fahnestock and Agee (1983)

0.1 Fahnestock and Agee (1983)

0.05 Fahnestock and Agee (1983)

(Bugmann, 1996). For each simulated fire, a climate year is randomly selected from the

10 climate years of the respective decade (the same 10 climate years are used by the

forest-growth part of the model, which operates in yearly time steps). Thus, climatic

conditions can vary between the fires simulated in the same decade. Note that soil water

deficit is estimated using mean monthly values for precipitation and temperature;

therefore, the model does not capture the effects of weather patterns that occur over

time scales shorter than a month.
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Note that even though the fire spread probability is independent of fuel conditions, fuel

has to be available on the cell to support fire spread. Since the model does not track live

fuels, such as grass, forbs, shrubs etc., no minimum fuel threshold was defined.

However, fuel load has to be larger than zero. With this, fire spread to non-forested cells

is prevented.

Topography also influences fire spread probability. Fires typically spread more easily

upslope than downslope because of the pre-heating of the fuel upslope (Rothermel,

1972). This is taken into account in the LandClim model by linearly increasing the fire

probability by a slope adjustment factor (sa-slope); downslope fire probability is

reduced accordingly. However, because burning trees can fall on steep slopes and thus

ignite fire downslope, the fire-spread probability is reduced only up to a slope angle of

30° (this corresponds to the rockfall threshold (Heinimann et al., 1998)).

firep = { ßreP^e-(l + sa-sl°Pe) slope >-30 (°)

[ fireP^ (l + sa-30) else

Note that this slope adjustment (Eq. 3.2) is not used to determine the initial ignition

probability of a cell. When checking whether or not an ignition source is able to ignite a

fire, the base fire spread probability, fireP^ase, is used.

Wind can also have a strong influence on fire behavior. However, in the current version

of the model these effects are not considered, as wind is assumed to be a short-term

agent. While fire is simulated with a ten-year time step, the wind regime is

characterized by dynamics that operate on much shorter temporal scales (minutes to

hours), i.e. the wind regime can change several times during a single fire event.

Nonetheless, it would be possible to include a distinguishing wind adjustment

coefficient in Eq. (3.2) e.g. windy and less windy regions (i.e., regions with different

frequency of high winds).

Thus, in the current version of the fire model, the number and size of fires simulated

within each decade depend mainly on climate and topography, and vary stochastically

with interannual climate variability. Fire severity, on the other hand, also depends on

fuel load.

3.2.3 Fuel pools

Fuels represent the biomass available for combustion in a forest fire. In this model, the

amount of flammable fuel available is used to determine the effect of a fire on forest

vegetation in each cell where fire occurs. For this reason, three compartments (fuel

pools) are used to track the development of dead biomass:
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• Foliage fuel (ffl): leaf and needle litter

• Twig wood (twfl): fine woody debris <7.5 cm diameter

• Bole wood (bwfl): wood components >7.5 cm diameter (snags and downed

material)

These fuel pools change over the course of the simulation as a result of fuel input from

annual leaf litterfall or from dead trees; also, fuel decomposes annually, and portions of

fuel pools can be consumed during a fire.

Fuel inputs

In the model, dead biomass input results from dead trees, slash and annual litterfall. To

allocate this biomass to the three fuel pools, the total biomass of a tree is partitioned

into foliage, twig and bole weight. Firstly, foliage weight is subtracted from total

biomass. Foliage weight is derived using the allometric relationship proposed by

Bugmann (1994) (cf. Eq. A.2, p. 104). Then, twig weight (weight of wood <7.5 cm) is

estimated based on tree size. It is assumed that the proportion of twig wood of the total

woody biomass decreases linearly with increasing tree size, from trees of 7.5 cm

diameter at breast height (dbh) up to trees with 30 cm dbh. For trees >30 cm dbh, a

constant fraction (twfi Table 3.1) of total woody biomass is assumed to be twig biomass

(Fig. 3.3) (Paulsen, 1995). Finally, bole weight is derived by subtracting twig weight

from total wood weight.

All dead trees simulated by the model are partitioned as described above and added to

the corresponding fuel pools. The slash of harvested trees is also added. In the current

1

^0.8
o

"Ö
2 0.6

"O

8 0.4

0

0 15 30 45 60

Tree diameter (cm)

Figure 3.3

Portion of twig wood (<7.5 cm diameter) of the total woody biomass of a tree as a function

of tree diameter at breast height.

i
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version of the model, constant fractions of total biomass are used to determine the

amount of foliage, twig and bole wood slash (fs, ts, bs; Table 3.1). In addition, annual

litterfall from living biomass is added to the fuel pools. The calculation of annual

litterfall is based on foliage retention time (fit, Table 3.1) and twig wood turnover rate

(twtr, Table 3.1). Thus, the fuel pools contain all dead tree biomass (down and standing)

divided into foliage, twig and bole fuel.

Decomposition

The dead biomass in the three fuel pools decays annually according to a climate-

dependent rate (cf. Fig. 3.4): The foliage litter decomposition rate (fdr) is based on the

relationship by Meentemeyer (1978) based on actual évapotranspiration, AET (mm,

provided by the soil moisture routine) and the lignin content of leaves (lign, Table 3.1):

fdr
1.31369 + 0.05350- AET + 0.18472-(AETIlign)

100
(3.3)

A wide variety of decay rates for woody debris is found in literature (e.g. Harmon et al.,

1986 p. 159f.). For woody debris, the temperature-dependent relationship derived by

Mackensen et al. (2003) was used, which is based on a regression analysis using the

available literature data. In the LandClim model, this relationship was used to derive

the decay rate of bole wood (bdr); twig wood was assumed to decay five times faster

(tdr) than bole wood (Mackensen et al., 2003):

bdr = decx e

tdr = 5- bdr

dec2 T

(3.4)

(3.5)

3 0.8 f
2

§ 0.6

o 0.4

8 0.2
m

a

0

Foliage Twig /

— Rnlo f—

300 400 500 600 700 800

Annual AET (mm)

-10 0 10 20 30 40

Annual mean temperature (°C)

Figure 3.4

Decomposition rates as a function of climate variables (left: foliage; right: twigs and

boles).
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Thus, as climate varies throughout a model run, so do decomposition rates. Although

there is usually a lag time between the death of a tree and the onset of coarse woody

debris fragmentation, decomposition starts in the model the year after a tree dies. This

simplification is justifiable as the fire sub-model operates on 10-year time steps and the

onset of decay is usually less than 10 years (Harmon et al., 1986). Note that biomass is

not transferred between the three fuel pools. Once fuel is added, it remains in the

respective fuel pool.

3.2.4 Fire effects

The model considers three fire effects: tree mortality, fuel consumption, and tree

regeneration.

Tree mortality

Fire results primarily in damage to crowns and cambial tissue in stems. Thus, it prefer¬

entially kills trees of short stature or thin bark. Based on extensive data from seven

coniferous species in the Pacific Northwest, Ryan and Reinhardt (1988) found that a

simple logistic regression model based on bark thickness and the percentage of crown

kill is capable of predicting the probability of fire-caused mortality across many species:

mPflie = 1 5 Ti (3 •6)
1 + exp(-1.466 +1.91 • BT - 0.1775 • BT2 - 0.000541 • CK2)

where mPfire is the probability of mortality of a single tree following a fire, BT is bark

thickness (cm), and CK is the percentage of the crown volume killed. Bark thickness is

estimated from tree diameter using a species-specific allometric relationship

(barks, Table 3.2), and tree diameter is derived from biomass (Schroeder et al., 1997) as

described in Chapter 2.

The percentage of crown volume killed depends on flame height (scorch height), the

size and the crown form of the tree. Scorch height is correlated with fire intensity (Van

Wagner, 1973), which in turn is closely related to the amount of fuel that is available for

combustion (Brown, 2000). To estimate crown kill, several assumptions had to be

made. Firstly, a threshold level of available fuel was defined (CKbig, Table 3.1). This is

the amount of fuel required to sustain a stand-replacing fire, i.e. a fire that is able to

fully consume the crowns of large trees. When the amount of fuel consumed is less than

the threshold, the result is less intensive fires and thus lower scorch heights. Secondly, a

threshold value was defined for the amount of fuel required to cause full crown damage

to the smallest trees (CKsmall, Table 3.1). Thirdly, it was assumed that trees with a dbh
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Table 3.2

Species life history parameters: A) used in the fire sub-model; B) used in the growth sub-model (the use

and relevance of these parameters is explained in Chapter 2). ABLA: Abies lasiocarpa, PIEN: Picea

engelmannu, PICO: Pinus contorta, PIPO: Pinusponderosa, and PSME: Pseudotsuga menziesu.

Namei:i Parameter description ABLA PIEN PICO PIPO PSME

A)

barks Coefficient, bark allometry (-) 0.015 0.022 0.014 0.070 0.065

sers Seeds fire adapted (-) 0 0 1 0 0

B)

rs Growth rate (yr-1) 0.05 0.07 0.1 0.13 0.08

Ks Maximum biomass (t) 3.3 9.7 11.3 14.0 11.2

maxAges Maximum age (year) 60 180 100 150 250

matus Maturity age (year) 20 40 10 10 20

EDS Effective seeding distance (m) 30 30 60 40 100

MDS Maximum seeding distance (m) 60 180 100 150 250

fiolTypes Foliage Type (-) 3 3 2 3 3

shdTols Shade tolerance (-) 5 4 1 2 3

minDDs Minimum degree-days

requirement (d)

300 400 524 1200 800

minTs Minimum temperature (°C) -99 -99 -15 -12 -15

drTols Drought tolerance (-) 4 4 4 6 5

brTols Browsing tolerance (-) 1 1 1 1 1

V) Sources for parameter values: bark (Keane et al., 1996); ser, K, maxAge, matu, shdTol, ED, MD (Burns

and Hohkala, 1990; Uchytil, 1991b; Uchytil, 1991a; Steinberg, 2002; Anderson, 2003; Howard, 2003);

r (see text; Bugmann, 2001), folType, shdTol, minDD, minT, drTol, brTol (Bugmann, 2001).

larger than 40 cm have reached the forest canopy and have comparable tree heights and

crown shapes. Therefore, 100% of the crown of trees with a dbh of >40 cm will be

killed if the amount of available fuel (avFuel) exceeds a threshold value of combustible

fuel (avFuel> thresFuel). A lower scorch height is required to fully consume the

crowns of smaller trees, compared to larger trees. These three assumptions were

summarized in a function that linearly reduces crown kill with less available fuel

(avFuel) than the threshold value thresCKbig, and at the same time linearly increases

crown kill of trees with a dbh lower than 40 cm (Fig. 3.5):

CK = 100 • (ckx + ck2 dbh) avFuel (3.7)
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where ck\ and ck2 are parameters listed in Table 3.1. Available fuel (avFuel) is the

portion of dead biomass that is able to burn under given moisture conditions. In general,

wetter fuel produces shorter flames and results in less fuel consumption. The main

factors affecting fuel consumption are its size and moisture content (e.g., Brown et al.,

1991), i.e. dry fuel is more completely consumed than wet fuel, and small fuel (e.g. leaf

litter and twigs) is more fully consumed than large fuel (e.g., logs). In the LandClim

model, foliage litter consumption is assumed to be independent of its moisture content;

it is assumed that 100% of leaf litter is consumed in a fire. The amount of available

woody fuel is a linear function of pre-fire loading and moisture conditions, the latter of

which are predicted using the soil moisture (drought) index as a proxy (drLw, see above;

Fig. 3.6):

avFuel = ffl + {tfcx + tfc2 drl) twfi + (bfc drl) bwfi (3.8)

whereffl is foliage fuel, twfi is twig wood fuel, bwfi is bole wood fuel, and tfc\, tfc2 and

bfc are parameters listed in Table 3.1.

Fuel consumption and fuel dynamics

Fire affects the fuel pools in two ways: firstly, by reducing fuel amounts through

consumption of the available fuel (avFuel, see above); and secondly, by increasing fuel

amounts by trees that are killed by a fire. These dead trees are usually partially

consumed by the fire. Thus, the biomass of these standing, dead trees is reduced in the

model by a consumption rate for each size class - foliage (fcr), twig (tcr), and bole (bcr)

wood (cf. Table 3.1)- and only the remaining biomass is added to the fuel pools.

Tree diameter (cm)

Figure 3.5

Percentage crown damage (CK) as a function of tree diameter (dbh) and the amount of

available fuel (avFuel).
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Tree regeneration

In many forest ecosystems, fire is an important agent of renewal and succession. Fire

can consume seeds on a site, but some tree species have specific fire survival

adaptations for their seeds (e.g., serotinous cones, buried seeds), or they can re-sprout

from stumps after fire. Thus, such species can readily regenerate after a fire. Species

without fire adaptations are at a disadvantage, particularly if fires are frequent or large,

and surviving seed sources are rare.

To take these strategies into account in the model, the number of trees potentially able

to establish in a cell per decade is reduced by 90 percent if a fire occurred in this

decade, compared to the situation without fire disturbance. This number is not reduced

if the tree species' seeds are fire adapted (sers = 1; Table 3.2). In addition, it is

noteworthy that in the model, fire also influences stand recovery indirectly by

increasing light availability at the forest floor.

3.3 Methods of model tests

3.3.1 Study landscape and simulation sets

Under current climate conditions in the Dischma valley (cf. Chapter 2), fires occur very

infrequently. Therefore, to test the model in an environment where fire is allowed to

spread, it was necessary to use climate data sets from regions where fire is known to be

a major factor in determining the landscape dynamic. For this purpose, two simulation

sets were defined, based on climate data of the Colorado Front Range of the Rocky
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Figure 3.6

Portion of total fuel load consumed in a fire as a function of the drought index.
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Table 3.3

Setup of simulation sets with description of the base climate station used (see Fig. 3.7 for more

information about the climate data used).

Simulations Site
Elevation T P

(m a.s.l.) (°C) (cm)
DEM Simulated ecosystem

Setl

Set 2

Davos

(46.8°N; 8.6°E)

Front Range

(40.1°N; 105.5°W)

Front Range

(40.1°N; 105.5°W)

1560

2900

1505

3.2 104 Dischma Dischma

? Q 6s ty h
Colorado subalpine
forests (2900-tree line)

10.4 34 Dischma
Colorado montane

forests (1500-2500)

Mountains. However, the topography I used is based on the DEM (Digital Elevation

Model) of the Dischma valley. This approach is based on the assumption that the

topography of the Dischma valley is not unique, but rather representative of valleys in

mountainous areas. Thus, the study landscape used here is an artificial landscape, which

does not allow for direct comparison of simulation results with a real landscape.

Climate data and lapse rates were obtained from the US Historical Climate Network

Site Longmont (approx. 20 km northeast of Boulder) and the Niwot Ridge Long-Term

Ecological Research (LTER) sites which cover a network of four weather stations,

ranging from near lower tree line (Boulder, Colorado) to beyond the upper tree line. The

simulations were carried out using the main tree species of the Colorado Front Range.

The first simulation set (Set 1) was based on a climate data set representing conditions

at about 2900 m a.s.l. in the Colorado Front Range. This data set was chosen because its

temperature regime is comparable to that of the Dischma (Davos) climate station

(Table 3.3, Fig. 3.7, Bugmann, 2001) and was derived from LTER data (Bugmann,

2001). For the second simulation set (Set 2), I used climate data from Longmont

(1505 m a.s.l.) to define the base station. This site is much drier and warmer than the

site used in Set 1 (Table 3.3; Fig. 3.7). Using these simulation sets, the Dischma Valley

was shifted from its current moist, cold conditions to a dry/cold climate (Set 1), and to a

dry/warm climate (Set 2).

3.3.2 Model parameters

Fire parameters

Fire-related model parameters (Table 3.1) were taken from published sources as far as

possible. Some parameters could not be derived directly from existing data, but had to
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be estimated based on published sources, and further assumptions then made. The

following two parameters were particularly problematic in this respect.

Firstly, no data is available for the large spatial and temporal scales used in this model

about the general relationship between fire spread probability and site dryness.

Although it is common knowledge that fire is more likely to spread on dry sites than on

mesic sites, I was unable to quantify this relationship using published data. Therefore, a

simple function was chosen (Eq. 3.6). The shape parameter of this function, fireProb,

was determined in such a manner that the curve would meet the percolation threshold at
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Figure 3.7

Comparison of climates used in simulations sets (see also Table 3.3). Top: nearest climate

stations in the Dischma Valley (SMA, 1960-2003); middle and bottom: Colorado Front

Range weather observation sites (Bugmann, 2001). Left, base stations; right, stations used

to derive laps rates. Lines are monthly mean temperatures; bars are monthly precipitation

sums.

49



Modeling the interaction between vegetation and fire dynamics

a drought index which could be expected to support fast spreading fires over a large

landscape. The percolation theory was developed in the physical sciences to explain and

predict the processes that lead to connectivity across a 2-dimensional space. The

percolation threshold, i.e. the probability at which a single fire disturbance will

"percolate" or connect the landscape grid continuously from one side to the other - is

0.4 in the case of spread to 8 neighboring cells (Plotnick and Gardner, 1993; Stauffer

and Aharony, 1995; Turner et al., 1989). The corresponding drought index was

determined based on the calculated drought index for 2003 (an extreme fire year in

Valais (Swiss Alps)). The climate station Visp (ASTA; SMA, 2003) was used for this

purpose; the soil bucket size was estimated at 10 cm. The resulting drought index for

the year 2003 was 0.67.

Secondly, the ignition rate, i.e., the probability of a fire ignition source occurring during

the fire season, is very difficult to estimate. I assumed that within a study area of this

size, on average, five ignitions per decade would occur during a dry season (most

lightning strikes are associated with rain and thus are not necessarily potential ignition

sources).

