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Abstract

The relationship between climate and forest productivity is an intensively studied

subject in forest science. This Thesis is embedded within the general framework

of future forest growth under climate change and its implications for the ongoing

forest conversion. My objective is to investigate the future forest productivity at

different spatial scales (from a single specific forest stand to aggregated information

across Germany) with focus on oak-pine forests in the federal state of Brandenburg.

The overarching question is: how are the oak-pine forests affected by climate change

described by a variety of climate scenarios. I answer this question by using a model-

based analysis of tree growth processes and responses to different climate scenarios

with emphasis on drought events. In addition, a method is developed which consid-

ers climate change uncertainty of forest management planning.

As a first ’screening’ of climate change impacts on forest productivity, I calculated

the change in net primary production on the base of a large set of climate scenarios

for different tree species and the total area of Germany. Temperature increases up

to 3 K lead to positive effects on the net primary production of all selected tree

species. But, in water-limited regions this positive net primary production trend

is dependent on the length of drought periods which results in a larger uncertainty

regarding future forest productivity. One of the regions with the highest uncertainty

of net primary production development is the federal state of Brandenburg.

To enhance the understanding and ability of model based analysis of tree growth

sensitivity to drought stress two water uptake approaches in pure pine and mixed

oak-pine stands are contrasted. The first water uptake approach consists of an em-



pirical function for root water uptake. The second approach is more mechanistic

and calculates the differences of soil water potential along a soil-plant-atmosphere

continuum. I assumed the total root resistance to vary at low, medium and high

total root resistance levels. For validation purposes three data sets on different tree

growth relevant time scales are used. Results show that, except the mechanistic

water uptake approach with high total root resistance, all transpiration outputs

exceeded observed values. On the other hand high transpiration led to a better

match of observed soil water content. The strongest correlation between simulated

and observed annual tree ring width occurred with the mechanistic water uptake

approach and high total root resistance. The findings highlight the importance of

severe drought as a main reason for small diameter increment, best supported by

the mechanistic water uptake approach with high root resistance. However, if all

aspects of the data sets are considered no approach can be judged superior to the

other. I conclude that the uncertainty of future productivity of water-limited for-

est ecosystems under changing environmental conditions is linked to simulated root

water uptake.

Finally my study aimed at the impacts of climate change combined with manage-

ment scenarios on an oak-pine forest to evaluate growth, biomass and the amount of

harvested timber. The pine and the oak trees are 104 and 9 years old respectively.

Three different management scenarios with different thinning intensities and differ-

ent climate scenarios are used to simulate the performance of management strategies

which explicitly account for the risks associated with achieving three predefined ob-

jectives (maximum carbon storage, maximum harvested timber, intermediate). I

found out that in most cases there is no general management strategy which fits

best to different objectives. The analysis of variance in the growth related model
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outputs showed an increase of climate uncertainty with increasing climate warming.

Interestingly, the increase of climate-induced uncertainty is much higher from 2 to

3 K than from 0 to 2 K.
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Chapter 1

Climate Impact Research and

Forest Management

1.1 Introduction

The fourth assessment report of the IPCC highlights significant climate change

effects on natural systems in Europe (Parry et al., 2007). Particularly, the tem-

perature increase induces forest-system-relevant changes in Europe. For instance

earlier leaf-unfolding in spring, poleward and upward shifts of plant species ranges,

and alterations in disturbance regimes of forests due to fires and pests have been

observed (Lenoir et al., 2008; Menzel et al., 2001, 2008; Pucko et al., 2011; Walther

et al., 2005). The measured overall warming for the Northern hemisphere between

1979 and 2005 has been 0.23-0.25 K per decade (Solomon et al., 2007). Also the

precipitation pattern of Europe is affected by the climate warming. Projections of

future climate change for Central Europe agree on a likely increase of winter and

a decrease in summer precipitation accompanied by an increasing risk of summer
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drought. However, there is still much uncertainty and variability in future climate

trends, particularly in short-term climate projections of Central Europe (Solomon

et al., 2007).

The recent climate of the North-eastern German lowlands after the Köppen-Classifi-

cation is a cold climate without dry seasons and with warm summers (Peel et al.,

2007). The macro climatic conditions of the federal state of Brandenburg is differ-

entiated by the oceanic climate in the Northwest and the continental climate in the

South. The long-term average annual temperature is between 8 and 9 ◦C and the

average precipitation sum of a year add up to 450 − 660 mm. The average annual

temperature in Germany has increased by circa 1.2 K since the beginning of the

industrialization. In Brandenburg the warming trend is slightly smaller than the

average of Germany and amounts to 0.95 K (DWD, 2012). The annual precipita-

tion sum has increased by 4.3 % for the same period. However there are differences

between winter and summer precipitation. Within the winter months (December-

February) fell 21.1 % more precipitation but the summer months (June-August)

experienced a decrease of 3.4 %. Under recent climate conditions there is already

a low average precipitation sum in the growing season between 250 and 350 mm.

This exacerbates the potential climate risk for managed natural systems which is

characterised by two major changes, the increasing intensity of heavy rain events

and the increasing duration of drought events (Holsten et al., 2009).

Landform configuration and soils have been established in Brandenburg mainly dur-

ing the last glacial period. The forests grow on soils which sediments originate from

end moraines, frontal plains and ground moraines. The differences in altitude are

marginal, the highest peaks in Brandenburg are around 200 m over sea level. In the

past century every site type in Brandenburg has been recorded by forest scientists
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(Müller and Luthardt, 2009). Accordingly, 52 % of the soils have low nutrition con-

tents and are characterized by low water holding capacities due to a high amount of

sand (> 80 %). However, most of the soils are deeply penetrated by roots (> 1 m)

and therefore the amount of plant available water is around 200 mm and 300 mm

(Riek and Stähr, 2004).

In Brandenburg 36.5 % of the total area is covered by forests and it belongs to the

five most densely forested federal states of Germany. Scots pine (Pinus sylvestris

L.) is the dominant tree species with a share of 72 %. Other tree species with a rele-

vant percentage of the tree species distribution are the broad-leaf tree species Sessile

(Quercus petraea (Mattuschka) Liebl.) and Pedunculate Oak (Quercus robur L.),

which sum up to 6 %, and European Beech (Fagus sylvatica L.) with 5 %(Müller and

Luthardt, 2009). The average growing stock volume (over-bark) in Brandenburg is

with 257 m3/ha at the lower end compared to the other federal states. Averaged

over all age classes Scots pine and oak stands have 261 m3/ha and beech stands

377 m3/ha growing stock volume per hectare. The Scots pine stands are still mainly

mono-specific and even-aged. Here the aim is to transform these forest stands into

mixed and vertical diversely structured forest stands.

Higher temperature is linked to a higher evaporation demand of the atmosphere

and could therefore aggravate water shortage especially in sandy forest soils. There

is already a measured trend of decreasing available soil water on the whole forest

area of Brandenburg (Holsten et al., 2009). Therefore climate change has become a

major issue on the agenda of the long-term overall forest planning. Several activities

were conducted which aim at the improvement of practical guidelines with respect

to climate change (e.g. ”Eberswalder Erklärung” (Spathelf et al., 2008), revision of

silvicultural guidelines (Luthardt, 2006; Kölling and Ammer, 2006)). In addition,
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strategies of forest transformation from even-aged mono-specific forest stands to

divers mixed forest stands are discussed as proactive adaptation options to climate

change (Bolte et al., 2009; Jenssen, 2009). Originally, the idea of forest transforma-

tion was only based on forest related aspects. Economical and ecological concerns

regarding the stability and ecological functioning of pure even-aged coniferous for-

est stands drive the discussion starting in the late 1980’s (BMELF, 1994; Jenssen

et al., 2006; Zerbe, 2002). Notably the climate warming of the last twenty years

accompanied by extreme weather conditions (e.g. Elbe-flood 2002, summer drought

2003, numerous mild winter (DWD, 2012)) led to a shift of the forest transforma-

tion debate also towards aspects of climate change (Elmer et al., 2009a; Lasch et al.,

2009a,b). Now forest transformation is not only an improvement of forest condition

but also one necessary adaptation to climate change. This meaning is also underlined

by the current general adaptation strategy to climate change of Germany.