A further difficulty of estimating the fireProb and ign parameters is that they are

interdependent, to a certain degree. Therefore, both these and other parameters which

proved difficult to estimate based on literature data were subjected to a systematic

sensitivity study (see below).

Species-specific parameters

For the species data set, the five major tree species in the Colorado Front Range were

used in the model. This allowed the simulated fire regime to be compared with the data

available for the Colorado Front Range. These species are Abies lasiocarpa, Picea

engelmannii, Pinus contorta, Pinusponderosa, and Pseudotsuga menziesii.

Species-specific parameters were estimated based on published data (Table 3.2), with

the following additional explanations. The optimal biomass growth rate (rs) was

estimated based on parameters used by Bugmann (2001) to estimate optimal diameter

growth. This optimal diameter growth function was related to biomass increment, and rs

values were estimated based on this. It was not possible to achieve an exact curve fitting

because of the different shapes of growth functions (biomass development is related to

diameter development in a non-linear manner, perhaps according to a power law), but

the rs values were chosen to match the relative differences between the species.
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Site parameters

Climate data consisted of a set of monthly temperature and precipitation sums for each

base climate station listed in Table 3.3 (see also Fig. 3.7). Altitudinal lapse rates were

derived by monthly linear interpolations between the base climate stations and climate

stations at higher altitudes, as shown in Figure 3.7. The available water capacity of the

soil was set homogeneously to 10 cm for the entire landscape.

3.3.3 Simulation experiments

Forested areas in the valleys of the European Alps are usually separated by agricultural

areas, avalanche tracks and rivers. Such landscape elements could be expected to

influence the distribution of fire events. In this simulation analysis, however, the model

was run using full GIS information for the case study area as input, but without taking

the type of land cover into account. Also, disturbances other than fire, such as forest

management and windthrow events, were excluded from the simulations. This treatment

meant that it was possible to investigate fire regime properties on a non-fragmented

forest landscape, which is comparable to a wilderness area in the United States.

All simulations were started on an empty landscape. At the start of the simulations, all

species were allocated a probability of 10% of contributing seeds to any cell. The first

1000 years of each simulation were used to allow for the establishment of trees and to

reach an equilibrium between climatic conditions, the disturbance regime, and

vegetation structure and composition. To allow for random effects, the model

evaluation was begun following this "spin-up" period of the simulation, and was based

on average results over the next 10 000 years. The results for the two simulation sets

(cf. Table 3.3) were evaluated against published data on vegetation composition along

altitudinal gradients, and on field-based studies regarding fire regime properties.

Because of uncertainty caused by estimating several model parameters, model behavior

was tested systematically using different parameter values for the fire probability

function, the ignition source coefficient, the decomposition function, and the crown kill

function. For these, parameters were varied within their plausibility range to test the

sensitivity of the simulated mean fire size, the mean length of the fire rotation, the mean

fuel load, the mean aboveground biomass, and the species composition. For those

parameters which had been difficult to determine, a relatively large uncertainty value

was assigned: the shape parameter of the fire probability function (fireProb) was

assigned an uncertainty value of +60%, and the uncertainty value of the ignition

coefficient (ign) was estimated to comprise a factor of 10. The uncertainty inherent in

parameters of the decomposition function is also quite large (Mackensen et al., 2003),
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therefore an uncertainty factor of 2 was assigned to the exponent of the function (dec2).

Similarly, an uncertainty factor of 2 was assigned to the threshold value causing stand-

replacing fire (CKbig).

Each parameter was set to the lower and upper end of its plausibility interval, and was

also set to intermediate values where appropriate (i.e., where the sensitivity of target

variables turned out to be large). For each parameter change, a 10 000-year simulation

was performed in each simulation set (Set 1 and Set 2) to calculate mean fire size, mean

fire rotation, mean fuel load and mean aboveground biomass. Relative changes between

simulation runs in species composition (portions of mean aboveground biomass

accounted for by single species) were compared to the standard run (default parameters

are given in Table 3.1) with the help of a percentage similarity coefficient (Bugmann,

1997a). This coefficient shows the extent of values common to both data sets.

3.4 Results

3.4.1 Model verification

Vegetation properties along the elevational gradient

Simulation Set 1 (high altitudes in the Colorado Front Range) resulted in a landscape

with biomass values of almost 300 t/ha at the lowest elevation (2900 m) (Fig. 3.8a-b).

Biomass decreases until about 3500 m a.s.l., where it approaches zero very quickly. The

characteristics of biomass decrease in the study landscape are different on the north-east

(NE) slope compared to the south-west (SW) slope. On the NE slope, biomass

decreases only slightly with elevation over the first 400 m, but then starts to decrease

quickly (Fig. 3.8a). In contrast, the biomass decrease on the SW slope is almost linear

over the entire elevation range (Fig. 3.8b). With increasing altitude, the simulated

species composition of Set 1 shows a shift from Pinus contorta-Picea engelmannii

forests to Picea engelmannii-Abies lasiocarpa forests. Forests near the tree line are

dominated by A. lasiocarpa. Species composition on the NE slope is comparable to that

on the SW slope, with one exception: co-dominance by P. contorta extends to a higher

elevation on the SW slope than on the NE slope (Fig. 3.8a-b).

In contrast to Set 1, simulation Set 2 (low altitudes) resulted in a biomass distribution

which increased with altitude (Fig. 3.8c-d). Biomass values of about 30 t/ha at 1550 m

a.s.l. increased with elevation. At the upper end of the simulated 1000 m elevation band,

biomass values reached 240 t/ha on NE slopes and 180 t/ha on SW slopes. The

simulated biomass increase is fairly gradual on the NE slope, whereas biomass on the

SW slope increases only slightly in the first couple of hundred meters (Fig. 3.8c-d). In
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Figure 3.8

Left: elevational gradient of living biomass; Right: elevational gradient of simulated fire

rotations.
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terms of species composition, Set 2 resulted in a landscape that is mainly dominated by

Pinus ponderosa (Fig. 3.8c-d). Pseudotsuga menziesii is able to co-dominate with

increasing altitude. Pinus contorta is only able to co-dominate at high elevations on the

NE slope (Fig. 3.8c).

Simulated properties of the fire regime

The fire model resulted in fires of highly variable size and frequency. In both simulation

sets, the proportion of small fires is much higher than that of large fires (Fig. 3.9).

However, more fires were simulated in Set 2 than in Set 1. There was also a higher

portion of large fires in Set 2. In Set 1, it takes about 2000 years to burn an area the size

of the entire study area (so-called fire rotation); a major fire (>5 ha) occurs somewhere

in this area every 280 years. The average size of a fire event in Set 1 is 6.5 ha. By

contrast, fire rotation of the entire study area for Set 2 is only 25 years, a fire >5 ha

occurs every decade, and the average size of simulated fires is 230 ha.

Differences in the fire regime can also be observed within each simulation set by

comparing the NE with the SW slope (Fig. 3.8e-h). The NE slope in Set 1 experiences

fire events only occasionally, especially at high elevations. On the SW slope, there was

no obvious variation in the fire regime with elevation in Set 1. In Set 2, the SW slope

was also more exposed to fire than the NE slope. However, on both slopes in Set 2, a

decrease in fire activity was observed as elevation increased.

Simulation of dead biomass

In the model, fuel development is tracked in three different fuel pools, which comprise

both downed and standing dead biomass: foliage, twigs (<7.5 cm diameter) and bole

£ 0.8
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O Set 1 (total fires in 10 000 years: 794)
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Figure 3.9

Simulated fire size distribution in the two simulation sets for the Colorado Front Range.
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Development of dead biomass. Left: average dead biomass over the elevational gradients
in the two simulation sets; Right: dead biomass development after fire.
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wood (>7.5 cm). Only a certain fraction of the biomass in these fuel pools is available

for combustion in a fire (see model description), therefore I refer to these pools as dead

biomass instead of fuel load.

The simulated distribution of dead biomass across the elevational gradient in the two

simulation sets shows that dead biomass comprises about 50% of living biomass at

corresponding elevations (Fig. 3.10a-d). The largest fraction of dead biomass is

comprised of bole wood. The portion of dead twig wood is higher in Set 1 than in Set 2.

Dead biomass development following fire (Fig. 3. lOe-h) shows similar behavior in both

simulation sets and on the different slopes. Immediately after a fire, dead biomass

values are very high. Over subsequent decades these values decrease, with a gradual

increase towards a new steady-state occurring around the 200 year mark (Fig. 3.lOe-h).

3.4.2 Sensitivity analysis

The variation in thefireProb parameter of the fire probability function (Eq. 3.6) resulted

in very different model behavior for all investigated variables. This function appears to

be highly sensitive in both study areas (Fig. 3.11a-c, Fig. 3.12a-c). In simulation Set 1,

fire rotation and mean fire size reacted most strongly in response to a change of ±20%

in fireProb. This marked reaction meant very infrequent fires when values offireProb

were increased (Fig. 3.11a); because the simulated fire rotation time is already high

under current conditions (2000 years), whenfireProb is increased there is no noticeable

effect on fuel load and simulated aboveground biomass (Fig. 3.1 lb). This was expected,

as these two variables are determined mainly by the fire regime. The infrequent fires

also explain the high species similarity coefficients (Fig. 3.11c) for increases of

fireProb, compared to the marked decrease in similarity coefficient when fireProb is

decreased.

The sensitivity tests revealed that the ignition coefficient, ign, has a strong influence on

simulated fire rotation (FR; Fig. 3.1 Id, Fig. 3.12d), although it is less influential than

fireProb (Fig. 3.11a, Fig. 3.12a). FR showed an almost proportional response for the

range of ign changes investigated. The other response variables were totally, or virtually

unaffected by changes to the ign parameter (Fig. 3.1 ld-f, Fig. 3.12d-f).

Variable decomposition rates (parameter dec2) resulted in a proportional response of

fuel load (Fig. 3.1 lh, Fig. 3.12h). The other response variables were not sensitive to

variations in the value of dec2 (Fig. 3.1 lg-i, Fig. 3.12g-i).

Finally, all variables proved to be relatively insensitive to variations in the CKbig

threshold value (Fig. 3.11J-1, Fig. 3.12J-1).
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Sensitivity analysis of Simulation Set 1 (FR: Fire rotation; MFS: Mean fire size; FL: Fuel

load; B: aboveground biomass). The axes in the panels are scaled relative to the standard

values of the parameters (x axis, given in parentheses with the axis legend) and the

standard values of the response variables (y axis, given in parentheses in the figure legend

at the top).
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Sensitivity analysis of Simulation Set 2 (FR: Fire rotation; MFS: Mean fire size; FL: Fuel

load; B: aboveground biomass). The axes in the panels are scaled relative to the standard

values of the parameters (x axis, given in parentheses with the axis legend) and the

standard values of the response variables (y axis, given in parentheses in the figure legend

at the top).
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3.5 Discussion

3.5.1 Simulated vegetation distribution

Although the estimation of species parameters was based on coarse data, and the

simulations were run using the digital elevation model of the Dischma valley, the

resulting vegetation distributions (Fig. 3.8a-d) are largely consistent with observed

vegetation composition along corresponding altitudinal gradients in the Colorado Front

Range of the Rocky Mountains.

The subalpine forests of the Rocky Mountains in Colorado are typically dominated by

Picea engelmannii and Abies lasiocarpa trees (Peet, 2000). While the two species co-

dominate, P. engelmannii often accounts for a larger portion of total stand biomass

(Aplet et al., 1989; Peet, 2000; Binkley et al., 2003). For example, measurements by

Binkley et al. (2003) in a range of subalpine stands in Rocky Mountain National Park

(3180-3400 m a.s.l.) resulted in an average stand biomass of 250 t/ha, of which P.

engelmannii accounted for more than 65%, A. lasiocarpa 30%, and Pinus contorta less

than 5%. However, A. lasiocarpa is often able to dominate at the tree line (Peet, 2000;

Marr, 1977), which is located at about 3400-3500 m a.s.l. (Peet, 2000). At the lower end

of the P. engelmannii/A. lasiocarpa dominated forests, i.e. at about 2800-3100 m, a

P. contorta zone can be found (Peet, 2000). In simulation Set 1 (Fig. 3.8a-b), the

LandClim model reproduced all of these characteristics of real forests in the Colorado

Front Range fairly well.

The lower elevation forests of the Colorado Front Range are characterized mainly by

Pinus ponderosa and Pseudotsuga menziesii (Peet, 2000). P. ponderosa occupies more

xeric sites than P. menziesii, and the range of the latter species extends in Colorado

from 1650 to 2700 m a.s.l. (Stohlgren et al., 2002). However, particularly up to 2400 m

a.s.l. P. menziesii is often restricted to north-facing slopes (Peet, 2000; Steinberg, 2002).

This may partly explain why P. menziesii did not become more dominant in simulation

Set 2 (Fig. 3.8c-d). We surmise that the estimation of species-specific parameters

(particularly the drought tolerance value) were not accurate enough to correctly simulate

the occurrence of P. menziesii. At the lowest elevations, P. ponderosa woodlands form

open stands composed of sparse trees, while at its upper elevation limit, P. ponderosa

increases in density to form well-developed forests. Throughout the elevational range,

north-facing, moister slopes tend to carry denser forests than sunny, south-exposed

slopes (Peet, 1981). The simulated dominance of P. ponderosa at low elevations and the

gradual biomass increase with elevation (Fig. 3.8c-d) corresponds well to these

observations.
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3.5.2 Simulated fire regime

In this chapter I tested whether the new fire module is able to represent vastly different

fire regimes over an environmental gradient. The simulations were performed based on

a DEM from the European Alps with climate data from the Colorado Front Range, in a

non-fragmented (except by fire) forested landscape with no wind disturbance or forest

management. It is important to bear this setup in mind as the local topography,

vegetation patterns and other landscape features always influence fire regimes to a

certain extent. Since the simulations were not performed in a real landscape, the

simulated fire regime could not be related directly to measured data from the Colorado

Front Range, nor could it be compared statistically with fire history studies.

Even though a direct, quantitative comparison of simulated and measured data is not

feasible, the qualitative differences of simulated fire regimes across the two

environmental gradients can be used to compare simulated fire regimes with observed

fire regimes. The simulated fire regime in the subalpine (Fig. 3.8e-f) and the montane

(Fig. 3.8g-h) zones showed considerable differences, which are entirely consistent with

the qualitative differences between these zones reported in the literature. Studies in

Picea engelmannii-Abies lasiocarpa forests in the Rocky Mountains estimated that fire

return intervals amounted to between 200-500 years (Romme and Knight, 1981; Veblen

et al., 1994), but only 5-40 years in low-elevation Pinusponderosa woodlands (Veblen,

2000). Also, the simulated decrease in fire activity with elevation in ponderosa pine

forests (Fig. 3.8g-h) is a well-documented feature of these ecosystems, and is captured

by the model (Veblen et al., 2000; Stohlgren et al., 2002).

Estimated fire rotation in subalpine forests in northwestern Colorado is 521 years

(Veblen et al., 1994), and in southern Wyoming 182 years (Kipfmueller and Baker,

2000). These values are somewhat lower than the simulated fire rotation on

southwestern slopes (Fig. 3.8f), and much lower than on northeastern slopes (Fig. 3.8e).

There are three main reasons for these differences: firstly, the simulated study site is not

exactly comparable with data from the cited field sites. The simulated landscape extends

from 2900 m up to the tree line, whereas the fire regime studies cited above were

situated more towards the Pinus contorta zone than towards the tree line ecotone. This

can result in different fire regimes, because fires are more frequent at lower elevations

than in cool tree line habitat types (Peet, 2000); fires emerging from lower, drier sites

and propagating into high-elevation sites were not taken into account in the simulations,

because the lower border of the "upper" landscape (simulation Set 1) was set to 2900 m

a.s.l. Secondly, the simulated fire occurrence is based on a relatively simple relationship

of drought versus fire spread probability. This spread function is probably more

representative of surface fuel conditions that are less applicable to crown fires in such

systems. Crown fires in subalpine forests might be more or less decoupled from surface
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fuels; fire spreads until heavy rain, cold weather or topographical barriers prevent a

further extension of the fire. This process is difficult to represent using 10-year

timesteps. Thirdly, the fire spread function is associated with further considerable

uncertainty as its parameterization was based on the relationship between drought index

and extreme fire years in the Valais; it was not tested to verify that this relationship is

also valid for Colorado.

However, the fire rotation estimation of 29 years for open ponderosa pine woodland in

the lower montane zone of the Colorado Front Range (Veblen, 2000) corresponds well

to the simulated fire rotation (Fig. 3.8g-h).

3.5.3 Simulated fuels

The simulated dead biomass presented in Figure 3.10a-d includes leaves, fine and

coarse woody debris of logs (downed dead biomass) and snags (standing dead biomass)

averaged over all development stages of unmanaged forest stands across the simulated

landscape. It is difficult to compare these simulated data to measured field data because

1) logs and snags are often not included within a single empirical study; 2) there is no

average data available over the various development stages of a forest stand, and 3)

little is known about the ratio of live to dead biomass in forests that would consider all

dead biomass components (cf. Harmon et al., 1986). Comparing the simulated values to

the restricted data available (e.g., Harmon et al., 1986), it is likely that the model

somewhat overestimated dead biomass, which amounts to about 50% of living biomass

in the simulations (Fig. 3.10a-d). However, this ratio is certainly not beyond the range

of published data: Agee and Huff (1987) reported dead biomass values that amounted to

about 35%), 70%), and 50%> of living biomass in a 110, 181, and 515 year old forest

stand, respectively.