”Aus waldbaulicher Sicht sollten möglichst stabile, gemischte Bestände

angestrebt werden, die eine grössere Widerstandsfähigkeit gegen grossflächige

Unglücksereignisse (Kalamitäten) durch beispielsweise Stürme und Borkenkäfer

sowie ein grösseres Anpassungsvermögen an sich ändernde Klimabedin-

gungen haben.” (BMUNR, 2008)

In Brandenburg the long-term overall forest planning of 1997 plans on 40 % of the

pure pine forest area a forest transformation with either oak or beech trees into

mostly mixed pine forests (Müller and Luthardt, 2009). For this kind of forest

a major aspect of possible climate change impacts is the occurrence of drought

events, since drought very often induces a decline in the vitality of oak and pine

trees. Hence, there is a great demand for research results which reduce the gap of

4



Climate Impact Research and Forest Management Climate Change impacts

knowledge concerning adaptation potentials and climate change impacts of forest

stands.

1.2 Climate Change Impacts on Scots Pine and

Sessile Oak

After Hofmann and Pommer (2005) a large part of the southern and eastern forest

area of Brandenburg would naturally be covered by mixed pine-oak, oak-hornbeam

(Carpinus betulus L.) and pure pine forests. But as mentioned in the previous

chapter, most of the forest area is stocked by pure Pine forests. Due to the econom-

ical and ecological disadvantages of this unbalanced tree species composition, some

silvicultural and ecological experiments were conducted to get information about

impacts of forest transformation. Several years ago experiments had started which

analysed forest transformation processes with beech in pure pine forest stands in

Brandenburg (Anders et al., 2005). Later also projects had been started which in-

vestigate Sessile and Penduculate oak as tree species for the transformation (Elmer

et al., 2009c,a,b; Schröder et al., 2009). Generally, beech and oak are considered as

the most important tree species for the transformation in Brandenburg.

Scots pine is a tree species with a very large distribution area across almost whole

Europe until the east of Siberia in Asia. The core of its distribution is located in

the boreal zone of evergreen forest. There are several subspecies of Scots pine which

had to adapt to specific local growing conditions (Endtmann, 2007) which hamper

general predictions of productivity changes due to climate change (Savolainen et al.,

2011; Matias and Jump, 2012). The North-eastern lowlands of Germany and Bran-

denburg are located at the edge of Scots pine’s natural distribution (EUFORGEN,
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2009). However, there is a discussion how to evaluate the presence of Scots pine to

the west of this frontier. Especially the stands under oceanic climate conditions of

Belgium and France show the physiological adaptation potential besides the natural

distribution. In last years the method of habitat modelling by using climate envelope

models (CEM) has been applied to analyse the exposure to climate change. The

range of the mean temperature of July within the current distribution is within 5

and 22 ◦C. The range of the mean temperature in January is within −25 and 5 ◦C

and the precipitation sum of May-September is between 147 and 1044 mm.

The results of CEM’s driven by climate scenarios indicate a high vulnerability of

Scots pine to increasing temperatures in summer (Henschel, 2008). Under moderate

climate change scenarios the CEM propose a disappearance of Scots pine in Germany

(Kölling, 2007; Henschel, 2008). Scots pine is a tree species which is well adapted

to water shortage and is competitive also on very dry sites in the North-eastern

lowlands. Nevertheless pine stands react on severe droughts with growth reduction,

increased needle fall and a higher exposition to damages by other biotic or abiotic

factors (Beck, 2007; Möller et al., 2007; Wenk and Apel, 2007). These findings are in

line with reported increasing mortality of Scots pine in the south-western frontier of

the distribution (Rebetez and Dobbertin, 2004; Galiano et al., 2010; Poyatos et al.,

2007; Gimmi et al., 2010).

Sessile oak is also a tree species which is adapted to a warm temperate climate

and occasional drought events. The distribution stretches from the Mediterranean

coastline across Central Europe to the South of Scandinavia. It is limited by the

minimum temperature in winter which should not go below −20 ◦C. The results of

the CEM’s indicate climate ranges for the mean temperature in January between

−14 and 9 ◦C. The mean temperature in July is between 7 and 28 ◦C and sum of pre-
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cipitation from May to September is 62− 830 mm (Henschel, 2008). Sessile oak is

expected as one of the ”winner” tree species under a warming climate in Germany

and therefore an important tree species for forest adaptation and transformation

(Kölling, 2007).

However, CEM’s does not include the physiology of tree growing processes. From

their statistical approach they have to assume climate causality for the current ob-

servation of Scots pine distribution which limits the explanatory power and there-

fore the predictive power for the future distribution (Ibanez et al., 2006). Another

method studying climate impacts on tree growth and habitat suitability is to model

the physiological response with process based modelling tools (Mäkelä et al., 2000;

Johnsen et al., 2001). Here, the questions concerning future growth trends can be

answered with focus on specific tree growth related processes. For instance, drought

responses can be analysed by simulating the coupled water-carbon cycle within a

forest stand. These model experiments help to detect specific weather conditions

which lead to increasing or decreasing productivity.

Since the 1990s there is a general increase of mortality within oak stands in several

regions of Germany. For instance the report on forest damage in Brandenburg in-

dicates two different trends. While the crown transparency of pine trees features a

clear improvement from 25 % of the 1990s to currently 10 %, the crown transparency

of oak trees remains at a high level of currently 25 % (MIL, 2011). In addition, 20 %

of oak trees are classified to the categories medium and strong biotic damages (MIL,

2011). Oak as a ring porous tree species is sensitive to summer drought. The water

conductivity of a tree ring works in maximum 1.5 years. It means that only the

two last tree rings serve as conduct for the transpiration water. If there is summer

drought the water conducting tree ring exhibit missing vessels. This drop in con-
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ductivity leads to a decrease in transpiration and consequently decreases the carbon

assimilation of the tree (Kätzel et al., 2006). Experiments with young oak trees sug-

gest strong impacts on the water balance if treated with a combination of defoliation

and water stress. Particular the lower fine root biomass of defoliated trees causes

lower water uptake capacities of oak trees during subsequent water stress periods

(Gieger, 2002). The concurrence of different biotic and abiotic factors (see Fig. 1.1)

further enhance the risk for a decrease of vitality in oak stands and is supported by

other studies of north and central Europe (Jung et al., 2000; Thomas et al., 2002;

Helama et al., 2009). Climate factors (i.e. summer drought, mild winter and late

frost events) are expected to exacerbate the problem of the complex phenomenon

of oak decline (see Fig. 1.1). Their prolonged changing in the future due to climate

change aggravate predictions about the development of oak stands. Thus, there are

strong concerns about the future vitality and the adaptation potential of oaks and as

follows long-term forest transformation objectives are questioned (Luthardt, 2005).

Accordingly, in last years a number of research projects came up to investigate sil-

vicultural risks and potentials under climate change for the north eastern lowlands

(e.g. Oakchain (Elmer et al., 2009c), Newalnet (UFZ, 2010)).

1.3 Modelling of Drought Stress

Besides the observed and projected trend of decreasing amount of summer rainfall

there is still high uncertainty in future precipitation dynamics of central Europe

(Murphy, 2000; Ruosteenoja et al., 2006; Raisanen et al., 2004). However, in a

warming climate the higher average temperature determines a higher evaporation

8
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Figure 1.1: Scheme with interaction of main factors for vitality loss of oak stands
with emphasis of the red-framed climate factors. (modified from (Kätzel et al.,
2006)).

demand of the atmosphere. This alone could aggravate water shortage in forest

soils. Conversely there is a measured increase of water use efficiency of temperate

forests which should persist with increasing amount of atmospheric CO2 (Arneth

et al., 2002; Duquesnay et al., 1998; Feng, 1999). The increasing water use efficiency
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based on the increased uptake of CO2 as a result of its higher concentration in the

atmosphere at the same transpiration level. Centritto et al. (2002) showed large

effects of increased water use efficiency (up to 63 %) of saplings (Prunus persica (L.)

Batsch) at higher CO2 concentrations (700 versus 350µmol·m−1). Broadmeadow

and Jackson (2000) also found increased water use efficiency at saplings of Quercus

petraea and Pinus sylvestris. They concluded a higher potential for young trees to

survive drought events. On the other hand they pointed out that it could likely to

be counterbalanced by an increase in LAI (leaf area index) and, hence, increasing

water loss on a ground area basis. There are still huge knowledge gaps concerning

plant responses to combinations of changing factors as water availability, warming

and CO2 concentration. To complicate matters further, most of the experimental

results are hardly transferable on mature natural forest stands (Körner, 2006; Norby

et al., 2010; Norby and Zak, 2011).

Severe droughts decline the productivity of forests. Detailed investigations of effects

of the European heat wave in summer 2003 explained low forest productivity with

the water shortage in soils. Particular beech stands indicated declining productivity

in the following year (Granier et al., 2007). Generally, in central Europe there is a

correlation between the available water within the growing period and the growth of

mature forest stands (Breda et al., 2006). The annual radial increment of a tree is a

suitable measure for its productivity. Hence, the analyses of tree rings by tree core

samples or trunk discs is a good method to detect water stress of trees, especially

for periods in the past (Beck, 2009). Analyses of oak stands in the west of Germany

showed a close relationship of the Palmer Drought Severity Index (PDSI) and the

index of annual radial increment (Friedrichs et al., 2009). The physiological reason

for this relationship bases on the trade-off between cavitation (lost of conductivity
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in vessels of roots and stem) and photosynthetic activity and resulting gas exchange

of leafs (Maherali et al., 2006). Among the tree species there are different strategies

how to arrange this trade-off. They can be classified into two groups: i) Tree species,

which are at low risk of cavitation and sustain water flow at low water potentials.

ii) Tree species, which reduce transpiration at comparable high water potentials to

avoid cavitation in root and stem vessels (Cruiziat et al., 2002).

The realistic calculation of the amount of supplied water by roots is a crucial fea-

ture of a forest growth model to estimate water stress. For the calculation exist two

different general approaches. The first, it can be calculated by an empirical func-

tion dependent on soil water content (e.g. (Chen, 1993)). The second, a physical

representation of water flow within the tree by deterministic models. For the latter

a number of models,which have a different grade of complexity, has been developed

(Cowan, 1965; Lang et al., 1969; Hunt et al., 1991; Cruiziat et al., 2002). The pre-

vailing models describe the soil-plant-atmosphere continuum as an electrical circuit

with resistances (water conductivity of soil, root, stem and leaf) and capacitance

(water stored in the stem). These models consists of ordinary differential equa-

tions with empirical derivable parameters (Campbell, 1991; Williams et al., 1996;

Chuang et al., 2006). They simplify the spatial-temporal dynamics of the water

transport within trees and can be integrated in physiological based forest growth

models (Williams et al., 2001a,b).

1.4 Forest Decision Making under Uncertainty

Exact predictions of future developments as for example for climate, timber demand

or socioeconomic development are impossible. However these developments set the
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basic conditions of forest related decision making processes. Decisions of today

inevitably has to be made under uncertain assumptions of the future development

(Ananda and Herath, 2009). In addition, forests supply a number of ecosystem goods

and services and are committed to a variety of requirements (Borchers, 2010). On

the majority of forest area of Brandenburg the objective is the synchronous man-

agement of divers forest functions (e.g. habitat and species conservation, timber

supply, water conservation, carbon sequestration). This can lead to conflicts due to

opposed interests or objectives and their required different management strategies.

Forest management strategies has to consider and increase adaptation potentials of

forest systems to establish stable forest stands which management objectives under

(Bolte et al., 2009; Reyer et al., 2012). Finally, every management strategy and

objective has to be reconsidered regularly due to new knowledge or changing basic

site conditions. For this ongoing assessment of strategies, concepts and methods are

needed to quantify their impacts and suitability to achieve objectives.

The definition of different scenarios and the investigation of their impacts with

the help of mathematical or conceptual models is one general approach to analyse

potential future developments (Chermack et al., 2001; Chermack, 2004). Decision-

making to achieve different objectives is accompanied by several uncertainties. On

the one hand, there is the uncertainty about the future climate development and

its subsequent impacts. This results in uncertainty about the suitability of man-

agement strategies to achieve the specified objectives. On the other hand, there

are model uncertainties inherent to model processes and defined parameter values

(Saltelli et al., 1999). This, in turn, also affects the uncertainty of simulated cli-

mate impacts. Therefore, a good strategy accounting for climate uncertainty should

include a calculation of a performance measure which gives probabilities to max-
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imize multi-criteria objectives and minimizing risks for failure (Yousefpour et al.,

2012). Since climate change do not only affect the mean level but also the variance

of forest productivity, the applied approach should account for these two aspects.

So far, indices (e.g. option value, stochastic dominance) dealing with uncertainty

have been developed for forest management-related decision-making (Jacobsen and

Thorsen, 2003; Prato, 2008a). Such approaches support the decision-making process

to handle future uncertainties and risks.

1.5 Research objectives

The main emphasis of the work is to provide model based analysis of growth and

development of forest stands relevant for the federal state of Brandenburg. Using

physiological based forest growth models and climate scenarios allow the estimation

of the future state of forest stands and the evaluation of potential risks. The focus

of the work is on mixed oak-pine forests which are planned for the continental and

drier regions of Brandenburg. The studies presented here are conducted with the

physiological based forest growth model 4C-FORESEE (Lasch et al., 2005).

The first research objective of this work focuses on productivity of four main tree

species (Quercus robur and petraea, Fagus sylvatica, Pinus sylvestris, Picea abies (L.)

H.Karst.) in whole Germany under several climate change scenarios. A statistical

approach is introduced which allows an estimation of the average annual net primary

production (NPP) depending on three climate and two soil variables. This method

makes a quick and efficient spatial dependent characterisation of climate scenario

impacts possible and is the base for an assessment which regions and tree species

are mostly affected in Germany. Following specific questions will be answered:

13
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• How does the NPP for the four main tree species of Germany depend on

climate factors?

• What are the impacts of climate change on NPP of the four tree species ?

• Which regions in Germany are likely to experience a significant change in

NPP?

• How large is the uncertainty of NPP regarding climate scenarios and are there

regional differences?

The second research objective is the comparison of two different model approaches

of water uptake by roots with respect to tree growth. This results in an evaluation

of their capability to simulate drought stress. The questions for this work are:

• What are the effects of using two different water uptake approaches in 4C on

model behaviour?

• How do simulated results of transpiration and annual diameter increment fit

to measured data?

• Is the forest growth model 4C able to describe with both water uptake ap-

proaches the impacts of extreme weather events like droughts on diameter

increment?

The incorporation uncertain effects and developments within decision processes of

forest management related issues is the focus of the third research objective. The

impact of different climate scenarios and different management strategies on a spe-

cific forest stand, representative for the forest transformation, is discussed. The

interaction between impacts are investigated and assessed with regard to different

14
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management objectives for this stand. This allows an integrated impact study of fac-

tors discussed in previous chapters (e.g. productivity, drought risks) and results in

the quantification of climate scenario uncertainty and the uncertainty which comes

from management effects. This lead to the questions:

• What are the contributions of management and climate scenario effects on the

uncertainty of future forest production in mixed oak-pine forest stands?

• Is it possible to apply a general evaluation criteria from literature on a specific

forest stand which is representative for the forest transformation in Branden-

burg?

1.6 Structure and Co-Worker of the Thesis

• Chapter 2 introduces the main methods used in this work. At first the process

based forest growth model 4C is explained. Second, the two different water

uptake approaches will be described in detail. Third the characteristics and

the source of the applied climate scenarios are presented.

• The content of chapter 3 based on the original paper Evaluating the produc-

tivity of four main tree species in Germany under climate change with static

reduced models. Annals of Forest Science, 2016, volume 73, issue 2, pp 401-

410. The share of my contribution to this study were the the general idea to

use a reduced model to estimate the NPP change, execution of the simulation,

the formulation of the polynomial function. The support of the other authors

Petra Lasch-Born, Felicitas Suckow, Christopher P.O. Reyer consisted on the

help in writing the publication an discussing the results.

15
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• The content of Chapter 4 has been published under the title ”Modeling of

Two Different Water Uptake Approaches for Mono- and Mixed-Species Forest

Stands” in Forests, 2015, volume 6, issue 6, pp 2125-2147 and shows the

analysis of two different water uptake approaches to model oak and pine tree

growth in a mixed stand. I implemented the model formulation in the source

code of 4C and conducted the model study. The listed other authors Petra

Lasch-Born, Felicitas Suckow, Christopher P.O. Reyer formulated the idea of

comparing an alternative water uptake model and supported the writing of

the publication.