Simulated dead biomass accumulation following disturbance (Fig. 3.10e-h) closely

follows one of the four theoretical debris accumulation patterns identified by Harmon et

al. (1986, Fig. 10B, p. 208). Initial mass is composed of dead biomass, present before

the disturbance, and the biomass created by the disturbance. Then, a 'U'-shaped trough

occurs as the stand matures, the pre- and post-disturbance debris are largely decayed,

but the new stand has not produced much new coarse woody debris. The amount of

dead biomass then starts to increase as the stand produces more coarse woody debris

caused mainly by stem exclusion, and finally a new equilibrium is reached.
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3.5.4 Sensitivity analysis

The sensitivity study was performed for parameters which had been difficult to

estimate, and which were therefore associated with much uncertainty. As expected, the

shape of the fire probability curve was the most important determinant of fire model

behavior. In the LandClim model, a percolation process based on probabilities which

are dependent on soil water content determines fire occurrence and fire size. From the

percolation theory it is well known that spread behavior is restricted to a fairly narrow

range of probabilities. Under a certain threshold, fire is unable to spread (fire

probability <0.25 for the case of 8 neighboring cells; cf. Fig. 3.2). Above a percolation

threshold of approximately 0.4 (for percolation to 8 neighboring cells), fire always

spreads across the entire landscape (Plotnick and Gardner, 1993; Stauffer and Aharony,

1995; Hargrove et al., 2000). Hence, small changes in the fire-spread probability curve

(Fig. 3.2) can have a drastic impact on changes to the fire regime (Fig. 3.11a,

Fig. 3.12a) and therefore to forest composition (Fig. 3.11b-c, Fig. 3.12b-c). The

model's highly sensitive behavior towards percolation probabilities makes it necessary

to either estimate the fire-spread probability function very carefully based on an

extensive set of data (which is not available to us at the moment); or to account for the

range of uncertainty when setting up simulations and interpreting simulation results, i.e.

the plausibility range of the fireProb coefficient (Table 3.1) has to be taken into

account.

With our sensitivity study, the plausibility range offireProb can already be narrowed to

some extent. As discussed above, the baseline value of fireProb = 2.5 resulted in a

relatively realistic fire regime, although simulated values for fire rotations were rather

high. Increasing the parameter to fireProb = 3.0 resulted in fire rotations which were

clearly too high compared with the fire regime studies cited above, while decreasing the

parameter to fireProb = 2.0 resulted in slightly lower fire rotation values compared to

published data (Fig. 3.11a, Fig. 3.12a). Based on this consideration, it can be argued

that realistic fireProb values are most likely between 2.0 and 2.5; obviously, this is

based on the assumption that the form of the curve is correct.

Ignition is linked to the same probability function used for fire spread: a fire can only

ignite if it can spread to at least one of the eight neighboring cells. In this way, I was

able to use the same probability function for fire spread and fire ignition. It turned out

that fire rotation simulation is much less sensitive to the fire ignition parameter than to

the shape parameter of the fire spread curve (Fig. 3.1 Id, Fig. 3.12d). As the model

behavior responds only in a proportional manner (or even less than proportional) to

variations of the ignition coefficient, the default value of the parameter appears suitable

for comparing the disturbance regime in climatically different areas, or under scenarios

with different ignition activities from lightning or man. Also, as expected, the simulated
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fire size is not particularly sensitive to the ignition coefficient value, since fire spread

probabilities are not directly influenced by the ignition coefficient.

The species similarity coefficient showed substantial changes in those situations where

fire regime was strongly influenced by parameter variations. In both simulation sets, the

differences in species composition were mainly related to an increased proportion of

Pinus contorta biomass with decreasing fire rotation (increasing fire activity). This is a

realistic finding, since P. contorta is an early succession fire adapted species (serotinous

cones).

The tests using parameters which influence fuel load and therefore fire effects did not

show any sensitive changes. As expected, fuel load was found to change proportionally

with the decomposition rate. Apart from this finding, model behavior was not sensitive

to parameter changes. From the model design it could have been expected that the

amount of dead biomass or the threshold value for crown kill of large trees could

influence stand biomass, since tree mortality is estimated using these parameters.

However, this effect was not apparent within the range of parameter testing applied in

this study.

3.6 Conclusion

In this study, the landscape model described in Chapter 2 was extended with a new fire

sub-model. The new combined model, LandClim, was tested for its ability to simulate

the interaction between climatic conditions, fire disturbances, and forest composition

along an extended altitudinal gradient (1500-3500 m a.s.l.) in the Colorado Front

Range. In addition, a sensitivity study was conducted with the new fire sub-model to

determine the importance of various parameters that were difficult to estimate based on

literature data. The following conclusions can be drawn from these model tests.

The general structure of the LandClim model was found to be able to dynamically

simulate the responses of fire and vegetation properties to environmental conditions. It

is noteworthy that in LandClim, no predetermined fire frequency and size distribution

is required to run the new fire sub-model; instead, these result as emergent properties of

the simulated climatic effects and the resulting ecological interactions. In the model,

soil water is used as a proxy of fuel dryness, and is assumed to be the main driver of fire

occurrence because it determines the flammability of fuel. Thus, variations in climatic

parameters and the topographic setting result in a different fire regime. At the same

time, forest composition is changed directly by the climatic effects of different

environmental conditions, as well as indirectly through fire. This general structure

makes the model applicable to a broad range of landscapes. The interactions included in

the LandClim model, i.e. those between climate, the fire regime and forest structure,
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allow us to investigate the influence of climate change scenarios on the fire regime as

well as on forest structure, composition, and pattern.

The most uncertain part of the model is the shape of the fire probability curve. Although

I was able to narrow this down with the help of the sensitivity study, the exact form of

this curve should be the subject of further research. The model could be improved in the

future by estimating this curve more precisely. Such an improvement would require

extensive research to derive appropriate data. An improvement of the model would be

particularly important when accurately simulating ecosystems such as the Pinus

contorta-Picea engelmannii!Abies lasiocarpa zone in the Rocky Mountains, where fire

frequency maintains a delicate balance between the early-seral P. contorta and the late-

seral P. engelmannii and A. lasiocarpa (Romme and Knight, 1981). However, the

simulation results showed that even without further development and field validation,

the model can be applied to explore the relative differences of the fire disturbance

regime between climatic regimes, and to assess the responses of forest landscapes to

variations in climatic parameters along a broad elevational gradient from the dry to the

cold tree line. In the future, the model could be useful for improving our understanding

of the impacts of changing climate on potential fire regime shifts while simultaneously

considering the long-term effects on and the interaction with vegetation dynamics.
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Chapter 4

An evaluation of past and future forest

landscape dynamics in the Swiss Alps

4.1 Introduction

Mountain landscapes are strongly shaped by natural (e.g., windstorms, wildfires,

avalanches) and anthropogenic (e.g., management) disturbances. Changes in both types

of disturbance are expected in the 21st century as a consequence of Global Change

(IPCC, 2001a), particularly changes to climate. Recent projections of future climate

changes in the European Alps suggest a considerable increase in air temperature

coupled with a decrease in summer precipitation (e.g. Schär et al., 2004), i.e. warmer

and drier conditions for many subalpine forests. Several studies have suggested that an

increase in drought is directly related to an increase in wildfire occurrence (Ryan, 2000;

Flannigan and Wotton, 2001). Earlier studies of the impact of climate change on forests

in the Swiss Alps have focused on the direct effects of climate (e.g. Kienast, 1991;

Kräuchi, 1994; Bugmann, 1997b). Since the climatic regimes applied in these studies

often assumed constant precipitation or even increased precipitation in the future,

changes in the fire regime which would result in increased fire occurrence and the

impact of this on landscape properties were not studied.

In this study, I will explore the direct, as well as the indirect impact (wildfires) of

anticipated future climatic changes on vegetation development at the landscape scale. In

addition, I will evaluate the relative importance of changes in the wildfire regime vs.

changes in the wind disturbance regime, as well as different forest management

intensities for forest ecosystems in selected mountain landscapes.

The LandClim model was used to investigate these various drivers and their

interaction. The previous two chapters have described the development of this model

and have presented various model tests. These tests show that despite its simple

structure, LandClim is able to realistically reproduce ecological processes on various

spatial and temporal scales. In this chapter, LandClim is used to investigate several

questions related to long-term forest dynamics in the Swiss Alps. Specifically, this
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Table 4.1

Location, area, elevational range and climatic data of the two catchments used in this study. T: annual

mean temperature at 1500 m a.s.l.; P: total annual precipitation at 1500 m a.s.l.

Site Latitude

(°N)

Longitude

(°E)

Elevation

(m a.s.l.)

Area

(km2)
T

(°Q

P

(cm yr"1)

Dischma

Gantertal

46.8

26.2

9.8

8.0

1550-2550

1100-2600

16.7

24.4

3.2

3.9

104

103

chapter aims to investigate the influence of (1) different disturbance regimes on forest

dynamics, (2) changing climate on forest dynamics, (3) changing climate on fire regime,

and (4) fire on forest dynamics.

4.2 Materials and Methods

4.2.1 Study areas

The LandClim model was applied to the Dischma and the Gantertal, two valleys in the

Swiss Alps. The Dischma (Table 4.1) is located near Davos (Grisons) in the eastern part

of the Swiss Alps, whereas the Gantertal (Table 4.1) is located south of Brig (Valais) in

the western part of the Swiss Alps. Both areas are situated in the transition zone

between oceanic and continental climates. In these valleys, forests up to 2000 m a.s.l.

are typically dominated by Picea abies, while forest composition at higher elevations is

increasingly dominated by Larix decidua and Pinus cembra; at altitudes below 1500 m

a.s.l., Abies alba, and in drier parts Pinus silvestris become increasingly significant (Ott

et al., 1997). In both study areas, the current tree line is located at approximately

2100 m a.s.l., well below the natural tree line because of century-long human influences

(alpine pastures).

4.2.2 The current climate and climate change scenario

The model requires a time series of monthly mean temperatures and the sum of monthly

precipitation from a base station in or near each study landscape. In addition, by using

altitudinal lapse rates, the climatic information is extrapolated for each point in the case

study landscapes to represent the climatic gradients within the simulated landscape. In

this study, simulations were performed using the observed climate as well as using a

future climatic scenario.
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Current climate ("Current")

For the Dischma, climatic data from the climate station Davos-Platz (SMA, 1960-

2000) was used. Altitudinal lapse rates for temperature and precipitation were derived

from monthly linear interpolations between the climate station Davos-Platz (base

station) and Weissfluhjoch (SMA, 1960-2000) (cf. Fig. 4.1 & Tables 4.2-5).

The nearest available climate station to the Gantertal, the station Visp (SMA, 1980-

2000) was used as the base climate station (640 m a.s.l.). Because climate stations at

higher elevations are not particularly close to the Gantertal, two relatively distant

climate stations had to be used to derive altitudinal lapse rates for temperature. The

climate stations Visp (base station) and Grächen (SMA, 1960-2000), as well as Visp

and Ulrichen (SMA, 1981-2000) were used to this end. The arithmetic mean of the

monthly temperature interpolations for the two sets of stations was used as the

temperature lapse rate for the entire Gantertal. The amount of local precipitation varies

even more than temperature, particularly in the Valais (Baumgartner et al., 1983).

Therefore, the annual precipitation lapse rate was estimated for the Gantertal from high-

resolution precipitation maps (Baumgartner et al., 1983; Schwarb et al., 2001) rather

than from distant climate stations. The annual value was then applied for all months

(Tables 4.2-5).
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Figure 4.1

Mean monthly climate data at 1500 m a.s.l. Left panels: observed (interpolated) data; right

panels: downscaled climate change scenario for 2070-2100 A.D.
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Table 4.2

Mean monthly temperature data at 1500 m a.s.l. in the two catchments under current climate as well as

the downscaled A2 scenario (°C).

Site Scenario I FMAMI IASOND

2.0 6.7 9.8 12.0 11.5 8.9

4.0 9.0 13.8 16.3 16.2 12.1

5.5 10.4 13.5 16.2 15.7 11.9

3.9 8.8 14.0 17.1 17.1 12.7

Table 4.3

Total monthly precipitation data at 1500 m a.s.l. in the two catchments under current climate as well as

the downscaled A2 scenario (cm).

Dischma Current -4.9 -4.1 -1.5

Dischma A2 -0.9 -1.1 -0.3

Gantertal Current -3.7 -2.3 2.0

Gantertal A2 -1.1 -0.8 0.3

5.0 -0.6 -4.1

7.1 2.8 0.1

7.2 1.0 -2.6

7.2 2.8 -0.1

Site Scenario I F M A M I I A S O N D

Dischma Current 6.8 5.9 5.9 5.6 9.0 11.7 13.0 13.4 9.4 6.2 6.9 6.6

Dischma A2 7.5 8.9 7.4 4.7 6.9 8.1 6.3 4.7 6.0 7.7 4.2 6.7

Gantertal Current 8.6 8.8 7.8 8.7 8.8 8.3 7.5 7.3 8.1 9.5 9.5 9.4

Gantertal A2 11.4 13.5 11.0 9.8 7.5 6.7 6.0 5.0 7.8 8.7 6.7 10.8

Table 4.4

Monthly temperature lapse rates in °C per 100 meter in elevation used in the simulations, for current

climate as well as the A2 scenario.

Site Scenario I FMAMI IASOND

Dischma Current -0.34 -0.44 -0.57 -0.65 -0.67 -0.65 -0.61 -0.56 -0.50 -0.42 -0.39 -0.31

Dischma A2 -0.62 -0.67 -0.65 -0.65 -0.67 -0.62 -0.54 -0.53 -0.49 -0.48 -0.51 -0.58

Gantertal Current -0.50 -0.65 -0.76 -0.74 -0.72 -0.69 -0.67 -0.64 -0.55 -0.47 -0.46 -0.45

Gantertal A2 -0.44 -0.57 -0.66 -0.61 -0.63 -0.67 -0.75 -0.71 -0.57 -0.46 -0.41 -0.41

Table 4.5

Monthly precipitation lapse rates in mm per 100 meter in elevation used in the simulations, for current

climate as well as the A2 scenario.

Site Scenario I FMAMI IASOND

Dischma Current 2.28 2.44 2.06 1.44 1.49 1.95 2.16 2.15 0.66 0.38 1.66 2.57

Dischma A2 5.42 5.42 5.42 5.42 5.42 5.42 5.42 5.42 5.42 5.42 5.42 5.42

Gantertal Current 4.17 4.17 4.17 4.17 4.17 4.17 4.17 4.17 4.17 4.17 4.17 4.17

Gantertal A2 4.17 4.17 4.17 4.17 4.17 4.17 4.17 4.17 4.17 4.17 4.17 4.17
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Climate scenario ("A2")

In this study I had the opportunity to use a very recent climate change scenario

computed by Schär et al. (2004). This scenario is based on the SRES1 (Special Report

on Emission Scenarios of the IPCC) A2 transient greenhouse-gas scenario as specified

by the Intergovernmental Panel on Climate Change (IPCC, 2000). Schär et al. (2004)

used the regional climate model CHRM (Vidale et al., 2003) that was driven with output

from the HadAM3H atmospheric GCM2 (Pope et al., 2000) as boundary conditions. The

scenario data I obtained represents the conditions of the years 2071-2100 on a 56 km

horizontal resolution (grid spacing of 0.5°). The scenario data is complemented by a

"current climate" control dataset covering the period 1961-2000.

Downscaling had to be applied to the results of the regional climate model in order to

overcome the scale gap in resolution between the output of the regional climate model

and the LandClim model. The grid cells closest to each of the two study areas

(Dischma and Gantertal) were used in a simple downscaling procedure. Temperature

was downscaled by calculating the vertical temperature gradient between the nearest

cell and the second nearest cell relative to the study area. This is based on the

assumption that temperature is distributed relatively uniformly across larger areas, i.e.

over distances of 50-100 km. As noted above, precipitation is much more dependent on

local conditions than temperature. Therefore, I used high-resolution hydrological maps

(Baumgartner et al., 1983; Schwarb et al., 2001) instead of the regional climate model

output to derive altitudinal lapse rates, thus making the assumption that future

precipitation lapse rates are identical to those under current climatic conditions.

A comparison of the monthly mean values of the downscaled control simulation

(control dataset 1961-2000) against observed climate data showed a relatively similar

pattern for temperature; deviations were always smaller than 1.5 °C (detailed data not

shown here). While the annual sum of precipitation also displayed a similar pattern

(deviation <1%), summer precipitation was underestimated (cf. Frei et al., 2003).

Therefore, a bias correction of precipitation was applied to each of the study areas. The

calculation of the monthly bias was based on the ratio of observed monthly precipitation

and the downscaled monthly precipitation values of the control simulation.

The resulting long-term monthly means of the climate data used in the simulations are

given in Figure 4.1 and listed in Tables 4.2 and 4.3. The lapse rates are listed in Tables

4.4 and 4.5.

1 Acronym for "Special Report on Emission Scenarios" of the IPCC

2 Acronym for "General Circulation Model"
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4.2.3 Disturbance scenarios

Fire parameters ("F2.5", "F2.0")

In LandClim, fire is not prescribed as a scenario, but results as an emergent property of

the simulated climatic effects and the resulting ecological interactions (cf. Chapter 3).

However, the model tests and sensitivity studies presented in Chapter 3 revealed that

although the fire sub-model was able to simulate realistic results, some parameters are

associated with considerable uncertainty. In particular, the shape of the fire spread

probability curve (cf. Eq. 3.1) proved difficult to estimate. To take this uncertainty into

account, several of the simulations presented in this chapter were performed with two

fire spread curve shapes by varying the coefficientfireProb (cf. Eq. 3.1). The associated

parameter values are listed in Table 4.6.