• Chapter 5 illustrates the assessment of different forest management strategies

under the uncertainty of climate change scenarios. The simulation study were

presented at the conference ”Mixed Forest in a Changing World” and has been

published by the journal Forest Systems, 2011, volume 20, issue 3, pp 453-463,

”Management of mixed oak-pine forests under climate scenario uncertainty”.

The idea and work was done by myself with support of the co-authors Petra

Lasch, Felicitas Suckow, Christopher P.O. Reyer with discussion and writing.

• Chapter 6 gives a comprehensive discussion of the specific result of chapters 3

to 5.

• Chapter 7 draws an overall conclusion of the specific result chapters 3 to 5 and

of general findings concerning impacts and vulnerabilities to mixed oak-pine

forests in the North-eastern lowlands.
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Chapter 2

Methods

My thesis uses modelling techniques to handle ecological processes which are chang-

ing over a long time period. It is necessary to revert to forest growth models due

to a lack of experiments which can cover the large variety of possible future cli-

mate change and their impacts on forest ecosystems. I used the process-based forest

growth model 4C, because it provides some key features which make it very benefi-

cial for my thesis work. First of all, it is climate sensitive. The main driver of forest

growth is the weather at a daily time step. Also it contains a coupled soil-plant-

atmosphere system which allows me to simulate changing site conditions and their

effects on the water flow within this system. It is a stand-based model and calcu-

lates all relevant material flows of a forest stand which I need to evaluate different

management strategies. Finally, it is well established and validated, for instance,

within the EU-project SILVISTRAT (Fürstenau, 2008).
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Methods General Description

2.1 The Forest Growth Model 4C

2.1.1 General Description

The forest growth model 4C (FORESt Ecosystems in a changing Environment)

acts on an approach which describes plant growth as functional relationships be-

tween physiological processes and environmental factors (Lasch et al., 2005). The

relationships based on physiological experiments and long-term observed forest stand

data (Haxeltine and Prentice, 1996). It has been developed to simulate forest stands

with high temporal and spatial resolution. Establishment, growth, and mortality

are explicitly modelled on individual patches for which homogeneity is assumed.

The model simulates tree species composition, forest structure, leaf area index as

well as ecosystem carbon and water balances. The simulated stand is divided into

different cohorts of trees. One cohort consists of trees of the same tree species and

trees have equal dimensions of tree height and tree diameter. The cohort struc-

ture of simulated tree growth enables a detailed analysis from stand to single-tree

level. The model has been used to simulate growth, water, and carbon budget of

trees and soils under current and projected climate condition and to analyse the

long-term growth behaviour of forest stands with different tree species. 4C was ap-

plied in different studies and validated across a wide range of forest sites (Bugmann

et al., 1997; Lasch et al., 2005, 2002b). In the current version of the model follow-

ing tree species are parametrized: beech (Fagus sylvatica L.), spruce (Picea abies L.

Karst.), Scots pine (Pinus sylvestris L.), oak (Quercus robur L. and Quercus petraea

Liebl.), birch (Betula pendula Roth), poplar (Populus tremula (L.), P. tremuloides

(Michx.)), Aleppo pine (Pinus halepensis Mill.), Ponderosa pine (Pinus ponderosa

Dougl.), Black locust (Robinia pseudoacacia L.) and Douglas fir (Pseudotsuga men-
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Figure 2.1: Model scheme - overview of principle interactions of the sub-models
(Lasch et al., 2002a)

ziesii (Mirbel) Franco).

The model contains different sub-models which simulates the different processes at

different time scales (Fig. 2.1). Daily weather data are used as input data to calcu-

late soil water and temperature dynamics and to calculate the length of the growing

season. The length of the growing season is provided by a species-specific phenolog-

ical model with prohibitors and inhibitors which are dependent on air temperature

and day length (Schaber and Badeck, 2003). The daily transport of heat and water in

a multi-layered soil is explicitly calculated, as well as carbon and nitrogen dynamics

based on the decomposition and mineralisation of organic matter. Water balances

are calculated using a bucket model approach (Glugla, 1969; Koitzsch, 1977). The
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soil column is divided into different layers with optional thickness according to the

horizons of the soil profile. Each layer, the humus layer and the deeper mineral

layers, is considered homogeneous concerning its physical and chemical parameters.

Water content and soil temperature of each soil layer are estimated as functions of

the soil parameters, air temperature, and stand precipitation and control the de-

composition and mineralization of organic matter. The water input to the soil is

equivalent to the throughfall (precipitation minus interception). The interception is

determined by the interception storage and the potential evapotranspiration. The

interception storage is calculated from a leaf area index that is weighted by a species

specific storage capacity (Grote and Suckow, 1998).

The photosynthesis sub-model is calculated at a 7-day time step. The model is

described under the assumption of unlimited water and nutrient supply. The an-

nual course of net photosynthesis is simulated with a mechanistic formulation of net

photosynthesis as a function of environmental influences (temperature, water and

nitrogen availability, radiation, and CO2) where the physiological capacity (maximal

carboxylation rate) is calculated based on optimisation theory after Haxeltine and

Prentice (1996). The calculation of total tree respiration following the concept of

constant annual respiration fraction as proposed by Landsberg and Waring (1997).

The explicit simulation of water and nutrient availability as perceived by individual

trees leads to a reduction of the maximum photosynthesis described before. For both

the nitrogen and the water availability a reduction of photosynthesis is calculated

based on the ratio between supply and demand.

At a yearly time step allocation of carbon, tree growth, mortality and management

take place. The allocation pattern of annual NPP are modelled with a combi-

nation of pipe model theory (Shinozaki et al., 1964), the functional balance hy-
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pothesis (Davidson, 1969) and allometric relationships which are affected by water

and nutrient limitations. Mortality can be caused either by stress due to negative

leaf mass increment in successive stress years or by an intrinsic age-dependent and

generic component (Loehle and LeBlanc, 1996). Management actions as thinning

and planting can be applied and are simulated once at the end of the simulation

year. In the following subsections modelling approaches which are relevant for my

work are introduced in particular.

2.1.2 4C -Simulated Water Flow in Forest Stands

An important issue is the analyses of tree drought stress. In chapter 4 the appli-

cation of two different water uptake approaches are compared. Within the model

4C a number of processes are simulated with direct link to water uptake by roots

and transpiration of leaves. First the potential evapotranspiration is calculated.

Several methods exist (McKenney and Rosenberg, 1993) and the most important

are implemented in 4C. The amount of potential evapotranspiration is reduced by

simulated soil evaporation and intercepted water to get the amount of water which is

potentially transpired by the vegetation of the stand. With the help of the potential

transpiration the actual transpiration is calculated dependent on the photosynthetic

activity. The result is a cohort-specific transpiration demand. Dependent on the

root distribution within the soil and soil water content the water supply by roots is

simulated. The daily derived ratio WS

WD
between water supply WS and water demand

WD is averaged over the whole year and reduces the sum of NPP at the end of the

year.
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Potential Evapotranspiration

For Germany the simple approach byTURC-IVANOV is suitable for most regions

and therefore also used in this work. The potential evapotranspiration is calculated

on two ways depending on the air temperature (DVWK, 1996): at Ta ≥ 5 ◦C it

is calculated from air temperature Ta and global radiation Rg by an equation of

TURC :

Epot = 0.0031 · fkorr · (Rg + 209) · Ta
(Ta + 15)

(2.1)

The modification factor Fkorr depends on the relative humidity hr:

fkor =

 1 + 50−hr
70

, hr < 50

1 , hr ≥ 50
(2.2)

If air temperature is Ta < 5 ◦C then the equation proposed by IVANOV is used:

Epot = 3.6 · 10−4 · (100− hr) · (Ta + 25) (2.3)

Interception

The interception rate Sint is calculated by an approach suggested by Jansson (1998).

Here interception is defined as the amount of precipitation which is evaporated by

trees and soil vegetation and does not come to the soil. The interception capacity

Simax is dependent on the vegetation canopy which is a function of the leaf area

index LAI and the species specific parameter iLAI :

Simax = iLAI · LAI (2.4)
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with the interception capacity of the vegetation, the interception rate Sint at time t

is then:

Sint(t) = min [P (t), (Simax − Si(t− 1))] (2.5)

where P is precipitation and Si(t−1) is the interception storage remaining from the

previous time step.

Soil Evaporation

Potential soil evaporation Esoil is calculated with the potential evapotranspiration

(Epot) from equation 2.1-2.3. Similar to approaches as for example Ritchie (1972)

the potential soil evaporation is limited by shading of the vegetation:

Esoil = Epot · exp (−0.6 · LAI) (2.6)

This potential soil evaporation demand (Fig. 2.2) is captured by the soil water up

to a certain soil depth.

Soil Bucket Model

The soil water module is based on a storage approach proposed by Glugla (1969).

The soil is divided into any number of layers according to the soil survey and its

soil horizons. The parametrization of the layers includes variables like thickness,

texture, porosity, stone content, bulk density, permanent wilting point and field

capacity. The inflow of water into one soil layer results from percolation of the

above soil layer Wp. The first soil layer receives the througfall (stand precipitation

minus canopy interception). The outflow of water is the sum of evaporated water

Wev (up to a certain soil depth), water uptake by roots Wupt and percolation water
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Figure 2.2: Relationship between daily potential soil evaporation (Esoil), leaf area
index (LAI), and potential evapotranspiration (Epot) within 4C.

(
Ws(t)−W FC

s

)
, where Ws is the soil water content and W FC

s is the soil water

content at field capacity. Velocity and amount of percolation water is controlled by

the soil texture depending parameter λW (Glugla, 1969; Koitzsch, 1977):

d

dt

(
Ws(t)−W FC

s

)
= Wp(t)−Wupt(t)−Wev(t)− λW ·

(
Ws(t)−W FC

s

)
(2.7)

Root Distribution

The distribution of fine root biomass is calculated after an empirical function derived

by Jackson et al. (1996). The function proposes an asymptotic increase of cumulative

fine root biomass fraction Y with soil depth d (Fig. 2.3 and equation 2.8).

Y = 1− βd (2.8)
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Figure 2.3: Relationship between fine root biomass and soil depth after Jackson
et al. (1996)

They investigated a global distribution dataset and fitted the function to different

vegetation types. Hereafter, the ”extinction coefficient” β for temperate coniferous

forests is around 0.98 and for temperate deciduous forest is around 0.967. Hence,

more fine roots are distributed in the upper soil layers for Oak than for Scots pine

(Fig. 2.3).

2.2 Modelling Root Water Uptake

Two different root water uptake approaches has been analyzed. The first one (WU1 )

assumes an optimal water uptake by roots at± 10% of soil field capacity. If soil water

content below or above this threshold the amount of water uptake is linear decreased.

The second one (WU2 ) represents the water uptake by roots along the soil-plant-

atmospere-continuum (SPAC ) similiar to the electrical circuit. The water follows
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Figure 2.4: Overview of the two water uptake approaches with the considered model
components. With Wupt and Etree = sum of water uptake of a tree over nl number
of soil layers, Ws = soil water content, Rr = root resistance, Rs = soil resistance,
ψL = leaf water potential, ψr = root water potential, ψs = soil water potential.

the water potential gradient within the continuum. Important components of the

SPAC as resistances (R), water potentials (ψ) and water fluxes (E) are calculated

for different parts (e.g. soil, roots, leaves) of the continuum. The following figure

show the modelled parameter of both water uptake approaches (see Fig. 2.4).

2.2.1 Calculation of Transpiration Demand

The transpiration demand of a tree cohort (Dc
tr) is calculated in the same way for

both analysed water uptake approaches WU1 and WU2. At first the potential evap-

otranspiration (Epot) is estimated by the method of Turc/Ivanov (DVWK, 1996).
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The potential stand transpiration (Dtr) results from interception (Eint), soil evap-

oration (Esoil), the total canopy conductance (gtot), the assumed maximum total

canopy conductance (gmax) (= 14000 mol m−2 day−1) and an empirical parameter

(αm = 1.4, the maximum Priestley-Taylor coefficient (Monteith, 1995)):

Dtr = (Epot − Eint − Esoil) · αm ·
[
1− e(

−gtot
gmax

)
]

(2.9)

The total canopy conductance (gtot) is determined by the sum of unstressed stom-

atal conductance of all trees and the total soil vegetation. The unstressed stomatal

conductance (gptree) of one tree within a cohort c and the total soil vegetation, respec-

tively, is dependent of the assimilation rate (Adttree) of the tree and the atmospheric

carbon dioxide content (cco2):

gtot =
Ntree∑
tree=1

gptree (2.10)

with

gptree = max

[
0,

1.56 · Adttree
(1− λ) · cco2 · Cmass

]
(2.11)

where Cmass is molar mass of carbon and Ntree is number of trees in the stand.

The ratio of the total potential stand transpiration (Dtr) to the total stand canopy

conductance (gtot) is used to calculate the transpiration demand of a tree cohort

(Dc
tr):

Dc
tr = gptree ·N c

tree · hdem (2.12)

with

hdem =
Dtr

gtot

27



Methods Modelling Root Water Uptake

where N c
tree is the number of trees in a cohort.

2.2.2 Water Uptake Approach WU1

This water uptake approach was originally proposed by Chen (1993). The water is

extracted from soil layers, starting in the upper layer, regarding the cohort-separated

transpiration demand (Dc
tr). The water supply by roots (W c

upt) is calculated by WU1

as follows:

W c
upt = Ws · fres (2.13)

where Ws is the soil water content [mm].

The reduction factor (fres) which implies the reduced water uptake at water contents

besides the optimum is simulated as follows:

fres =


1− 0.9·WFC

s −Ws

0.9·WFC
s −WWP

s
,Ws < 0.9 ·W FC

s

0.3 + 0.7 · W sat
s −Ws

W sat
s −1.1·WFC

s
,Ws > 1.1 ·W FC

s

1 , otherwise

(2.14)

where W sat
s is the saturated water content of soil layer, W FC

s is the soil water content

at field capacity and WWP
s is the soil water content at wilting point.

2.2.3 Water Uptake Approach WU2

WU2 calculates the water supply of the roots W c
upt for cohort c with water content

of the soil Ws and transpiration of one tree from cohort c:

W c
upt = min(N c

tree · Etree,Ws) (2.15)
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where Etree is the transpiration flow within the soil-plant-atmosphere continuum

and is described analogous to Ohm’s law in an electrical system. The transpiration

is driven by the gradient between the water potentials of soil and leaf and reduced

by the total resistance along the pathway. The following equations to calculate the

transpiration rate and so the water uptake by roots were developed by Campbell

(1991).

Etree =
(ψs − ψL)

R
(2.16)

where ψs is the soil water potential,ψL is the leaf water potential and R is the total

resistance along the soil-plant-atmosphere continuum.

In this approach two single resistances were explicit modelled, the root endodermis

resistance Rri and the soil resistance Rsi in a soil layer i. Rri is directly proportional

to the total root resistance Rtot
r and inversely proportional to the fraction of fine

root length Li in that layer:

Rri =
Rtot
r ·

∑nl

i=1 Li
Li

(2.17)

where nl is number of soil layers.

The required root length density Li was estimated from species specific root length

lSRL, the fine root biomass in a soil layer Mri calculated with a yearly time step,

and the cylindrical rooted soil volume Vrooti .:

Li =
Mri · lSRL
Vrooti

(2.18)

To calculate Vrooti we use results of the investigation in a Norway spruce stand by

(Ammer and Wagner, 2005) who assume a cylindrical rooted soil volume Vrooti with
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the radius of horizontal root spread dr (dependent on diameter at breast height dbh)

and the thickness of the soil layer ∆zi:

Vrooti = π · d2r ·∆zi (2.19)

with

dr =
dbh · 100

6

The soil resistance in a layer Rsi is determined by the conductivity ksi, the fine root

length density Li and the water uptake Etree. The rate of water uptake by a single

root is described by following differential equation:

q

A
= −k · dψ

dr
(2.20)

where q is the rate of water uptake by a root, A is root surface area, k is unsaturated

hydraulic conductivity, ψ is the matrix potential and r the root radius. The root

surface area A is:

A = 2 · π · r · l (2.21)

where l is length of the root.