The default value offireProb in the model tests presented in Chapter 3 had been set at

2.5. The results suggested that this value results in rather conservative estimates of fire

occurrence. In contrast, simulations with fireProb = 2.0 resulted in fire regimes that

represent the upper limit of the plausibility range, i.e. this value simulated rather more

fires than expected, compared to literature data. Thus, by using both values in the model

applications of the present chapter, the range of possible fire activities can be

thoroughly explored. The remaining fire parameters were used as described in Chapter 3

(cf. Table 3.1).

Wind parameters and scenarios ("W600", "W400", "W200")

The characteristics of the current wind disturbance regime were estimated based on

published investigations of storm history in Switzerland, as follows. Extreme storms

have occurred infrequently in the past; over the last 500 years, storms occurred only

about every 15 years in the Swiss plateau (Pfister, 1999). Wind conditions similar to

those during the latest storm, ('Lothar' in 1999), are expected to occur on average every

13 years (WSL and BUWAL, 2001). In storm Lothar, about 2% of forested areas in

Switzerland were destroyed completely (WSL and BUWAL, 2001). Thus, the mean

disturbance rotation of storms like Lothar for forest stands in Switzerland can be

calculated by dividing the mean interval of occurrence of such events (13 years) by the

proportion of area affected (0.02). This results in a mean return interval of 650 years. I

assumed that the majority of windthrows in Switzerland are caused by such extreme

storm events, but that moderately intensive storms events also contribute to the total

windthrow area (cf. WSL and BUWAL, 2001). Therefore, I reduced the wind return

interval estimated for extreme wind events by about ten percent, resulting in a mean

return interval of 600 years. The majority of blow-down areas in Switzerland are

typically rather small. For example, in storm Vivian in 1990, the largest area was 60 ha,
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Table 4.6

Summary of the fire parameter sets

used in this study (see text for

further information).

Table 4.7

Summary of wind regimes used in

further information).

this study (see text for

Name Mean return interval

(years)

Mean wind size

Name fireProb
(ha)

(cf. Eq. 3.1)

F2.5 (conservative) 2.5

F2.0 (extreme) 2.0

W600 (current) 600

W400 400

W200 200

2.5

2.5

2.5

but more than 90% of the areas were smaller than 2 ha (Scherrer, 1993). Thus, I

estimated the average size of windthrow areas to be 2.5 ha. This default parameter set is

called "W600" (cf. Table 4.7).

Future climate change is likely to alter the frequency of extreme storms. A warmer

climate is likely to lead to increased specific humidity in the atmosphere, which could

lead to more intense and more frequent low-pressure systems (IPCC, 2001b). However,

a statistical analysis of storms over the past 150 years in Switzerland did not indicate a

tendency towards more frequent storms (Schiesser et al., 1997). Also, no significant

trends have been discovered on a global scale for extra-tropical cyclones (IPCC, 2001b).

Thus, an increase in storm frequency in Switzerland in the future is possible, but it is

rather uncertain if and to what extent this will happen (Wernli et al., 2003).

To investigate the effects of a possible future increase in storm frequency, two further

storm regimes were defined: a return interval of 400 years (W400) and a return interval

of 200 years (W200) (cf. Table 4.7). I assumed that even though the frequency of

windthrow events would increase, their size distribution would remain the same as

under current conditions.

Harvest parameters and scenarios ("HI", "H2", "H3", "HH")

Several forest management scenarios were defined to study the impact of varying

harvesting intensities in the Dischma valley. These regimes were defined to represent

current and possible future forest management practices, as well as historical forest

management practices, as described below (cf. Table 4.8).

Current management practices - The forests in the Dischma valley play a very

important role as a shield against avalanches. Therefore, current sylvicultural treatments

are conducted with the aim of maintaining a high vertical and horizontal diversity of

forest structure. Stands with little or no tree regeneration are treated with crown thinning

to foster tree regeneration (Ott et al., 1997). Most of the forest stands are not easily
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Table 4.8

Harvesting scenarios.

Definition of treatments: includes criteria for selecting stands for harvesting.

minDBHdom : minimum required average diameter of the hundred biggest trees per hectare;

Stand rank : density = densest stands first; biomass = stands with largest total biomass first; random =

stands selected randomly.

Size class : criteria for selecting trees of a certain diameter class for harvesting in selected stands.

Harvesting regimes: HI extensive scenario, corresponds to current harvesting regime. H2 intermediate

scenario, H3 intensive scenario. HH, historical harvest regime (1700-1900). Values given consist of:

proportion of area the treatment is applied each decade / proportion of number of trees removed in the

corresponding size class.

Thinning
Crown

thinning
Removal Fire wood Selection Clear-cut

Definition oftreatments:

minDBHdom 15 cm 30 cm 40 cm - 40 cm 40 cm

Stand rank Density Density Biomass Random Density Biomass

Size class (dbh) <25 cm >25 cm >50 cm <15 cm 30-50 cm all

Harvesting regimes:

HI -/- 0.05/0.15 0.01/0.90 -/- -/- -/-

H2 0.10/0.20 0.15/0.15 0.05/0.90 -/- -/- -/-

H3 0.20/0.30 0.03/0.03 0.10/0.90 -/- -/- -/-

HH -/- -/- -/- 0.80/0.50 0.10/0.20 0.005/1.0

accessible for management purposes, and transportation and harvesting costs are high

relative to current timber prices. Therefore, management only occurs in a small fraction

of all the stands today (Hefti et al., 1986).

Future forest treatment is difficult to predict, because it depends heavily on socio¬

economic variables, the evaluation of which is beyond the scope of this study. The

current harvesting regime is very extensive; therefore, it would also be interesting to

explore the impact of more intensive treatments, as well as current harvesting

treatments. Therefore, I assumed that future harvesting treatments would be

qualitatively similar to current practices, but that they would be more intensive and

would be applied on a larger area. Consequently, I defined three treatments to model the

harvesting regimes (Table 4.8): 'Thinning' reduces the density of dense stands with

small trees (<25 cm dbh). 'Crown thinning' opens the canopy layer of dense stands by

thinning medium-sized and large trees (>25 cm dbh), while 'Removal' extracts stems

that have reached exploitable size (>50 cm dbh) in stands composed mainly of large

trees (>40 cm dbh).
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Historical harvest regime - This scenario consisted of intensive wood extraction

between 1700 and 1900 AD. Forest (over)exploitation in the Davos area had already

taken place before 1700, when forests had been used by local communities for multiple

purposes: mowing, cattle and goat grazing, firewood collection, wood extraction for

fence posts, single stem extraction for housing construction purposes, and stand

clearings for timber trade (Günter, 1981). However, because our study area is relatively

remote, I assumed that exploitation in these forests began only after 1700 (Laely, 1984).

Based on the available information about historical forest management activities, I

defined a simplified harvest regime as follows (Table 4.8): The 'Fire wood' scenario

removes small trees (<15 cm dbh) from a large fraction of the entire landscape. This

represents mowing, grazing, fire-wood and fencing-wood extraction. The 'Selection'

scenario extracts medium-sized (30-50 cm dbh) single stems for housing construction

in selected stands, while the 'Clear-cut' scenario clears stands with large timber (stands

where most trees are > 40 cm dbh) for commercial purposes - but this only occurs in a

few stands. Furthermore, browsing intensity was varied over time. Browsing by cattle

and goats was very intensive up until 1850, but then decreased until 1900 to reach

current levels (1700-1850: nominal browsing intensity of 1.0; from 1850 to 1900: linear

decrease; since 1900: constant at 0.5).

4.2.4 Additional model parameters

Besides parameters describing climate and disturbance regimes (see above), the model

requires parameter sets describing the autecological properties of tree species and

physical site conditions.

Species parameters include life-history traits, environmental responses, and

demographic rates. They were estimated based on published data (Table 4.9), with the

following additional explanations.

The species-specific growth rate, rs, accounts for maximal growth under optimal

environmental conditions. This value is difficult to estimate, as the growth of any real

tree is always dependent on complex and multiple growth factors that are below

optimum. Also, the logistic growth function does not take into account that different

trees have maximal growth performance at different life stages (according to this

equation, maximum growth always occurs at half the maximum size). The following

sources were used to estimate growth rates: (1) yield tables (Anonymous, 1983;

Schober, 1987; Lick and Sterba, 1991; Hillebrand, 1997), (2) comparative growth

studies (Flury, 1895) and (3) measured individual trees (Burger, 1945-53). For species

where I had no measured data, I estimated rs based on the parameters used by Bugmann

(1994) to estimate optimal diameter growth.
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Table 4.9a

Species life history parameters.

Species rs ^s maxAges matus EDS MDS vegPs sp ags

(yr1) (t) (yr) (yr) (m) (m) (-) (yr)

Abies alba 0.04 17.6 700 70 50 160 0 0

Larix decidua 0.07 13.5 850 30 60 200 0 0

Picea abies 0.08 15.2 700 50 70 250 0 0

Pinus cembra 0.03 5.9 1050 70 30 -1 0 0

Pinus mugo 0.06 0.4 300 10 90 300 0 0

Pinus silvestris 0.075 8.1 760 30 90 300 0 0

Acer campestre 0.08 1.5 170 40 60 200 50

Acer platanoides 0.08 9.8 380 40 60 200 50

Acer pseudoplatanus 0.09 14.0 550 40 60 200 50

Alnus glutinosa 0.12 4.7 240 20 30 100 30

Alnus incana 0.12 4.9 150 20 30 100 30

Alnus viridis 0.09 0.035 100 20 30 100 30

Betula pendula 0.12 4.3 220 20 200 700 30

Betula pubescens 0.12 1.7 170 20 200 700 30

Carpinus betulus 0.1 4.6 220 30 55 180 30

Castanea sativa 0.05 41.0 1510 50 30 -1 50

Corylus avelana 0.12 0.2 70 10 30 -1 50

Fagus silvatica 0.1 28.0 430 60 30 -1 50

Fraxinus excelsior 0.07 18.0 350 40 40 140 50

Populus nigra 0.12 10.6 280 20 240 800 30

Populus tremula 0.12 3.8 140 20 240 800 30

Quereus petraea 0.11 26.0 860 60 30 -1 50

Quereus pubescens 0.07 2.4 500 60 30 -1 50

Quercus robur 0.11 36.0 1060 60 30 -1 50

Salix alba 0.1 5.7 170 20 430 1400 30

Salix caprea 0.12 0.4 170 20 430 1400 30

Sorbus aria 0.08 0.8 180 10 30 -1 50

Sorbus aucuparia 0.12 1.8 110 10 30 -1 50

Tilia cordata 0.1 20.0 940 40 40 140 50

Tilla platyphyllos 0.1 45.0 960 40 40 140 50

Ulmus glabra 0.12 19.0 480 50 110 360 50

r: maximum above-ground biomass growth rate (see text; Flury, 1895; Burger 1945-53; Anonymous,

1983; Schober, 1987; Lick and Sterba, 1991; Hillebrand, 1997); K maximum aboveground tree biomass a

species can potentially reach (see text; Assmann, 1961; Grosser, 1977; Burger, 1945-53; Bugmann,

1994); maxAge: expected longevity (Bugmann, 1994); matu: maturity age for seed production

(Rohmeder, 1972 p. 35; Hegi, 1981); ED: effective seeding distance; MD: maximal seeding distance (see

text; Rohmeder, 1972); vegP: probability of vegetative reproduction, and spAge: maximum age for

vegetative reproduction (Burschel and Huss, 1997).
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Table 4.9b (continued)

Species life history parameters.

Species E/Ds folTypes shdTols minDDs minTs drTols brTols barks

(-) (-) (-) (d) (°Q (-) (-) (-)

Abies alba 1 5 5 641 -6 3 3 0.03

Larix decidua 2 2 1 323 -11 2 2 0.075

Picea abies 1 5 3 385 -11 1 2 0.03

Pinus cembra 1 5 3 323 -99 4 3 0.045

Pinus mugo 1 4 1 323 -99 5 2 0.03

Pinus silvestris 1 4 1 610 -99 5 2 0.045

Acer campestre 2 2 3 1062 -99 4 1 0.02

Acer platanoides 2 3 3 1042 -17 3 1 0.02

Acer pseudoplatanus 2 3 4 898 -99 3 1 0.02

Alnus glutinosa 2 2 3 898 -16 1 2 0.02

Alnus incana 2 2 2 610 -99 1 2 0.02

Alnus viridis 2 2 2 272 -99 2 2 0.015

Betula pendula 2 1 1 610 -99 2 1 0.015

Betula pubescens 2 1 1 498 -99 3 1 0.015

Carpinus betulus 2 3 4 898 -9 3 3 0.02

Castanea sativa 2 3 3 1237 -99 4 2 0.045

Corylus avelana 2 3 3 898 -16 4 3 0.02

Fagus silvatica 2 3 5 723 -4 3 3 0.015

Fraxinus excelsior 2 2 3 980 -17 2 2 0.02

Populus nigra 2 2 3 662 -99 1 3 0.03

Populus tremula 2 2 2 610 -99 3 3 0.03

Quereus petraea 2 3 2 785 -5 3 2 0.03

Quereus pubescens 2 3 2 1011 -99 4 2 0.03

Quercus robur 2 3 2 1042 -17 4 2 0.03

Salix alba 2 1 3 1062 -99 1 1 0.02

Salix caprea 2 1 3 610 -99 2 1 0.02

Sorbus aria 2 2 2 898 -99 4 2 0.02

Sorbus aucuparia 2 1 2 498 -99 4 2 0.02

Tilia cordata 2 3 3 1339 -19 4 2 0.02

Tilia platyphyllos 2 3 3 1339 -99 3 2 0.02

Ulmus glabra 2 3 4 1062 -16 3 1 0.03

E/D: 1 denotes evergreen species; 2 deciduous species; folType: Foliage type (see text; Bugmann, 1994);

shdTol: species shading tolerance (ordinal number between 1 and 5, 1 denotes least shade tolerant)

(Ellenberg, 1996 p. 119); minDD: minimum annual degree-day sum (Bugmann, 1994); minT: minimum

temperature for establishment (Bugmann, 1994); drTol: drought tolerance of species (l=very intolerant; 5

=

very tolerant) (Bugmann, 1994; Bugmann and Cramer, 1998); brTol: browsing tolerance (Bugmann,

1994); bark: Coefficient, bark allometry (Kirschner, 1976; Vaucher, 1997).
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The maximal potential biomass of a species (Ks) was estimated using the following

equation:

Ks=--dbh2 -H-f-R-BEF (4.1)

Maximum diameter at breast height (dbh) and tree height (FT) were derived based on

data analysis by Bugmann (1994). However, because his data analysis was based on

maximal dimension of individual tree species, most of which were growing solitarily,

the dimensions normally reached by trees in a forest stand are overestimated. As the

logistic growth equation always approaches maximal biomass (assuming that sufficient

time has elapsed), I had to reduce the maximal values given by Bugmann (1994) to

estimate average maximal dimensions of trees in forest stands. The diameter values by

Bugmann (1994) were reduced by one third, and his height values by ten percent; this

assumes that diameter would be more affected by competing trees than height. The

factor / (Eq. 4.1) is a species-specific form factor (Assmann, 1961) (default value

/ = 0.5); R is wood density (kg/m3) taken from Grosser (1977), and BEF is a biomass

expansion factor set to 1.1 for coniferous and 1.15 for deciduous tree species (Burger,

1945-53) (cf. Appendix B.4).

Seed distribution distances were estimated based on velocity of fall (Rohmeder, 1972),

average tree height (assuming an average falling distance of 20 m) and horizontal wind

speed. Average wind speed for estimating the effective distance was set to 3 m/sec and

to 10 m/sec for maximal seed distance (Rohmeder, 1972).

The relationship between diameter and foliage weight, expressed by the parameter

folType, was taken from Bugmann (1994), with one exception: the value of Pinus mugo

was changed to 4 (cf. Risch, 2004).

Site parameters can be varied according to land type, but in the present model

application only one land type was defined for all catchment areas. These general

parameters were used as described in Table 2.1. The input maps had a resolution of 25 x

25 m. Elevation, slopes and aspect for every grid cell were derived from a digital

elevation model with a resolution of 25 m (DEM25, © 2002 Swiss Federal Office of

Topography). Soil information for the Dischma was taken from the soil maps by Krause

(1986), and for the Gantertal from the Bodeneignungskarte der Schweiz (1980). The

map of initial forest stands (approximately for the year 1980) and stand descriptions

were derived from data in Hefti et al. (1986) for the Dischma valley. In the case of the

Gantertal, the model was always run starting from an empty landscape.
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4.2.5 Simulation experiments

The LandClim model was used to simulate past as well as possible future forest

landscape dynamics. For this, four different sets of simulations were defined:

Firstly, to explore the past development of the forest, the historic harvest regime

(HH, cf. Table 4.8) was applied in the Dischma valley. In order to ensure comparability

of these simulations with the current forest composition, the potential forest area was

limited to current forest boundaries. The simulations started from an empty landscape.

Throughout the simulation period the "current" climate data set was used. The harvest

regime was started after the first 1000 simulation years, when the simulated vegetation

had reached equilibrium with climate, and was continued for 200 years. With these 200

years of intensive management, the period of 1700-1900 AD was mimicked, thus

assuming that management activities before 1700 AD had been negligible. After

1900 AD, the historic harvest regime was replaced by the (less intensive) current

harvest regime (HI, Table 4.8), which was continued until the year 2300 AD. The

properties of the stochastic processes embedded in the LandClim model were evaluated

by considering the mean values from 25 independent simulations.

Secondly, to explore the influence of various future harvest regimes (cf. Table 4.8)

within the current forest area, simulations starting from the current forest cover under

current climatic conditions were started for the Dischma in the year 2000 and were run

until 2300 AD. Again, the mean values of 25 five simulations were evaluated for each

harvesting scenario.

Thirdly, to simulate possible future development under a changing climate within the

current forest area in the Dischma valley, simulations were started from the current

forest cover in the year 2000, but with the future climate scenario (A2, cf. Tables 4.2-5,

Fig. 4.1). For the years 2000-2100 AD, a change of climatic parameters was applied by

linearly interpolating the mean values between the current and future climate data sets

(Tables 4.2-3). Simulations between 2100 and 2300 AD were then performed based on

the assumption that the climate (as specified in the A2 scenario, Tables 4.2-3) would

remain constant after 2100 AD (for the rationale, cf. Bugmann, 1997b). The

conservative fire parameter set (F2.5, cf. Table 4.6) was used for these simulations.

Simulation sets were run for the range of defined wind (cf. Table 4.7) and harvest

scenarios (cf. Table 4.8). For each of these combinations, the mean values of 25

simulations were evaluated. To ensure comparability with the simulation sets of the past

and current forest dynamics, I evaluated the development within the current forest area.

As forest cover boundaries are unlikely to remain static over the next couple of decades

to centuries, in a second step I also evaluated the effect of forest establishment in areas

above the current tree line.
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Fourthly, to better understand the long-term effect of the projected climate change

scenario on forest vegetation, the fire regime, and on the feedback of an altered fire

regime on vegetation, simulations of the potential natural vegetation (i.e., no forest

management and no land-use) under the current climate and the future climate change

scenario were carried out in both the Dischma valley and the Gantertal. Both fire

parameter sets (cf. Table 4.6) and the three wind regimes (cf. Table 4.7) were used.

These simulations started from an empty landscape, and continued for 1000 years to

reach a steady state forest composition. The mean values over the following 10000

simulation years under a constant (current or A2) climate were evaluated to assess the

new equilibrium between climate, wildfire, and vegetation properties.

4.3 Results

4.3.1 Forest dynamics from the past into the near future under

varying management regimes

Simulated vegetation dynamics in the absence of forest management - averaged over

the entire, currently forested landscape (except for avalanche tracks) - resulted in an

average biomass of 210 t/ha (Fig. 4.2, years 1600-1700 AD). Applying the historic

harvest regime during the years 1700 to 1900 AD (cf. Table 4.8) caused a gradual,

strong reduction in biomass: around 1850 AD, aboveground biomass was reduced by

more than 50 percent (Fig. 4.2), and did not considerably decrease further until

1900 AD. Once the historic harvest regime had ended, forest biomass began to recover

HO HH H1
300 i 1 1

9* 250 -

Year AD

Figure 4.2

Simulated biomass development over the entire Dischma landscape (except avalanche

tracks). Between 1700 and 1900 AD the historic (HH) and after 1900 the current harvest

(HI) regime were applied. Current climatic parameters and the current wind regime as well

as the conservative fire probability parameter were used. The graph represents averages

from 25 simulation runs (for additional explanations see text).

Ed Picea abies

M Pinus cembra

E3 Larix decidua

H Others
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Figure 4.3

Simulated biomass development and species composition within the current forest area in

the Dischma valley, starting from the current forest cover (Hefti et al., 1986) in the

simulation year 2000 under various future harvesting regimes (HO, no management; HI,

H2, H3 cf. Table 4.8). Left panels: simulations under current climate conditions

("current"); right panels: simulations under the future climate scenario ("A2"; transient

climate change between the years 2000 and 2100). In all simulations, the current wind

regime and the conservative fire probability parameter were used. In each panel, the

landscape-scale averages of 25 simulation runs are shown.
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with a lag of 2-3 decades. During this recovery time, biomass increased continuously

over the next 150 years (until about 2080 AD), then it declined again and stabilized at

just under 200 t/ha (Fig. 4.2) by 2250 AD.

Simulated future development of forest cover under current climatic and wind

conditions showed different degrees of progression depending on the harvesting regime

applied (Fig. 4.3, left panels). Biomass development was fairly constant under the no

management (HO) and the HI scenario, whereas the H2 and H3 scenarios (cf. Table 4.8)

resulted in a considerable reduction in biomass. Biomass removed by harvesting over

the first 50 simulation years amounted to 0.6, 1.8 and 3 t-ha^-yr"1 under the Hl, H2, and

H3 harvest regimes, respectively.

The relative effect of the harvesting regimes was similar in the simulations with the

climate change scenario (Fig. 4.3 right), and in the simulations under current climatic

conditions (Fig. 4.3 left). However, taking climate change into account, vegetation

dynamics showed a different trend from in the simulations under current climatic

conditions. In the first 50 years of the simulations using the A2 scenario, vegetation

dynamics were very similar to those in the current climate, and in the simulations

without any (HO) or with little harvest activity (HI), biomass actually increased as a

consequence of climatic change. However, in all simulations under the A2 scenario, the

current Picea abies dominated forest cover started to die back quite rapidly around

2050 AD. The proportion off. abies decreased rapidly for the next 50 to 100 years, and

continued to decrease, although more slowly, over the remaining simulation period.

During this transition, P. abies was gradually replaced by other genera, mainly Sorbus

and Pinus, indicating higher drought incidence and lower canopy cover.

The temporal change of forest properties in the simulated landscape can be analyzed

more closely by evaluating the elevation gradients of biomass and species composition.

Figures 4.4 and 4.5 show the situation in the Dischma valley for the no management

(HO) and the moderate harvesting (H2, cf. Table 4.8) scenarios, respectively. Note that

in contrast to the results presented in Figure 4.3, here the forest was allowed to spread

above the current tree line in the future. The HO simulations show an increase in

biomass at lower elevations between the years 2000 and 2050 AD, while a Pinus mugo

dominated vegetation was established slightly above the current tree line (Fig. 4.4).

Although biomass increased during these 50 years in forest stands at low elevations, the

vertical structure development suggests that the die-back process has already begun in

2050, as illustrated by the larger fraction of old, rejuvenating, and young stands at the

expense of mature stands. This trend continued for the next 50 years. In 2100 AD, the

proportion of forests classified as mature decreased considerably compared to the

current forest structure. Also, tree species composition altered, i.e. the proportion of

Picea abies decreased at low elevations, while Larix decidua was able to strongly

increase its biomass around the elevation of the current tree line. Between 2100 and
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Figure 4 4

Simulated development starting from the current forest vegetation (2000 AD) under the

future climate scenario the current wind regime and no forest management in the Dischma

valley Left panels biomass and species distribution, right panels forest structure over the

elevational gradient The definition of forest structure classes was given in Figure 2 3
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Figure 4 5

Simulated development starting from the current forest vegetation (2000 AD) under the

future climate scenano with the current wind regime and the H2 harvest regime in the

Dischma valley (cf Table 4 8) Left panels biomass and species distribution, right panels

forest structure over an elevational gradient The defimtion of forest structure classes was

given in Figure 2 3
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2200 AD, the model simulates a recovery of forest structure. While at lower elevations

the proportion of mature forest decreased further, the proportion of mature forest

increased at higher elevations, again mainly near the current tree line. At lower

elevations, the abundance of P. abies decreased further, and instead a range of new tree

species was established and started to dominate. At upper elevations, L. decidua reached

greater biomass and shifted to even higher elevations. Above the current tree line, Pinus

cembra and Picea abies were established, in addition to Pinus mugo. In the case of

forest management (Fig. 4.5), the same development was simulated, but biomass was

much lower, and forest structure was not able to recover as quickly as it had without

harvesting activities (cf. Fig. 4.4). This meant that the landscape was strongly

dominated by young stands, differing sharply from today's landscape properties both

below and above the current tree line.

Simulations with the three different wind regimes (cf. Table 4.7) resulted in very similar

developments (results not shown). Species composition was virtually the same across all

wind regimes, and biomass was reduced only slightly compared to W600 simulations,

i.e. by 2% and 5% in the W400 and the W200 simulations, respectively.
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Figure 4.6

Simulated potential natural vegetation under the current climate and wind regime in the

two catchments. Top: Biomass distribution; bottom: forest structure distribution over an

elevational gradient. The definition of forest structure classes was given in Figure 2.3.
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4.3.2 Effects of future climatic change on potential natural vegetation

and the fire regime

Long-term potential natural vegetation under the current climate was simulated for both

study areas. The simulated natural vegetation dynamics resulted in biomass values and

species composition that changed characteristically with altitude (Fig. 4.6). In both

study areas, total aboveground biomass was highest at lower altitudes, declined slightly

until about 1900 m a.s.l., and then started to decrease more rapidly. In both study areas,

over the elevational gradient from 1500 m up to the tree line, there was a transition from

Picea abies dominated forests to Pinus cembra dominated stands. Larix decidua

biomass increased with altitude, and after reaching a maximum biomass at about 1800-

2000 m a.s.l., it started to decline again (Fig. 4.6). In the Gantertal, the vegetation zones

are about 50-100 m higher in elevation than in the Dischma valley, corresponding to the

more continental climate (cf. Tables 4.2-3). Note that the study area of the Gantertal

starts at 1100 m a.s.l., i.e. about 450 m lower than the Dischma valley. In the Gantertal,

the simulated vegetation below 1500 m is increasingly dominated by a mixture ofPinus

silvestris, Acer pseudoplatanus, Fagus silvatica and Quercus sp. Forest structure above

an elevation of 1550 m a.s.l. is comparable in both study areas (Fig. 4.6). The
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Figure 4.7

Biomass distribution of simulated potential natural vegetation in the Dischma under future

climate scenario (A2) and the W400 wind scenario (cf. Table 4.7). Top: simulation with the

conservative fire scenario (F2.5, cf. Table 4.6); bottom: simulation with extreme fire

scenario (F2.0, cf. Table 4.6).
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proportion of mature and old growth forest stands in the landscape amounts to about

80% up to an elevation of 2000-2100 m a.s.l., above which it declines very quickly.

Fire did not play an important role in the simulations under current climatic conditions

in either study area (results not shown). No fires occurred in the Dischma, irrespective

of the fire parameter setting (cf. Table 4.6). In the Gantertal, some very infrequent and

small fires occurred, but only under the more extreme F2.0 scenario (cf. Table 4.6).

These fires did not notably affect overall species composition and forest structure.

In the Dischma, simulated natural vegetation dynamics using the future climate scenario

resulted in a landscape forested to elevations far above 2500 m a.s.l., and stands at

lower elevations are dominated by Pinus silvestris (Fig. 4.7 top), irrespective of slope

aspect. Other species, mainly Fagus silvatica and Quercus sp. also occur in the lower

half of the landscape. The simulated proportions of Fagus silvatica and Quercus sp. are

higher under the conservative fire scenario (F2.5, cf. Table 4.6). These lower elevation

species are gradually replaced by Picea abies, Pinus cembra, Larix decidua, and Abies

alba with increasing elevation (Fig. 4.7). At higher elevations, aspect-specific patterns

emerge, i.e. the southern slopes are dominated mainly by Pinus cembra, and Picea abies

does not occur anywhere with notable biomass, whereas northern slopes are

characterized by the co-dominance of L. decidua, P. abies and P. cembra. Also,
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Figure 4.8

Biomass distribution of simulated potential natural vegetation in the Gantertal under future

climate scenario (A2) and the W400 wind scenario (cf. Table 4.7). Top: simulation with the

conservative fire scenario (F2.5, cf. Table 4.6); bottom: simulation with extreme fire

scenario (F2.0, cf. Table 4.6).
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simulated biomass at higher elevations on southern slopes was considerably lower than

on northern slopes (Fig. 4.7). On the southern slopes, simulated biomass over the entire

elevational gradient from the lowest elevations up to about 2300 m a.s.l. did not vary

much and averaged roughly 150 t/ha; above 2300 m a.s.l., biomass gradually started to

decline (Fig. 4.7). Biomass distribution on the northern slopes, however, showed a

gradual increase from the lowest elevations until about 2250 m a.s.l. before it decreased

again.

Simulated biomass on the lower elevations of the northern slopes is considerably lower

under the F2.0 scenario (Fig. 4.7 bottom) than under the F2.5 scenario (Fig. 4.7 top; cf.

Table 4.6). Differences exist between the fire scenarios in simulated biomass at lower

elevations on the southern slopes, but these are less distinct than on the northern slopes

(Fig. 4.7).

The simulated landscape under the future climate scenario in the Gantertal (Fig. 4.8) is

composed of similar tree species to the Dischma, but the relative proportions of tree

species and biomass distribution are different. The vegetation at lower elevations is

dominated strongly by Pinus silvestris; on northern slopes above 1300 m a.s.l., a

considerable number of mainly Fagus silvatica and Quercus sp. occur (Fig. 4.8).
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Figure 4.9

Forest structure (cf. Fig. 2.3) of simulated potential natural vegetation in the Dischma

under future climate scenario (A2) and the W400 wind scenario (cf. Table 4.7). Top:

simulation with the conservative fire scenario (F2.5, cf. Table 4.6); bottom: simulation with

extreme fire scenario (F2.0, cf. Table 4.6).
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Biomass distribution in the Gantertal shows considerable differences between low and

higher elevations (Fig. 4.8). On the northern slopes between 1100 and 1300 m a.s.l.,

biomass amounted to 120 and 50 t/ha using the F2.5 and F2.0 simulations, respectively.

Between 1300 and 1500 m a.s.l., biomass increased quickly to values of between 200

and 250 t/ha. On the southern slopes, however, biomass increased much more slowly

with elevation and differed considerably between the two fire scenarios; the F2.5

scenario (cf. Table 4.6) resulted in a gradual increase of biomass from the lowest

elevations (80 t/ha) up to 2400 m a.s.l. (200 t/ha), whereas the F2.0 scenario resulted in

very little biomass increase between the lowest elevations (40 t/ha) and 1700 m a.s.l.

(70 t/ha), but in a rapid increase above 1700 m a.s.l. (Fig. 4.8).

The simulated forest structures under the future climate scenario in the Dischma were

relatively similar on northern and southern slopes, while the differences between the

two fire scenarios (cf. Table 4.6) were more evident (Fig. 4.9). Using the F2.5 fire

scenario (Fig. 4.9 top), about 40% of the landscape is classified as young forest, with

little variation along the elevational gradient. On the northern slope, the amount of

young forest decreases slightly with elevation, but increases again at about 2250 m a.s.l.

The proportion of 'old forest with rejuvenation' is on average about 10%. The

remaining forest stands are classified as mature forest. The proportion of mono-layered
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Forest structure (cf. Fig. 2.3) of simulated potential natural vegetation in the Gantertal

under future climate scenario (A2) and the W400 wind scenario (cf. Table 4.7). Top:

simulation with the conservative fire scenario (F2.5, cf. Table 4.6); bottom: simulation with

extreme fire scenario (F2.0, cf. Table 4.6).
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mature forest is smaller on the southern slope than on the northern slope The main

difference between the F2 0 and the F2 5 fire scenarios (cf Table 4 6) is the increased

proportion of young forest at lower elevations simulated with the F2 0 fire settings, thus

leading to clear changes of forest structure with elevation (Fig 4 9 bottom) On both

slopes, more than 50% of the landscape at lower elevations is classified as young forest

Using the future climate scenario, the simulated forest structure in the Gantertal

(Fig 4 10) shows a distinct pattern of large numbers of open areas and young forest at

lower elevations, and an increasing amount of mature forest with elevation At around

2400 m a s 1, the proportion of area classified as young forest increases again

(Fig 4 10) This pattern is most pronounced on the southern slopes under the F2 0 fire

scenario (cf Table 4 6), where almost no mature forest stands occur at the lowest

elevations and more than 30% of the entire landscape is classified as 'open' The

proportion of mature forests increases slightly until 1700 m a s 1, where about 10%> of

the landscape is classified as mature forest Between 1700 and 2100 m, the proportion

of mature forest increases quickly Between 2100 and 2400 m, only 20% of the

landscape is young forest (Fig 4 10)

Using the future climate scenario, some fires occurred in the Dischma, mainly at lower
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Simulated fire regime in the Dischma under future climate scenario (A2) and the W400

wind scenario (cf Table 4 7) Top simulation with the conservative fire scenario (F2 5, cf

Table 4 6), bottom simulation with extreme fire scenario (F2 0, cf Table 4 6) Fire

rotation time until area equal to area of elevation band is burned once, no of fires the

average number of fires >0 5 ha in size that occurred each century
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elevations and on the southerly slopes (Fig 4 11) Under the F2 5 fire scenario (cf

Table 4 6), fires occurred only rarely, a fire of >0 5 ha occurred around every 150 years

at the lowest elevations and every 300 years at about 1800 m a s 1 Fire return intervals

rose quickly with increasing elevation Accordingly, the calculated fire rotations (the

time required to burn an area of the size of the entire area for each elevation band) are

high, only at the lowest elevation is band fire rotation under 1000 years (Fig 4 11)

Using the F2 0 setting, however, more frequent fires were simulated, one to two larger

fires (>0 5 ha) occurred per century at lower elevations Fire occurrence decreases with

elevation, which is also evident from the simulated fire rotations Fire rotation stands at

about 100 years at the lowest elevations and increases gradually with elevation At

about 1900 m a s 1 on the northern and 2000 m a s 1 on the southern slope, respectively,

fire rotation is about 300 years Above 2050 or 2150 masl, respectively, the fire

rotation quickly increases to values larger than 1000 years

In the Gantertal, fires also occurred mainly at lower elevations, and they extended

higher up on the southern slopes (Fig 4 12) Under the F2 5 fire scenario (cf Table 4 6),

simulated fire rotations were less than 100 years up to 1300 m on the northern and

1500 m on the southern slopes, respectively, fire rotations of under 300 years were
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Simulated fire regime in the Gantertal under future climate scenario (A2) and the W400

wind scenario (cf Table 4 7) Top simulation with the conservative fire scenario (F2 5, cf

Table 4 6), bottom simulation with extreme fire scenario (F2 0, cf Table 4 6) Fire

rotation time until area equal to area of elevation band is burned once, no of fires the

average number of fires >0 5 ha in size that occurred each century
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simulated up to 1500 m on the northern, and up to 1800 m on the northern slopes,

respectively (Fig. 4.12 top). Under the F2.0 scenario, the number of fires that occurred

within a decade more than doubled at lower elevations compared to the F2.5 setting

(Fig. 4.12 bottom). Accordingly, fire rotations are low - less than 30 years at the lowest

elevations - under the F2.0 scenario. On the northern slope, fire rotation increases

gradually with elevation; at 1800 m a.s.l., fire rotations are still less than 300 years, but

they increase quickly above 1800 m. On the southern slopes, fire rotation increases

more slowly than on the northern slopes; at 1800 m a.s.l., fire rotation is still under 50

years, but above 2000 m a.s.l., where fire rotation is still <200 years, fire rotation

increases rapidly (Fig. 4.12 bottom).