The unsaturated hydraulic conductivity k is explained by:

k = ksat ·
(
ψe
ψ

)n
(2.22)

where ψe is the air entry potential, ksat the saturated hydraulic conductivity, and n

a soil texture dependent constant.

Applying 2.21 and 2.22 in 2.20 and by integration from a point rs, which represents
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the average distance between two neighbouring roots and has the potential ψs, to

root surface rr, where the potential is ψr, one receives:

( q

2 · π · l

)
ln

(
rr
rs

)
=

(ks · ψs − kr · ψr)
(1− n)

(2.23)

where kr is hydraulic conductivity at the root surface and ks is hydraulic conduc-

tivity of the soil.

The water uptake per unit root length q is related to root length density, soil depth

and water uptake of the tree Etreei , if q is proportional to Etreei in a soil layer i with

a specific root length density Li and the thickness of the soil layer ∆zi:

q

l
=

Etreei
Li ·∆zi

(2.24)

The average distance between the fine roots is given by:

rs = (π · Li)−
1
2 (2.25)

from 2.23,2.24 and 2.25 by solving for water uptake Etreei we get the water uptake

in layer i.

Etreei =
(kri · ψri − ksi · ψsi)

Bi

(2.26)

where

Bi =
(1− n) · ln (π · r2r · Li)

(4 · π · Li ·∆zi)
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The soil resistance towards the water uptake following the electrical analogue is:

Rsi =
(ψsi − ψri)
Etreei

(2.27)

where ψri is the water potential in the root endodermis, and with the use of equation

2.26 follows:

Rsi =
Bi · (ψsi − ψri)

(kri · ψri − ksi · ψsi)
(2.28)

The transpiration or water uptake of a tree is calculated with:

Etree =

nl∑
i=1

(ψsi − ψxri)
(Rsi +Rri)

(2.29)

Assuming that axial resistances within the roots could be neglected then equation

2.29 can be solved for the water potential in the root xylem ψxr:

ψxr =

{
−Etree +

∑nl

i=1

[
ψsi

(Rsi+Rri)

]}
∑nl

i=1

[
1

(Rsi+Rri)

] (2.30)

The leaf water potential ψL is given by:

ψL = ψxr − Etree ·RL (2.31)

where RL is the leaf resistance.

Equation 2.30 is implemented for ψxr in equation 2.31 and the result can be used to
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calculate the leaf water potential:

ψL =

∑nl

i=1

[
ψsi

(Rsi+Rri)

]
∑nl

i=1

[
1

(Rsi+Rri)

] − Etree∑nl

i=1

[
1

(Rsi+Rri)

] − Etree ·RL (2.32)

The first term on the right side of equation 2.32 describes a weighted mean of the

water potential because if one sets transpiration Etree = 0 then becomes ψL = ψs.

The second term is the transpiration multiplied by a weighted mean of the root-soil-

resistance Rsr. Equation 2.32 has to be calculated simultaneously with equation

2.33 that describes the effect of the leaf water potential on the tree transpiration

demand Dtree
tr .

Etree =
Dtree
tr[

1 +
(
ψL

ψc

)a] (2.33)

where parameter a is equal to 10 and parameter ψc is the critical leaf water potential

where Etree =
Dtree

tr

2
.

Adaptation of WU2 for numerical implementation in 4C

The soil resistance of a soil layer Rsi is a nonlinear function of water potential ψri

at the root surface which in turn is dependent on the water uptake Etreei (equation

2.28). An iterative method could be used to calculate the required potentials and

resistances, but such an approach is very computational time consuming. Therefore

an approximated soil resistance is used that is calculated once per day for every soil

layer by simplification of equation 2.28 to:

Rsi =
Bi

ki
(2.34)
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Unit conversion of total root resistance for comparison

Campbell (1991) used for total root resistance the unit [m4 · s−1 · kg−1] which is

derived from equation 2.16. If R = Rs + Rtot
r and Rs = 0, equation 2.16 is solved

for Rtot
r . The units are as follows:

[m4 · s−1 · kg−1] = [J · kg−1/kg ·m−2 · s−1]

with [J ] = [kg ·m2 · s−2]

[m4 · s−1 · kg−1] = [kg ·m2 · s−2 · kg−1/kg ·m−2 · s−1]

[m4 · s−1 · kg−1] = [m4 · s−1/kg] = [m4 · s−1 · kg−1]

with [J · kg−1] = [kPa]

[m4 · s−1 · kg−1] = [kPa/kg ·m−2 · s−1]|kg(water)→ m3(water)| · 103

[m4 · s−1 · kg−1] = [kPa/m3 ·m−2 · s−1]|kPa→MPa| · 10−3

[m4 · s−1 · kg−1] = [MPa · s ·m−1]

The chosen unit for comparison is [MPa · s ·m−3]. Williams et al. (2001a) set the

root resistivity in their simulation experiment at 100[MPa · s · g ·mmol−1]. Coners

and Leuschner (2005) derived with sap flow gauges the water absorption per unit

root surface area for three temperate tree species. They found root resistances per

unit root surface between 2.6 · 107 and 1.25 · 108[MPa · s ·m−1] (Coners, 2001). To

convert the values of Coners (2001) we estimated the total root surface of an average

pine tree of the P1 stand with our simulated fine root biomass and the specific root

area for Scots pine given in Ostonen et al. (2007). The value given by Williams et al.

(2001a) was converted also with our simulated fine root biomass to refer the root

resistance on the whole tree. Therefore, the values of Coners (2001) were divided

by 1430 m2 simulated fine root surface per tree and the values of Williams et al.

(2001a) were divided by 2.2 · 1 04 g simulated fine root biomass. In addition the unit

of water in (Williams et al., 2001a) had to be converted from [mmol] to [m3] to
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get [MPa · s · m−3]. Due to the fact that the water flux in the equation 2.16 of

(Campbell, 1991) is related on unit leaf surface the total root resistance values were

divided by the total leaf area of an average pine tree of P1. Here we also used our

simulated leaf biomass and converted it to leaf area with the specific leaf area for

Scots pine given in Xiao et al. (2006). The three total root resistance Rtot
r values

(used in chapter 4) were divided by 171 m2.

2.3 STAR 2.0 Climate Scenarios

The statistical regional climate model STAR 2.0 had been developed at PIK (Or-

lowsky et al., 2008). The scenarios follow a stepwise temperature trend of 0.5 K

related on the average of whole Germany. For every climate scenario 100 realiza-

tions were calculated which show variation concerning the precipitation pattern.

In comparison to the temperature increase of the SRES A2-Scenario in 2060 the

1.5 K-scenario is very close. In 2100 the prolonged 2.0 K-scenario correlates with

this SRES-Scenario (Fig. 2.5). On this graph it can also be shown that the two

degree limit is exceeded by the 1.5 K-scenario in 2036 and 3.0 K-scenario already in

2018. In this work mainly the 0 K, 1.0 K, 2.0 K and the 3.0 K-scenario have been

applied.
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Figure 2.5: Overview of STAR 2.0 Scenarios with 0.5 K temperature increase step
width (PIK, 2012)
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Chapter 3

Evaluation of net primary

production of four main tree

species in Germany under climate

change with static reduced models

3.1 Introduction

Climate change influences the components of ecological systems in different ways.

Particularly with regard to the projected temperature rise for the next decades, a

broad range of possible impacts on forest ecosystems is discussed (Alcamo et al.,

2007). Furthermore forest ecosystems are key elements in the land-use matrix pro-

viding a variety of goods and services (Lindner et al., 2008; Maroschek et al., 2009).

Thus, forests have to satisfy a variety of different and often conflicting needs in
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social, ecological, and economic terms and under uncertain future conditions.

During the last 50 years the net primary production (NPP) of forests has increased

in Europe (Ciais et al., 2008; Nemani et al., 2003; Spiecker, 2001). Besides changing

management, age structure, forest area and nutrient balances also factors related to

climate change partly explain this trend. Firstly, photosynthesis is not saturated

at current carbon dioxide concentration (CO2) and thus tree growth may benefit

from increasing atmospheric CO2 concentrations (Körner, 2006; Norby et al., 2005).