Comparing the simulated fires in the two study sites and using both fire scenarios shows

that the simulations using the F2.0 scenario (cf. Table 4.6) not only produced more fires

than the simulations under F2.5 settings, but also produced larger fires (Fig. 4.13). In

addition, simulated fires in the Dischma were generally smaller than in the Gantertal; a

major fire larger than 5 ha occurred in the Dischma 1-2 times per century, whereas in

the Gantertal this occurred 2-4 times per century (Fig. 4.13). However, the majority of

fires simulated in both study sites and under both fire scenarios were minor fires,

smaller than 0.5 ha. On average, over all scenarios, about 70 percent of the simulated

fires were minor fires (Fig. 4.13).

Again, changes in the wind regimes (cf. Table 4.7) did not result in considerably

different biomass or species distributions (for an example, see Fig. 4.14). Generally,

biomass decreased somewhat with increased wind disturbance frequency. Within the

scenarios of climate change, the increased frequency of wind disturbances reduced total

Dischma F2.5 (max 280 ha)
Dischma F2.0 (max 750 ha)
Gantertal F2.5 (max 410 ha)
Gantertal F2.0 (max 660 ha)

<0.5ha 0.5-5 ha 5-100 ha >100ha

Fire size classes

Figure 4.13

Simulated fire size distribution in the two study areas with the two fire parameter sets (F2.5

& F2.0, cf. Table 4.6). The number in brackets indicates the largest fire that was simulated

in each set.
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biomass by 6-18% (comparison of W600 scenario with W200 scenario), whereas

climate change alone (including the change of wildfire regime) led to considerably more

marked changes of biomass relative to current conditions in the vast majority of the

simulated cases (cf Fig 4 14)

4.4 Discussion

4.4.1 Forest dynamics from the past into the near future under

varying disturbance regimes

Forests in the Dischma and in the other valleys of the Davos region were reported to be

overexploited around 1900 AD because they had been subject to century-long, intensive

and unsustainable multi-purpose use (Gunter, 1981) Serious threats to the forests were

land purchases by wood traders who performed clear-cuts, unrestricted grazing by cattle
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Simulated biomass distribution under potential natural vegetation with F2 5 fire parameter

settings (cf Table 4 6) Top Dischma, bottom Gantertal Current, current climatic

conditions, A2, future climate scenario W600, W400, W200 wind regimes (cf Table 4 7)
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and firewood collection. A clear piece of evidence for the degree of forest degeneration

is the average age of forest stands: more than half of current forest stands were

established between 1880 and 1940 (Hefti et al., 1986). It is known that forest recovery

started at the end of the 19th century (due to the introduction of strict forest laws) and

proceeded quite quickly. Based on forest inventory data by Hefti et al. (1986), I

estimated that average biomass over all current forest stands (excluding avalanche

tracks) amounted to 200 t/ha around the year 1980 AD. In the simulation, however, this

value was achieved only around 2030 AD (Fig. 4.2), and simulated biomass amounted

to 150-170 t/ha in the period 1980-2000 AD. Thus, it appears that simulated biomass in

the period 1980-2000 AD is somewhat (15—25%) lower than the inventory-based

estimate. This underestimation may have several causes. Firstly, our assumptions about

historic harvest regimes are rather simplistic. As other studies have done, I assumed

constant management regimes between 1700 and 1900 AD, and since 1900 AD,

respectively, which is not entirely realistic. Secondly, it is possible that forests were not

degraded to the extent simulated in the model, or that forest recovery may have started

earlier in some parts of the landscape than I assumed. Thirdly, it is known that forest

plantations were conducted in some parts of the Davos area (Hefti et al., 1986), which

may have led to faster stand development than the natural regeneration I simulated,

resulting in faster biomass accumulation. Given all these uncertainties, the difference

between simulated and expected total biomass for the late 20th century is not surprising.

Allowing for the fact that the simulated biomass maximum of ca. 210 t/ha is not much

higher than the current biomass (Hefti et al., 1986), I cautiously conclude that the

currently observed carbon sequestration at the landscape scale (Brassel and Brändli,

1999) could soon come to a halt in mountain valleys such as the Dischma; although

individual stands will continue to grow and accumulate carbon, the model suggests that

the rejuvenation of many stands, which is now in progress, will counteract this

tendency. Thus, carbon sequestration potential in the future cannot be achieved by

considering forest growth alone, but needs to take into account both tree demography

and landscape-scale disturbances.

A considerable degree of anthropogenic climate change is projected for the end of the

21st century (e.g. Schär et al., 2004). The simulations of future development of the

current forest area in the Dischma valley under a future climate change scenario resulted

in a considerable shift of vegetation composition for the year 2100 and beyond

(Figs. 4.3-5). The comparison with simulations under current climatic conditions and

under the various harvesting regimes showed that harvest activities, depending on their

intensity, can have a considerable impact on vegetation development. However, the

impact of climatic change is much stronger (Fig. 4.3).

Climate change between 2000 and 2100 AD was imposed as a linear change, therefore

the response of vegetation change is also gradual over the first decades (e.g. Fig. 4.3).

Compared to the simulations under current climatic conditions, biomass increased
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during the first decades under the climate change scenario when no (HO) or little (HI)

harvesting took place (Figs. 4.3-4). Under the more intense harvesting regimes (H2 and

H3), biomass immediately started to decrease (Figs. 4.3-5), as the climatically-induced

increase of biomass production in the first decades after the onset of climatic change

was outweighed by harvesting.

The phase of increased growth between 2000 and 2050 in the HO and HI simulation

scenarios is followed by a phase of strong biomass reduction that starts in the second

half of the 21st century (Fig. 4.3). It is caused by the climate-induced dieback of today's

forest stands, accompanied by the gradual invasion of new tree species, which replace

the original (Fig. 4.3). The simulation results suggest that during this process an upward

shift of vegetation will also occur, given that alpine pastures will no longer be used with

the same intensity as today, where spontaneous reforestation is almost impossible as

long as domestic grazing continues. According to the model, by 2050 the current

vegetation cover has already shifted about 100 m upwards compared to the situation in

2000 (assuming that the tree line corresponds to a biomass of about 25 t/ha), while the

area above is mainly covered by Pinus mugo (Figs. 4.4-5). Whether the exact time scale

and magnitude of vegetation shift simulated by the model are realistic is difficult to

validate; however, over recent decades, some European field studies have shown that

these processes of vegetation degradation coupled with upward vegetation shifts are

already occurring (e.g. Walther and Grundmann, 2001; Penuelas and Boada, 2003). Yet,

compared with other tree line shift studies (e.g. Dullinger et al., 2004), the simulated

extent of the Pinus mugo invasion between 2000 and 2050 is extraordinary. Note that

the model explicitly takes plant migration into account (cf. Table 4.9), therefore this

rapid reforestation is unlikely to be the result of overestimation due to immediate

migration. Migration distances in mountain terrain are usually small, and the magnitude

of climatic change in this particular scenario (Tables 4.2-3) is very large. However,

factors other than climate which could restrict dispersal, such as competitive inhibition

of recruitment in dense grassland layers, were not taken into account in the simulations.

During the following decades, the upward shift continued and biomass increased at high

elevations. In particular, the serai species Larix decidua accumulated a considerable

amount of biomass just below and above the current tree line (Figs. 4.4-5). This

increase in biomass is also reflected in the increasing amount of mature forest above the

current tree line (Figs. 4.4-5). Thus, the overall decrease in the proportion of mature

forests within the current forested area and in biomass (Fig. 4.3) is compensated, to

some extent, by the increasing proportion of mature forests and biomass slightly below

and above the current tree line.
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4.4.2 Effects of future climatic change on potential natural vegetation

and the fire regime

Under the current climate, the simulated potential natural forest vegetation (PNV) above

1500 m a.s.l. is realistic in both the Dischma and the Gantertal. They are characterized

by Picea abies domination and by an increasing abundance of Larix decidua and Pinus

cembra at higher elevations (cf. Ott, 1978; Ellenberg, 1996). However, the simulated

vegetation composition at lower elevations in the Gantertal is not particularly accurate.

In the Valais, these forests are dominated mainly by Pinus silvestris, whereas the

simulated deciduous tree species are more typical for the wetter, more oceanic parts of

the Valais, particularly towards Lake Geneva (Werner, 1994; Delarze et al., 1999; Ott et

al., 1997). This discrepancy may result from the simple method used to derive the

climate data set for the Gantertal, i.e., precipitation values may be too high. Another

reason could be that species parameterization was not accurate enough; from gap model

applications it is known that sites at lower elevations in the Valais tend to be

characterized by inaccurate simulation results (C. Heiri, personal communication).

Even though some difficulties were experienced with the PNV simulation, it is

interesting to see the relative differences between simulated PNV under current climatic

conditions and the PNV under future climatic conditions. In both study areas, the

subalpine vegetation zone consisting of Picea abies, Larix decidua and Pinus cembra

experiences a considerable shift upwards in elevation (Figs. 4.7-8). The main driver

behind this upward shift is temperature increase. However, drought also seems to shape

this landscape. This is apparent on the southern slope of the Dischma, where vegetation

is dominated by Pinus cembra at higher elevations, whereas Picea abies is seldom

found. In contrast, on the northern (and less drought-prone) slope, P. abies is co-

dominant, and total biomass is considerably higher than on the southern slope. In the

Gantertal, there were also differences in the high elevation vegetation zone of the

northern and the southern slopes. The lower limit of the P. abies-L. decidua-P. cembra

vegetation is 200 m higher on the southern slopes than on the northern ones.

Simulations with the various wind regimes did not result in considerably different

findings (cf. Fig. 4.14) and are therefore not further discussed here.

In both study areas, lower elevations are mainly dominated by Pinus silvestris under

future climatic conditions. In addition, some deciduous tree species occur on the lower

elevations, mainly on the northern slopes in the Gantertal. However, the lower slopes in

the Dischma are also co-dominated by Quercus sp., Fagus silvatica, and some Acer

pseudoplatanus. Various factors, such as species composition and biomass values differ

considerably at lower elevations between the study areas, the slopes and simulations

with different fire parameter settings. It is quite evident that biomass and species
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composition at lower elevations are mainly determined by fire occurrence and site-

specific differences in the fire regimes.

As expected, simulations using the fire parameter setting of F2.0 (cf. Table 4.6) resulted

in more fires than the conservative setting F2.5 (cf. Table 4.6). Based on the fire model

tests in Chapter 3, it can be concluded that the 'truth' lies somewhere between these two

results, i.e. that the F2.0 simulations are too extreme, whereas the F2.5 simulations are

probably over-conservative. Therefore, I will discuss the results on the assumption that

these two settings define the plausibility range.

As a consequence of the lower summer temperatures and higher summer precipitation,

fewer fires were simulated in the Dischma valley than in the Gantertal. Based on

simulation results, there would be a major fire (>5ha) in the Dischma every 50-150

years, whereas in the Gantertal this would take place every 20-50 years (cf. Fig. 4.13).

In both study areas, fires occurred mainly on the lower slopes, whereas the frequency

and influence of forest fires decreased rapidly at about 2000 m a.s.l. The simulated fires

spread to higher elevations on southern slopes than on northern slopes, which is a

realistic expectation. By comparing simulated biomass and fire rotation over an

elevational gradient, it became apparent that low fire rotation intervals result in a

considerable decrease of biomass and proportion of mature forest stands (Figs. 4.9-10).

The shortest fire rotations simulated were those in the Gantertal at low elevations, where

fire caused a savanna-like landscape on which only a few older trees were left

(Fig. 4.10).

The accuracy of simulated fire occurrence for possible future climate cannot be tested,

but it is interesting to note that although fire is generally not recognized as a major

ecological factor in central Europe, it has actually played a role in shaping the landscape

in the past. For example, natural fires occurred probably at about 250-year intervals in

the northern alpine forelands between 5300 to 3800 B.C., as charcoal records show

(Clark et al., 1989). Similar studies of pollen sequences from the southern Alps showed

that fire has had a major influence on forest landscape dynamics in warmer areas (e.g.

Keller et al., 2002).

When interpreting the simulation results, it is important to consider the inherent

uncertainty of this simulation study, as discussed below. Firstly, the estimation of some

model parameter values were based on data of low precision or on a relative ranking of

the behavior of individual species. In addition, the values of these parameters are mainly

based on the behavior of the species under current climatic conditions; some species

may adapt to changing climatic conditions, and thus landscape change may occur more

smoothly than simulated by the model. Secondly, the formulations included in the

model may not encapsulate all the important factors for shaping future landscape

dynamics. For example, insect infestations are not included in the model, but could

become increasingly important as tree species are weakened by drought, therefore
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accelerating the process of forest die-back and the replacement by more adapted

species. Finally, although the climate change scenario used in this study is based on a

sophisticated modeling approach, it is still afflicted with uncertainties (Vidale et al.,

2003; Schär et al., 2004); the simplistic downscaling method used in this study has

added to this uncertainty. The plausibility of the climate change scenario can best be

assessed by comparing it to scenarios derived from other large-scale models and using

other methods. The climate scenario used in this paper is comparable with other high-

resolution climate change scenarios. A comparison with 16 other scenarios (Mitchell et

al., 2004) showed that estimated precipitation is rather low and the temperature about

average in the Dischma valley, whereas precipitation is rather high and temperature

rather low in the Gantertal, compared to the ensemble.

Despite the uncertainties discussed above, the results presented in this chapter

demonstrate in which direction the properties of forested landscapes in the northern and

central Swiss Alps are likely to change over the next decades and centuries.

4.5 Conclusion

In this study, I analyzed the long-term implications of climate, forest vegetation

dynamics and large-scale disturbance interactions in the Swiss Alps. These were

examined using the LandClim model, which was described and tested in Chapters 2

and 3. Past and future forest dynamics were simulated by applying a range of harvesting

and wind disturbance scenarios, as well as a future climate change scenario. In addition,

based on the simulated climatic effects and the resulting forest properties, fire

disturbances were simulated, which in turn influenced vegetation properties. The

following conclusions can be drawn from this study:

Firstly, the intensity of forest management has the potential to considerably alter the

development of forest cover. This was evident in the Swiss Alps over previous

centuries, where forest management had substantially altered forest biomass. The model

was able to realistically simulate these changes, including forest recovery from the

intense exploitation of the pre-1900s. The results suggest, however, that the current

well-documented increase in aboveground standing volume and its associated biomass

(Brassel and Brändli, 1999) could soon come to an end, as mature forests will start to

die back and be replaced by young forests.

Secondly, projected climatic change for the future will have a substantial impact on

forest vegetation, particularly on biomass distribution as well as on species composition

along altitudinal gradients. While forest management will still have a visible effect on

the landscape in the two case study areas, the changes caused by climate change will

have a much bigger influence on biomass and species distribution.
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Thirdly, the projected future climatic changes, which are within the range of many other

state-of-the-art climate scenarios for the 21st century, resulted in an increase of summer

drought. This in turn increased the probability of fire occurrence. These results suggest

that it is important to include fire disturbances in future landscape dynamics studies in

the northern and particularly the central Swiss Alps. Studies that focus on the direct

effects of climate alone (e.g., Bugmann, 1997b) may provide an incomplete picture of

future mountain forest trajectories. Based on this study's simulation results, fire is also

likely to become an important agent in shaping the landscape in the near future. This is

also true in those areas where major wildfires do not occur under current climatic

conditions, such as in the Dischma valley. Thus, as an indirect effect of climate change,

fire will have a great impact on forest cover in addition to direct climatic effects.

Fourthly, the effects of changes in the wind disturbance regime or harvesting activities

are likely to be overridden by the direct effects of future climate change on altered

species composition and biomass, as well as the indirect effects from increased fire

activity.

Finally, the results of this study suggest extensive forest cover changes, starting over the

coming decades. It is important to understand such changes when planning forest

management, considering wood production, sustaining certain forest structures for

protection against natural hazards (e.g., avalanches, landslides, etc.), or maintaining

landscape characteristics for aesthetic purposes. Such changes are also important for

other fields of research, e.g. for conservation efforts that rely on understanding the

development of species habitat suitability, or for carbon cycling. Given the importance

of such changes, future research into this subject is not only justified, but necessary. It

would be especially useful to strengthen the link between model parameterization and

process formulations on the one hand, and field-based research on the other.
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Synthesis

Assessing the long-term dynamics of mountain forest landscapes which are influenced

by various natural and anthropogenic large-scale disturbances and subject to a changing

climate is a fascinating and complex subject. In this study, a landscape-level ecological

model was developed to contribute to a better understanding of the dynamics of large-

scale processes, their interaction with forest vegetation and the consequences of

changes in certain ecological factors. The model was used to evaluate the possible

implications of future climate change and changing disturbance regimes on the

development of landscape properties, as well as possible effects of a changing climate

on the fire disturbance regime in the European Alps.

5.1 Modeling forest succession at the landscape-scale based

on implicit scaling

Earlier landscape models contained only coarse descriptions of successional processes

and forest stand attributes. In principle, three methods were available for upscaling fine-

scale successional processes to the landscape scale: (1) using the output from spatially

distributed simulations of point-oriented forest stand models as an input layer for

defining the establishment probabilities of landscape models (e.g. He et al., 1999b);

(2) "brute-force" upscaling by applying a spatially explicit, fine-scale forest gap model

across large landscapes (e.g. Urban et al., 1991); (3) deriving landscape-scale models by

meta-modeling techniques based on simulations from smaller-scale models (e.g.

Acevedo et al., 1995; Garman, 2004). This study evaluates the feasibility of a fourth

method: the derivation of simplified descriptions of successional processes based on

stand-level considerations and their implementation in a landscape model. This

approach is considerably more efficient than (1) and (2) from the above list, and it does

not require additional assumptions like (3), e.g. when a Markov process is fitted to the

output of a forest gap model. Thus, this study demonstrates the success of an implicit

upscaling method (Bugmann et al., 2000) which led to a model capable of realistically

simulating forest succession at large spatial scales in heterogeneous landscapes
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characterized by strong climatic gradients, while being fully sensitive to climatic

parameters.

LANDCLIM is a forest landscape dynamics model that is capable of simulating the

transition from weakly- to strongly-disturbed landscapes, because it is not based on the

implicit assumption that large-scale ('extrinsic') disturbances are the dominant factor

determining succession, rather than stand-scale ('intrinsic') processes of tree population

dynamics and competition. Thus, the model has a higher flexibility and a larger range of

applicability than most other landscape models.

5.2 Predicting the fire regime based on climatic data and

vegetation properties

LANDCLIM's fire sub-model is able to predict climate-sensitive fire regimes for the

range of test sites examined in my study. Other landscape models that simulate the fire

regime based on climatic parameters and vegetation properties (e.g. Miller and Urban,

1999) are based on much finer-scale physical models of fire spread (Rothermel, 1972;

Albini, 1976). Physical models simulate fire spread as a function of time-dependent

changes in fire conditions. Unlike these models, the fire sub-model in LANDCLIM

works on a very coarse temporal scale (10-year time steps) and requires only a few

model parameters. This makes the model efficient and means it can be easily applied to

various landscapes.

The fire model is capable of simulating fire regime characteristics along an extended

climatic gradient (from dry to cold tree line) in the continental Rocky Mountains. Thus,

I consider that the model is suitable for applying to a future climate in the European

Alps, namely, a climate that resembles the current climate of the Colorado Front Range

with respect to summer precipitation and summer temperatures. However, the local

accuracy of the fire model is limited, mainly because of uncertainties in parameter

estimation procedures. Therefore, these uncertainties need to be taken into account in

model applications.

5.3 Impact of changing climate and disturbance regimes on

mountain forest landscape dynamics

Even considering the above caveats, the simulation results from the model using a

recent scenario of climate change for the end of the 21st century suggest drastic changes

to vegetation properties and the wildfire regime. Earlier studies based on forest gap

models have also suggested that climatic change has a strong impact on vegetation
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properties. The fact that LANDCLIM projects similarly far-reaching vegetation changes

is not immediately self-evident, because the model is at least partially based on different

process formulations; but it is not totally surprising, because it uses the same "modeling

philosophy" as forest gap models.

Even in areas where wildfires today are very infrequent, such as in the Dischma valley,

this disturbance agent could become quite significant in the second half of the 21st

century. This indirect effect of climate change could be almost as important for shaping

vegetation properties as the direct effects of climate change on tree population

dynamics and growth. These effects are far more significant for forest landscape

dynamics than possible changes in the wind regime, and also more important than

changes in harvesting regime (provided that management activities do not cause drastic

overexploitation or extensive habitat conversion). Direct and indirect effects of climate

change will have far-reaching consequences for mountain forests, affecting such issues

as the protective function of forests on steep slopes, or the perception of the scenic

beauty of mountain landscapes.

5.4 Research recommendations

There are still several ways in which the accuracy and credibility of the LANDCLIM

model could be improved. Further research could focus on improving the formulation of

single processes, estimating parameters more accurately or testing the model in a

broader context. In particular, it would be useful to focus on the following issues:

• Replacing the logistic tree growth equation by a more accurate and theoretically

better founded growth equation (cf. Zeide, 1993), e.g. the Bertalanffy (von

Bertalanffy, 1951) equation to increase the realism of simulated successional

patterns without increasing model complexity.

• Improving the parameter estimation of the fire probability curve, based on

comprehensive data sets along gradients of fire frequency, size and intensity; and

scrutinizing species-specific (autecological) parameters.

• Testing the fire model in other climatic regimes (e.g. Pacific Northwest of US,

California, Mediterranean Europe) - including more rigorous tests based on "hard"

data - to achieve more in-depth identification of model potential and limitations.
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Appendix A

Additional information on key equations
in LandClim

This appendix provides a detailed overview of the key equations of the model that are

not explicitly presented in the model description parts of Chapter 2 and 3.
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A.l Forest stand variables

The forest stand variables are based on quantitative information of all age cohorts.

Forest stand structure is modeled based on quantitative information on tree age cohorts,

i.e. groups of trees of the same species and age. These cohorts are characterized by the

average biomass of an individual tree (6;) and the number of trees in the cohort (Nc).

From this information, a range of variables are derived with the help of allometric

equations.

A. 1.1 Tree diameter (DBH)

Tree diameter at breast height (DBH, cm) is calculated from aboveground biomass of an

individual tree (B[, kg) based on the equation by Schroeder et al. (1997).

DBH. = \

246872-(ß1-0.5y

v
25 000-5,-0.5 j

364946-(g,-0.5)'

v
15 000-5,-0.5 j

,0 37

for evergreen species

for deciduous species

(Al)

These equations were derived based on data from 454 trees of 34 hardwood species

(major species: maple, oak, beech, and birch) and 83 trees of 5 conifer species (major

species: pine, spruce, and fir) of the eastern United States. Sample trees were selected to

represent a wide range of tree diameters. For hardwood species, the range in diameter

was 1.3-85.1 cm. Conifer species had a diameter range of 2.5-71.6 cm (Schroeder et

al., 1997).

A.1.2 Foliage weight (folW)

Foliage Weight (folW\, kg) for a single tree is derived by the allometric relationship

proposed by Bugmann (1994) from tree diameter at breast height (DBH, cf. Eq. A.l):

M
folWl =dw-fivl-DBHiJ

where dw,fv\, andfv2 are allometric parameters (cf. Table B.l)

(A.2)
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A.1.3 Twig weight (twigW)

Twig weight (twigWi, kg) is calculated as a fraction of total woody biomass. This

portion is assumed to decrease linearly with increasing tree size from trees of 7.5 cm

DBH (cf. Eq. A. 1) up to trees with 30 cm DBH. For trees > 30 cm a constant fraction

(twf cf. Table 3.1) of total biomass is assumed to be twig biomass (cf. Fig. 3.3):

twigW1 = fa-folW^-max(min(\.3-0.04-DBH^l.O), twf) (A.3)

where B[ ist the biomass of an individual tree, andfolWx is foliage weight (Eq. A.2).

A. 1.4 Bole weight (boleW)

Bole weight (boleWi) is derived by subtracting twig weight (twigWi, Eq. A.3) from total

wood weight:

boleW1 = B1 - folW1 - twigW1 (A.4)

where B[ ist the biomass of an individual tree,/o/IFi is foliage weight (Eq. A.2).

A.1.5 Leaf area (LA)

One-sided leaf area (LA, -) for each tree cohort is derived from foliage weight of a

single tree (folWi, cf. Eq. A.3) and the number of stems forming a cohort (yVc) using the

allometric equation by Bugmann (1994).

LAc=^-folWrNc (A.5)
dw

wherefa and dw are allometric parameters (cf. Table B.l).

A.2 The light regime: light availability (avL)

The forest stand variables (cf. A.l) make it possible to calculate vertical stand structure

and thus a proxy for light availability for each tree cohort in the grid cell. This is done

using the Beer-Lambert law (Monsi and Saeki, 1953):
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avL„
-k LAIa

(A.6)

where k is the light extinction coefficient (cf. Table 2.1) and LALsbllde is the leaf area

index of the cumulative leaf area (one-sided) that is responsible for shading the

respective cohort. In the model, a cohort is assumed to be shaded by the leaf area of all

the cohorts on the same cell that have trees of larger individual biomass (B), and thus

can assumed to be taller than the target cohort. Cohorts are also shaded by those cohorts

whose trees have the same individual biomass (self-shading). However, I assumed that

only one third of the leaf area is responsible for self-shading (Schulze et al., 1977).

Thus, the leaf area index at the height of cohort y is determined as follows:

LAP
1

shade, y
cellSize

( numCohof \

Y,LAC^\LA^: (A.7)

where cellSize is the size of the grid cell (m ), numCohof is the number cohorts present

on the cell, and LAC is the cumulative one-sided leaf area of a cohort (cf. Eq. A.5).

Accordingly, available light at forest floor (avZff) is determined based on the cumulative

value of the.L4c of all cohorts on the cell.

A.3 Bioclimatic variables

The simulation model obtains climatic data (mean monthly temperatures and monthly

sums of precipitation) for each simulation year by randomly selecting a year from a

historical climate data set from a nearby weather station. The climatic parameters for

every grid cell are adjusted for elevation using lapse rates, thus resulting in a landscape-

wide input data set of weather conditions in any given simulation year.

A.3.1 Temperature: Annual sum of growing degree-days (DD)

Temperature (7) is used to derive the annual sum of growing degree-days (DD) based

on the method suggested by (Bugmann, 1994):

DD = \

Dec

^ max(rm - dtt,0) days + DDcorr(Tm ) for evergreen species
m=Jan

Oct

(A.8)

^ max(rm - dtt,0) days + DDcorr(Tm) for deciduous species
m=Apr
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Table A. 1

Default values of the degree-days correction function DDcorrfT^ (Eq. A. 8) used to define a table

function (Bugmann, 1994). Tc is in (°C), and DDc is in (°C-d).

Tc -20.0 -10.0 -5.00 -2.50 0.00 2.50 5.24 7.50 10.00 12.50 16.11 17.50

DDc 0.0 0.0 1.28 3.30 8.52 22.02 62.56 39.00 23.12 13.71 6.45 9.76

where dtt is the development temperature threshold, days is a parameter denoting the

average number of days per month (cf. Table B.2), and DDcorrfTaJ is a empirical

correction function (Bugmann, 1994), which is based on a lookup table (Table A.l) and

a linear interpolation (Eq. A.9):

DDcorr(Tm ) =
m

"

C* (DDcx+l - DDcx ) + DDcx
lc,+i lc, (A.9)

where Tcx <Tm< Tcx+i .

A.3.2 Soil moisture: Drought index (drl)

Soil moisture content is calculated in LandClim using the simple soil water balance

model developed by Bugmann and Cramer (1998). For each cell, soil moisture balance

is tracked individually, as soil moisture content is determined based on topographic and

soil information unique to each cell. Topography influences the soil moisture content in

two ways. First, as explained above, temperature and precipitation are adjusted for

elevation using lapse rates. Thus, climate input data varies with the elevation of a cell.

Second, the model takes into account that slope and aspect have a considerable effect on

the amount of incident radiation - and thus on évapotranspiration rates - using a simple

parameterization (slAsp, cf. Appendix B.2) (cf. Bugmann, 1994 p. 82 Eq. 3.73 & 3.74).

The model estimates drought indices based on the amount of water transpired by the

trees (Em) in proportion to the evaporative demand of trees for soil water (Dm). Two

versions of the drought index are being used in LandClim: a seasonal drought index

(drLse, Eq. A.l 1) (Bugmann and Solomon, 2000) and an annual drought index (drLw, Eq.

A. 12) (Bugmann and Cramer, 1998). The seasonal drought index is based on the

monthly drought indices (drLm):

drLm = <

1 D„*0vD„>E„

D„
m m

(A. 10)

else
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The seasonal drought index (drLse, Eq. A. 11) is derived by averaging the monthly

drought indices during growing season and thus, is only used in association with tree-

growth processes.

drl..

mean{ drLm\ Jan < m < Dec, Tm > dtt) for evergreen species

(All)

meanj drLm\ Apr < m < Oct, Tm > dtt] for deciduous species

where dtt is the development temperature threshold (cf. Table B.2).

The fire sub-model in the LandClim also requires a drought index. For this the annual

drought index (drLw) is used in order to capture average dryness over the entire year:

IX

drLw=l-^— (A. 12)
/ i m

A.4 Growth-limiting factors

Tree growth is simulated based on a maximal growth rate, which represents growth

under optimum environmental conditions. This growth rate can be reduced by one of

three growth-limiting factors, light availability (light rf, the sum of degree-days

(DD rf and the drought index (DrStr rf (cf Eq. 2.4).

A.4.1 Light response function (lightrf)

Light availability in combination with a species-specific shade tolerance value (shdTok)

is used to restrict plant growth. Growth restriction by light is expressed by a light

response function (light rf. The light response function is implemented as in a range of

gap models similar to the formulation suggested by Urban and Shugart (1992). The light

growth response function of a tree cohort is implemented as a function of light

availability (avLc) and the species-specific shade tolerance class (shdTok) (cf.

Eq. A. 15); the calculation is done by interpolation between the light response function

of shade-tolerant (Eq. A. 13) and shade-intolerant (Eq. A. 14) tree species, respectively. I

assumed that this growth reduction is effective only within a closed canopy; canopy

openness is defined by available light at the forest floor (avLs > avLopen; cf. Table 2.1).

Lrfc=(\-e-46-{avL<-003)) (A.13)
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Lrf5c=\.6-(\-e-lMavL<-°15)) (A. 14)

light _rf =<

max Lrf5c +{shdTols-\)Lrflc^Lrf5\0
\

J

avLs>avLopea
^ ^

1 else

A.4.2 Sum of degree-days (DDrf)

The annual sum of growing degree-days (DD, Eq. A. 8) in combination with a species-

specific minimum degree-day requirement (minDDs) is used to limit tree growth and

establishment. Growth restrictions are calculated by an asymptotic degree-day response

function (DD rf) proposed by Bugmann and Solomon (2000):

DDrf = MAx(l-e(»>.->°<\ 0) (A. 16)

A.4.3 Drought index (drStrrf)

Based on the drought index (drLse, Eq. A. 11) and a species-specific drought tolerance

(drTok) a drought stress response factor (drStr rf) is computed. I used the relationship

proposed by Bassett (1964).

drStr _rf = max 1-^.10,0
drTol

(A. 17)

A.5 Establishment limitations

A.5.1 Seed dispersal

Seed availability is determined by the age of maturity and seed travel distance of each

tree species (He and Mladenoff, 1999a). Tree carry seeds only if they have reached

maturity age (matus). Seed travel distance is simulated based on species' effective (EDS)

and maximum (MDS) seeding distances. The probability of seed dispersal (Pseed) is

dependent on these two parameters and the distance between seed source and a given

cell (dist); the probability P has to be bigger than a uniform random number Pr (0.0 < Pr

< 1.0) so that seeds can disperse to a given cell. Within the effective seed dispersal

distance, seeds have the highest probability of dispersal (Pseed > 0.95). Between

109



Appendix A

effective and maximal seeding distance, the probability of reaching a site follows a

negative exponential distribution:

dist

Pseed=e~5'^ (A. 18)

Beyond the maximal seeding distance, probability of seeding out is very low (Pseed =

0.001). This low probability is also applied to species that are currently not present in

the landscape (but are part of the species data set) to allow for migration.

In addition users can choose not to limit species-specific effective or maximum seeding

distance. In this case dispersal probabilities for all cells in the landscape are 0.1 and

0.01 for effective and maximum seeding distance, respectively.

A.5.2 Establishment filters

New tree cohorts are only established every ten years. However, the model checks for

each of the ten years if environmental conditions have been favorable for establishment.

Establishment is only possible if the range of criteria listed below are met (cf.