However, interactions between the drivers of tree growth complicate the relation-

ship between the CO2 response of photosynthesis and growth (Körner, 2006; Körner

et al., 2005; Norby et al., 2010). Secondly, changes in climatic trends influence re-

gional temperature and water balances and most likely enhance the productivity of

forest ecosystems at sites which are not nutrient limited (Boisvenue and Running,

2006; Ciais et al., 2008).

On the other hand, drought stress decreases productivity and increase the predispo-

sition to biotic (insect calamities, fungi infections) and abiotic disturbances (forest

fire, storm events). For example, Norway spruce (Picea abies L. Karst.) forests im-

paired by drought stress are highly predisposed to bark beetle attacks (Wermelinger,

2004).

Simulation studies indicate that the niches of forest tree species are highly sensi-

tive to climatic changes and as a result species distribution and composition may

be altered (Thuiller et al., 2005). This will broaden the silvicultural portfolio in

mountainous and other temperature-limited forest ecosystems. Beside this positive

effect at the leading edge also negative effects at the trailing edge of species distri-

butions are reported: Scots pine (Pinus sylvestris L.) in its southernmost range may

experience reduced growth and survival with modest warming (Reich and Oleksyn,
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2008). Beech (Fagus sylvatica L.) forests show a decrease in basal area growth due

to long-term drought in the Appenines (Piovesan et al., 2008).

Consequently, numerous simulation studies strive to answer how sensitive the global

and regional forest productivity is to climate change in the next decades (Lasch

et al., 2005, 2002a,b; Piao et al., 2009; Sitch et al., 2008). However, climate impact

studies using process-based forest models require detailed information such as soil,

stand, and meteorological data which are usually not available for a broad set of sites

in a region. Otherwise, results from studies on a global scale are of limited value for

regional predictions due to the coarse resolution of the models. Therefore, regional,

spatially explicit studies of climate impact on forests call for models with low data

requirement applicable for a large set of stands. Furthermore, to account for uncer-

tainties associated with climate change projections, it is necessary to use a broad

variety of climate change scenarios to derive probabilities of the expected impacts.

In process-based models this comes at the cost of large amounts of computing time.

These limitations can be circumvented by applying static reduced models (SRM).

SRMs are developed by regression analyses from a large amount of data generated

with a dynamic process-based forest model. The term static reduced model is used

to separate it from time sensitive dynamic models and complex process based models

with high parameter demand. We rely on simulated data, since only limited NPP

measurement data from forest experimental sites with varying site conditions and

forest species are available. There is especially a deficit in long-term time series of

measurement of carbon fluxes.

Therefore, the first aim of this study is to derive SRMs for four tree species (Euro-

pean beech, Norway spruce, Scots pine, and oaks (Quercus robur L. and Quercus

petraea Liebl.)) which allow calculating the annual average net primary produc-
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tion (NPP). The derivation is based on annual NPP values simulated with the

process-based model 4C (Lasch et al., 2005). Independent variables of the SRMs

for NPP-prediction are climate and soil variables over a spectrum of mono-species

forest stands with different site conditions. Secondly, this study aims for an analysis

of the impacts of a broad variety of climate scenarios with the SRMs for the four

selected tree species at a large amount of sites all over Germany. Hence, we analyse

two main questions: Which regional trends in NPP change are projected until 2060

in Germany? How much varies the SRM-based NPP calculation under a broad set of

climate change scenarios and their realizations? This variety serves as an indication

for the uncertainty of climate change scenarios.

3.2 Material and Methods

Climate data and climate scenarios

Observed and homogenised meteorological time series for the period 1951-2006 with

daily resolution are available for 2342 meteorological stations at PIK (Österle et al.,

2006). All stations are located in Germany, besides five in Switzerland and Austria.

The meteorological data set provides information per station on climate parameters

(e.g. total radiation, maximum temperature, mean temperature, minimum temper-

ature, precipitation, total radiation).

Based on these observed daily meteorological data, climate change scenarios from

2007 until 2060 with daily resolution at the 2342 climate stations were derived with

the statistical regional climate model STAR 2.0 (Orlowsky et al., 2008). In this study

the observed meteorological data and 50 realizations of a climate change scenario

based on the A1B SRES scenario (Nakicenovic et al., 2000) with a mean tempera-
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ture increase in Germany of about 2 K until 2060 were used to simulate the NPP

with 4C. These simulations provide the data set for deriving the SRMs.

Furthermore, we used seven climate scenarios generated with STAR 2.0 assuming

a 0.5 K stepwise increase of temperature up to 3 K. For example the 2 K climate

scenario contains a temperature increase of 2 K in 2060 against the starting point

of the scenario in 2007. For each of the seven climate scenarios (0 K, 0.5 K,..., 3 K)

50 realizations were available. All in all, the SRMs were then run with seven times

50 climate realizations.

Characteristics of the climate scenarios

At first, the change of four climate factors (mean annual temperature, mean annual

precipitation sum, mean annual radiation, mean annual drought index) between the

period 1951-2006 and 2031-2060 over all climate stations was analysed. The analysis

of the seven applied climate scenarios described above indicated that besides the

temperature increase, an increase of the radiation and the drought index shaped

the climate scenarios for all climate stations. Only a slight trend to lower annual

precipitation sums was calculated across the climate stations (Fig. 3.1 A-D).

3.3 Derivation of the static reduced model (SRM)

Model runs with 4C

The average annual NPP data to be used for the regression analysis were calculated

separately for mono-specific stands of the four tree species with 4C at the 2342

climate stations in Germany. At each station four different soil types were assumed.
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Figure 3.1: Change of climate factors depending on the climate scenario for all 2342
climate stations for 2031-2060 (A=XT ; B=XP ; C=XD; D=XR). Black horizontal
line represents average of 2342 climate stations for 1951-2006.

Hence, we simulated the average annual NPP for every tree species and soil type

with the observed climate data of a climate station (1951-2006) and the future

climate scenario based on the A1B emission trend (2007-2060). The soil types were

parameterized for 4C on the base of four reference profiles of the soil database for

Germany (BÜK 1 000, BGR 1998). They differ in the amount of plant available

water and the carbon/nitrogen ratio (Tab. 3.1):

• poor soil with low water availability (PL)

• rich soil with low water availability (RL)
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Table 3.1: Soil characteristics for the four selected soil types.

type symbol WPAW Ctot Ntot Ctot/Ntot

[mm] [g m−2] [g m−2]
cambisol PL 108 19650 640 31
cambisol RL 69 4250 262 16
cambisol PH 196 19650 640 31
cambisol RH 156 4250 262 16

Table 3.2: Stand characteristics for the simulated mono-specific forest stands.

species age dbh hdh Nstem

[year] [cm] [m] [ha−1]
oak 15 2.2 11.0 5734
pine 15 4.6 7.7 6664

spruce 15 3.3 6.0 7000
beech 15 2.7 6.5 6463
dbh . . . mean diameter at breast height of tree stand
hdh . . . dominant height of tree stand
Nstem . . . number of trees

• poor soil with high water availability (PH)

• rich soil with high water availability (RH)

The stands were simulated for a time period of 56 years. The stand data for the

initialization of 4C originate from yield tables (Tab. 3.2). We only considered

young stands with an initial age of 15 to simulate the period with the highest annual

productivity of an even-aged forest stand. The simulated annual NPP was averaged

over the simulation period. To eliminate extreme sites, only sites with a simulated

average annual NPP value YNPP4C
greater than one ton carbon per hectare and year

were considered for deriving the species-specific regression functions. That resulted

in 2340 (climate stations) times four (soil types) times two (base and future climate
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scenario), hence 18720, simulated average annual NPP values (YNPP4C
) for each of

the tree species.