Bugmann, 1994).

a) Available light at forest floor (avLa, cf. Section A.2) has to be higher than a species-

specific threshold value (minLs, cf. Table B.3):

f0 avLfr < minLa

Lflags=\
ff

(A 19)

b) Winter temperature (wiT, temperature of the coldest month) has to be higher than a

threshold minimum temperature (minTs):

(0 wiT < minT

WflagA (A.20)
1 t?/tjt?

c) The sum of growing degree-days (DD, Eq. A. 8) has to exceed the minimum species-

specific requirement (minDDs):

fO DD<minDD^

DDflags=\
s

(A.21)

d) The drought index (drLse, Eq. A. 11) has to be lower than the species-specific

maximum drought tolerance, calculated based on the drTok parameter:
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drTol
0 drL,„ >

DRflags=^
"-<*'

10 (A.23)
1 else

e) Browsing probability (brPs) - calculated based on the user-defined browsing pressure

(browsf) and a species-specific browsing tolerance (brTok) - has to be smaller than a

uniformly distributed random number (Pr; 0.0 < Pr < 1.0):

Bflags=\° K^PM**-1)--^ (A.22)
1 else

f) A user-defined establishment coefficient (estCoeff) - taking into account additional

factors which are not modeled explicitly - has to be higher than a uniformly distributed

random number (Pr; 0.0 < Pr < 1.0):

[0 Fr>estCoeffi
Cflags=\

JJî
(A24)

Consequently, establishment in a certain year is only possible if all above listed criteria

result in a value of 1 :

estPs = Lflags Wflags DDflags DRflags Bflags Cflags (A.25)

To determined the number of establishment years (estYrss) for each species within each

ten-year simulation period, the resulting values of estPs are added up:

estYrsa=*TestP^ (A.26)
x=\

The number of establishment years is one of the factors used to determine establishment

densities (cf. Eq. 2.12).

A.5.3 Growth performance

In the model environmental conditions restrict not only the number of establishment

years (cf. Section A.5.2), but also restrict species-specific growth performance. Growth

performance influences establishment density (cf. Eq. 2.12).

B(t
= \0)-B(t =

0)

grPer =
^ '- ^ '— (A.27)

maxBXt = 10)-BXt = 0)
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where ^(^=10) is the biomass of newly established cohorts at the end of a given decade

calculated from the initial tree biomass Bx(t=0) (cf. Eq. 2.11); maxB^lO) is the

biomass the cohorts could have potentially reached given optimal environmental

conditions (Eq. A.28).

maxBi(t = 10) : maxBi (t + \) = maxBi(t) (l + rs ) (A.28)

where rs is the species-specific optimal growth rate. Initial biomass is

maxBlt=0) =B,(t=0).
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Additional parameterization information

B.l Additional parameter values

The parameter values listed in the tables below correspond to the equations listed in

Appendix A that were not explained in detail in the main part of the thesis.

Table B.l

Default parameter values for foliage-specific allometric parameters. E: Evergreen species; D: Deciduous

species; folTypes (1-5): species-specific value depending on foliage type. Source: Bugmann (1994).

Name Parameter description folTypes

E D 1 2 3 4 5

, Dry to wet weight ration of
„ ., „ _,

dw
r. .. , . 0.45 0.35

foliage (-)

„ Foliage area per unit foliage n0 . n,„

fa •

i , / 2/i \
2. A o.U

weight (m /kg)

M fometnc parameter for
Qm QlQ QQf. Q 1? Q23

foliage weight (kg/cm)
allometric

paramet

foliage weight (-)

„

allometric

parameter for t
._

t
._

, nn ,.„ 1C,

fiw2 r , ,. / x
1.43 1.43 1.70 1.40 1.56

1} These values are for determining one-sided leaf area. The values from Bugmann (1994) for double-

sided leaf area were altered by a conversion factor of 2.5 and 2.0 for evergreen and deciduous tree

species, respectively (Waring, 1983).

Table B.2

Default parameter values of parameters used for calculating bioclimatic variables.

Name Parameter description Value Reference

dtt Development threshold (°C) 5.5 (Botkin et al, 1972)

days Average length of months (d) 30.5 -
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Table B.3

Default parameter values for defining species-specific minimum light requirement for tree establishment

(e.g. Mitscherlich, 1981). shdTols: species-specific shade tolerance class.

shdTok 1 2 3 4 5

mmLs 0.5 0.3 0.1 0.05 0.01

B.2 Slope and aspect parameter (slAsp)

The slope and aspect parameter (slAsp) is used in the soil moisture model (Bugmann

and Cramer, 1998) to qualitatively describe the change in potential évapotranspiration

with increasing or decreasing incident solar radiation (cf. Bugmann, 1994 p. 82 Eq. 3.73

& 3.74). The parameter values range from -2 to +2, with low values decreasing and

high values increasing evaporative demand (Bugmann, 1994 p. 82). Figure B.l shows

the default parameter settings for slAsp in LandClim. The parameter values for the

different slope and aspect classes were estimated based on average yearly incident solar

radiation (e.g. Mitscherlich, 1981). In the model, continuous values for aspect are used

within each slope class by linear interpolation of the values shown in Figure B.l.

Slope classes

Figure B.l

Default values of the slope and aspect modifier (slAsp).
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B.3 Input data: Current forest stand map of the Dischma

In this study, a map describing the current forest stands in the Dischma was used to

verify model output (cf. Chapter 2 & 3) and was required to initialize the model to

simulate possible future developments of this landscape (cf. Chapter 3). This appendix

describes how this map was derived.

To start simulations from an existing forest cover, the model requires a GIS grid map

representing the forest types occurring in the landscape and an associated ASCII data

file describing the stands. The data file contains information about the average

composition of the forest types. The user can define a list of ten-year age cohorts for

each of the species that occurs in a forest type. Each cohort has to be described by age,

stem number (iVc) and biomass of an individual tree (Bt).

For the Dischma a forest stand map was available that is based on forest inventory data

collected in the context of the MAB project (Hefti et al., 1986). This forest inventory

data was collected based on a combined approach of remote sensing and field-based

sampling. Forest stand classes were defined from remote sensing data and classified

based on development stage (six classes) and crown closure (dense, normal, gaping). A

third criteria was species composition (three classes), i.e. the proportion of broad-leaved

trees compared to conifers, but in the Dischma valley all stands were classified as

conifer forests ("80-100% conifers"). In addition all stands were assigned to one of

three site classes. Site classes were defined based on stand growth performance.

For each stand and site class combination, the field-based data collected by Hefti et al.

(1986) provides details about the number of stems and stand volume, both as totals per

hectare, but also for each DBH-class (five classes) and separated for the main tree

species. In addition, average stand age is given. However, for infrequent stand and site

class combinations, this data is not available, therefore data of similar stand types had to

be used. Also, as the forest inventory data is based on an area that exceeds the Dischma,

so that some values do not represent the species composition in the Dischma very well,

e.g. Pinus silvestris forests occur only outside of the Dischma, but they are part of the

description of some of the stand and site class combinations. Therefore, Pinus silvestris

was eliminated from the data set for the Dischma. The stand volume data (m3/ha) was

converted to stand biomass (t/ha) with a factor of 0.6. This factor incorporates wood

density of the most dominant tree species in the landscape, Picea abies (0.43 g/cm3,
Grosser, 1977) and a biomass expansion factor of 1.4.

Another source that was used to derive the stand input map for the Dischma was the

forest map by Wälder (1983). This map classifies the forest based on tree species that
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Table B.4

Stand input data for the current Dischma forest stand map. The stands identified by Hefti et al. (1986)

were classified into 15 stand classes (cf. Table B.5). Each stand class contains a list of cohorts classified

by DBH for each occurring species. All cohorts of the same DBH-class have the same age and individual

biomass (BO- This table lists the number of stems (Nc) forming a cohort per species (stem density).

DBH class (cm)

age (year)

B1(kg)

Definition of age cohorts

<8 8-16 16-24 24-36 36-52 52-72 >72

10 30 50 80 120 150 250

10 35 130 390 1050 2400 4100

Stand classes & species Number of stems (Nc, ha1)

1 Larix decidua — 5 10 20 5 1 —

Picea abies - 305 210 350 115 19 -

2 Larix decidua - 2 3 10 5 2 -

Picea abies - 70 75 130 105 23 1

3 Larix decidua - 30 40 100 20 10 -

Picea abies - 280 180 270 100 10 -

4 Larix decidua - 5 50 40 20 12 -

Picea abies - 75 50 100 50 25 3

5 Larix decidua - 5 5 10 10 28 14

Picea abies - 65 50 45 30 10 5

6 Larix decidua - 10 15 20 5 4 -

Picea abies - 200 120 100 50 15 1

7 Larix decidua - 5 2 2 5 5 -

Picea abies 100 45 38 8 35 7 -

8 Larix decidua - 10 15 20 5 4 -

Picea abies - 200 120 100 50 15 1

9 Larix decidua - 100 80 40 10 - -

Picea abies - 300 70 10 6 2 -

Pinus cembra - 30 10 20 4 - -

10 Larix decidua - 10 15 25 10 4 -

Picea abies - 10 13 8 6 - -

Pinus cembra 20 35 - - 3 2 -

11 Larix decidua - - 5 - - - -

Pinus cembra - 50 35 40 15 7 -

12 Larix decidua 1500

Picea abies 1500

Alnus viridis 1500

Betula sp. 1500

Sorbus aucuparia 1500

1000

1000

13 Pinus mugo 2000

Alnus viridis 1500

Betula sp. 1500

Sorbus aucuparia 1500

14 Larix decidua 100 -

Alnus viridis 1000 50

Betula sp. 500 100

Sorbus aucuparia 500 100

15 Larix decidua

Pinus cembra

Alnus viridis

Betula sp.

Sorbus aucuparia

80

50

60 50

50

50

50

40
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Input data: Current forest stand map of the Dischma

Table B.5

Stand classes used in this study and the corresponding stands as identified by Hefti et al. (1986)

summarized in this classes.

Stand classes Stand labels used by Hefti et al. (1986)

1 302, 305, 307, 401, 407, 413, 426, 427

2 303, 306, 308, 402, 403, 406, 408, 429, 433, 434, 536, 540, 541, 548, 640, 641

3 411,422

4 508, 511, 514, 516, 521, 522, 523, 525, 526, 527, 528, 529, 530, 531, 533, 539,

635, 638, 639, 647, 648

5 418, 420, 524, 501, 503, 509, 510, 512, 513, 518, 519, 520, 537, 642, 645, 646

6 304, 405, 428, 438, 439, 546

7 410,414,415,421,425

8 309,417,430,432,502

9 404, 409, 545

10 416,423,424,431,435,436,437

11 542,543,544,547

12 412,419

13 The two shrub areas (G) around stands 521 and 523

14 Shrub areas: G (except: see 13)

15 504, 505, 506, 507, 516, 517, 532, 534, 535, 538, 634, 643, 644

actually grow there (as opposed to other maps that focus on potential natural

vegetation). This information was used to further distinguish between stands with high

proportions of e.g. Picea abies, Larix decidua or Pinus cembra.

Starting form this information, 15 stand types were defined for the Dischma forest stand

input map (Table B.4). Each of the forest stands contained in a digital version of the

forest stand map from Hefti et al. (1986) was assigned to one of these 15 stand types

(cf. Table B.5). Each stand type includes cohort information of the main tree species

occurring in these types of stands (cf. Table B.4). Cohorts were defined for each DBH

class used by Hefti et al. (1986). Also, each DBH class was assigned an average

estimated age. Age was only roughly estimated as age is used in the model only to

determine the maturity of trees for seed production, hence the age of older tree does not

influence model behavior. Furthermore, an average biomass values was assigned to

each DBH class (Schroeder et al., 1997). Finally, each cohort of each species was

described by stem density (Nc, ha"1), based on the data for the stand and site class

combinations provided by Hefti et al. (1986).
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B.4 Maximal potential biomass (Ks)

The table below (Table B.6) lists the values that were used to derive maximal potential

biomass as explained in Chapter 4.2.4 (Eq. 4.1).

Table B.6

Values as used in Eq. (4.1) to derive maximal potential biomass of a species (Ks). dbh is maximal

biomass at breast height and H tree height (based on Bugmann, 1994, see text), fis a species-specific

form factor (Assmann, 1961), R is wood density (Grosser, 1977), and BEF is a biomass expansion factor

for large trees (Paulsen, 1995).

Species
dbh H / R BEF ^s

(cm) (m) (-) (kg/m3) (-) (t)

Abies alba 143 54.0 0.45 0.41 1.1 17.6

Larix decidua 123 46.8 0.4 0.55 1 1 13.5

Picea abies 140 52.2 0.4 0.43 1 1 15.2

Pinus cembra 120 23.4 0.45 0.45 1 1 5.9

Pinus mugo 33 20.7 0.45 0.49 1 15 0.4

Pinus silvestris 103 40.5 0.45 0.49 1 1 8.1

Acer campestre 53 20.7 0.5 0.59 1 15 1.5

Acerplatanoides 113 28.8 0.5 0.59 1 15 9.8

Acerpseudoplatanus 143 25.0 0.5 0.59 1 15 14.0

Alnus glutmosa 87 27.9 0.5 0.49 1 15 4.7

Alnus mcana 106 19.8 0.5 0.49 1 15 4.9

Alnus viridis 20 4.0 0.5 0.49 1 15 0.035

Betula pendula 77 26.1 0.5 0.61 1 15 4.3

Betula pubescens 60 20.0 0.5 0.61 1 15 1.7

Carpmus betulus 73 24.3 0.5 0.79 1 15 4.6

Castanea sativa 237 29.7 0.5 0.55 1 15 41.0

Corylus avelana 40 5.0 0.5 0.58 1 15 0.2

Fagus silvatica 150 40.5 0.5 0.68 1 15 28.0

Fraxmus excelsior 127 37.8 0.5 0.65 1 15 18.0

Populus nigra 127 32.4 0.5 0.45 1 15 10.6

Populus tremula 83 27.0 0.5 0.45 1 15 3.8

Quercus petraea 150 40.0 0.5 0.65 1 15 26.0

Quercus pubescens 60 22.5 0.5 0.65 1 15 2.4

Quercus robur 170 42.0 0.5 0.65 1 15 36.0

Salix alba 100 24.3 0.5 0.52 1 15 5.7

Salix caprea 40 10.0 0.5 0.52 1 15 0.4

Sorbus aria 37 19.8 0.5 0.64 1 15 0.8

Sorbus aucuparia 50 25.0 0.5 0.64 1 15 1.8

Tilia cordata 153 27.0 0.5 0.71 1 15 20.0

Tilia platyphyllos 200 35.1 0.5 0.71 1 15 45.0

Ulmus glabra 130 38.7 0.5 0.64 1 15 19.0
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Simulations: Illustration of single cell

information

This appendix provides additional details of the model results presented in Chapter 2,

where model behavior was analyzed on landscape and stand levels. Here, examples of

model behavior on the scale of single cells (25x25 m) from the simulations in Chapter 2

are presented.

C.l Results

To analyze single cell behavior, I studied stem number and biomass development of the

various cohorts, and I classified the forest in different development phases (young,

optimal mono-layer, optimal multi-layer and decay/rejuvenation) as described in

Figure 2.3.

Canopy structure after wind disturbance events varied among the different wind events

and across the investigated single cells (Fig. C.l). After most wind disturbances,

advanced regeneration was already present. Gaps without any tree vegetation were

created only rarely, mostly after windthrow events in mono-layered, mature forests. In

these gaps, a range of both early and late successional species was usually able to

establish within the next ten years.

The mean time for stand recovery after a wind disturbance was similar in the cells

across lower elevations (1550-1950 m a.s.l.): at average, it took around a century for

forests to reach the optimal phase. At higher elevations, the length of the recovery phase

increased considerably, and forests near the tree line rarely reached dimensions large

enough to form mature, closed-canopy forests.

During the optimal phase, the range of species that had established in the young phase

typically was decreasing. These mature forests consisted mainly of late successional

species, i.e. Picea abies at lower elevations (Fig. C.la) and Pinus cembra at higher
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elevations (Fig. C.lc). In some cases, the early successional species Larix decidua was

co-dominant or was able to dominate for some time after a disturbance (Fig. C.lb). The

mean time span that forests remained in the optimal phase increased with altitude, with

140 years at the lowest elevation band and 250 years at the elevation band between

2050 and 2150 m a.s.l.

While forests grew older, some of the larger trees died and new tree cohorts were able

to establish (evident throughout Fig. C.l). The new cohorts were usually formed of late

successional species, P. abies at lower elevations (Fig C.la-b) and P. cembra at higher

elevations (Fig. C.lc). This decay and stand re-initiation phase lasted around 50 to 100

years, with a tendency towards longer phases with increasing altitude.
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Figure C. 1

Excerpt from three single cells to illustrate typical growth and succession behavior after a

wind disturbance as simulated by the model: a) 1720 m a.s.l., b) 1940 m a.s.l., c) 2050 m

a.s.l.
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C.2 Discussion

The analysis of model behavior on single cells showed that the model is able to

realistically simulate small-scale changes in species composition and stand structure

over time. The model simulates these vegetation patterns as emergent properties of

tree-tree interactions, environmental conditions and propagule availability, resulting in

a variety of successional pathways. The two main recovery paths simulated by the

model after windthrow are in accordance with published accounts of recovery paths:

1) recovery from advanced regeneration that is composed mainly of shade-tolerant late

successional species (Oliver and Larson, 1996), and 2) recovery from establishment

after disturbance with a large amount of early successional trees (Bormann and Likens,

1979; Whitmore, 1982). Also, the simulated pattern showed a variety of combinations

of these two fundamental pathways. Vegetation structure determined by this initial

phase remained dominant in most cells for several decades. The timing of the shift from

pioneer species (where present) to the late successional species was influenced by the

longevity of species, which is plausible. Short-lived broadleaf trees were able to

dominate only for a relatively short time (e.g., Fig. C.la), whereas longer-lived early

successional species (Larix decidua) where able to dominate in some cases up to several

centuries (e.g., Fig. C.la-b). In most cases, late successional tree species were self-

replacing in the absence of further disturbances (Fig. C.la-c). The transition from early

successional species to late successional species, as well as the self-replacement ability

of late successional species is consistent with empirical findings (e.g., Frelich, 2002).

Also, the reciprocal relationship between aboveground biomass and the density of

individuals, which is quite characteristic for plant community dynamics, is represented

well by the model (Begon et al., 1996; Kikuzawa, 1999).
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