Fitting of the static reduced models

The functions for NPP were fitted to YNPP4C
in dependence of climate and soil

variables. We pre-selected soil and climate variables which could be important

to accurately calculate the long-term average NPP simulated by 4C. In the case

of soil variables plant available water and the C/N ratio of the soil were chosen

because they can be gathered easily from the German soil database. In the case

of climate variables we started with variables available from climate stations (i.e.

mean, minimum and maximum temperature, precipitation, radiation, air humidity,

cloudiness and water vapour pressure) as well as aggregated climate variables such

as climatic water balance and a drought index (see below) that could be derived

from these measurements. To balance the amount of independent soil and climate

variables and model accuracy, we decreased the amount of climate variables by

forward selection. Hence, only variables with significant influence and a contribution

to a better model fit (higher R2) were added to the model. The analysis started with

simple linear models without transformation of response and predictor values. The

residuals of these linear models showed non-constant error variance and trends in

the distribution, Hence, linear models with log-transformed response and predictor

variables were tested. Also polynomial terms in the drought index variable were used

to allow more flexible relationships leading to better fits. This resulted in multiple
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regression functions with the same structure for all tree species:

log (YNPPSRM
) = α + β1 (logXW ) + β2 (logXCN)

+ β3 (logXT ) + β4 (logXR)

+ β5 (logXD) + β6
(
logX2

D

)
+ β7 (logXW logXCN) + ε (3.1)

YNPPSRM
. . . annual average net primary production [t C ha−1year−1]

XW . . . plant available water [mm]

XCN . . . carbon/nitrogen ratio of the soil

XT . . . mean annual temperature [◦C]

XR . . . mean annual radiation [Jcm−2]

XD . . . drought index [days], mean annual number of successive days without rain

in the growing season

α . . . intercept of regression

βi . . . regression coefficients

ε . . . residual variance

The regression functions performance in comparison to the NPP values simulated

with 4C (YNPP4C
) was assessed with the root mean squared error (RMSE), the rel-

ative root mean squared error (RMSE%), the absolute bias (BIAS), the relative

bias (BIAS%) and the adjusted coefficient of determination (R2) (Eq. 3.2-7). The

distributions of the residuals were also examined. The derivation of the regression

functions was conducted with the statistical software R (R Development Core Team,
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2009).

RMSE =

√√√√ n∑
i=1

(yi − ŷi)2

n
(3.2)

RMSE% =
RMSE

ỹ
· 100 (3.3)

BIAS =
n∑
i=1

yi − ŷi
n

(3.4)

BIAS% =
BIAS

ỹ
· 100 (3.5)

R2 = 1−
∑n

i=1 (yi − ŷi)2∑n
i=1 (yi − ỹi)2

(3.6)

R2
adj = 1−

[
(1−R2) (n− 1)

n− k − 1

]
(3.7)

yi . . . simulated with 4C YNPP4C

ŷi . . . simulated with SRM YNPPSRM

ỹ . . . arithmetic mean of simulated YNPP4C

n . . . number of cases

k . . . number of independent variables
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3.4 Validation and plausibility of SRM results for

NPP

To validate the SRMs for each tree species, we split the YNPP4C
values into two

equally-sized groups (model construction group, model validation group; (Vanclay

and Skovsgaard, 1997)). The climate stations were sorted by latitude and every

second station was reserved for the model validation group. Thus, both data sets

cover entire Germany homogenously. The YNPP4C
values and their corresponding in-

dependent variables of the model construction group were used to fit the regression

function (Eq. 3.1). The resulting functions were then run with the independent

variables of the model validation group to predict the YNPPSRM
values and these

were compared with simulated YNPP4C
values of the validation group. Notice that

the SRMs used for the climate change analysis were fitted to the full data set as

described above (see section 2.3).

To check the plausibility of the SRMs, we compared the YNPPSRM
values for the 1951-

2006 period with two different observed data sets. The first data set by (Luyssaert

et al., 2007) includes estimates of NPP for temperate forests in Central Europe. This

data set was generated from peer-reviewed literature and CO2 flux measurements.

The second data set was taken from (Pretzsch, 2009) and is based on German forest

inventory data. These two data sets provide independent estimates of the annual

NPP of the four forest species used in this study.
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Figure 3.2: Forest eco-regions in Germany (after Wolff 2002) with the mean elevation
derived from elevation of the climate stations.

3.5 Experiments and analyses with the SRMs

The SRMs were run with the seven climate scenarios covering a temperature increase

from 0 K to 3 K until 2060. For each climate scenario consisting of 50 realizations,

the average annual NPP of the four tree species, every climate station and the four

different soil types was calculated with the SRMs. The variables required to drive

the SRMs (see Eq. 3.1) were averaged for a 30 year time period from 2031-2060.

For the spatial comparison of NPP, the results have been aggregated by calculating

the mean average annual NPP of the climate stations belonging to the same forest
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eco-region (Fig 3.2). The forest eco-regions represent a classification of the area of

Germany that includes forest site characteristics like climate, soil properties and

geomorphologic aspects (Wolff, 2002). For further analyses we also calculated the

mean elevation for each forest eco-region on the base of the station altitude (Fig.

3.2).

To test the sensitivity of the SRMs to each climate factor (temperature, radiation,

drought index) we varying each factor from 40% to 200% around the total average

value over all 2342 climate stations. This range covered well the expected range of

factors encountered in the studied area. Only one factor was altered while the other

factors were kept constant at their average value of all 2342 climate stations.

The range between the maximum and minimum NPP of the climate stations belong-

ing to a forest eco-region under all 50 realizations indicates the uncertainty within

a climate scenario. The larger the range, the higher is the variability of the climate

realizations of a climate scenario.

3.6 Results

Model evaluation

The parameters of the four species-specific SRMs and their standard errors were

derived from the regression analysis (Tab. 3.3). All parameters are highly significant

from zero and in the same order of magnitude for the different species.

The analysis of the SRMs performance shows that they are suitable for estimating

the average annual NPP as simulated with 4C (Tab. 3.4). The values of NPP

calculated by the SRMs are nearly unbiased with a relative BIAS smaller than one
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Figure 3.3: Distribution of the residuals of the SRM against fitted SRM values for
Scots pine.

Table 3.3: Regression coefficients for the species-specific SRMs and their standard
error (s.e.). Asterisk indicates significance at p < 0.01 level.

beech oak pine spruce
estimate s.e. estimate s.e. estimate s.e. estimate s.e.

α -4.016* 0.073 -4.753* 0.068 -4.534* 0.047 -4.273* 0.053
β1 0.198* 0.010 0.181* 0.009 0.221* 0.006 0.265* 0.007
β2 -0.753* 0.016 -0.853* 0.015 -0.540* 0.010 -0.622* 0.012
β3 0.314* 0.003 0.465* 0.003 0.290* 0.002 0.252* 0.002
β4 0.905* 0.007 1.015* 0.006 0.961* 0.004 0.928* 0.005
β5 1.432* 0.031 1.293* 0.029 1.069* 0.020 1.011* 0.023
β6 -0.543* 0.011 -0.486* 0.010 -0.413* 0.007 -0.394* 0.008
β7 -0.056* 0.003 -0.052* 0.003 -0.061* 0.002 -0.076* 0.002

percent. The high R2 indicates that the SRMs work equally well for all considered

tree species. The SRMs differ only slightly in their statistical characteristics for the

four tree species. Therefore, the next results are only shown for Scots pine if not
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Table 3.4: Absolute and relative RMSE and BIAS and coefficient of determination
of the average annual NPP (t C ha−1year−1) calculations with the SRMs compared
to 4C at the stand level.

beech oak pine spruce
RMSE 0.290 0.256 0.248 0.203
RMSE% 5.054 4.662 3.433 3.964
BIAS 0.005 0.001 0.002 0.003
BIAS% 0.080 0.016 0.033 0.050
R2adj 0.978 0.984 0.987 0.988
n 18720 18720 18720 18720

indicated otherwise. There is no observed trend in the distribution of the residuals

thus variance homogeneity can be assumed (Fig 3.3). The two data clouds result

from the rich and poor soils (see Tab. 3.1).

The validation results from the partitioned datasets also prove the suitability

of the SRMs. The coefficient of determinations for the linear regression between

NPP calculated with the SRM (YNPPSRM
) for the model validation group and the

corresponding values of NPP from 4C (YNPP4C
) (Fig. 3.4) is very high for all tree

species (Tab. 3.5). However, for all tree species the intercept is different from zero

and the slope differs from 1 (Tab. 3.5). Nevertheless, the discrepancy between the

YNPPSRM
and YNPP4C

values is small.

The sensitivity analysis shows that the polynomial terms in the SRM describe the

nonlinear relationship between the NPP and the drought index very well (Fig. 3.5

C). Similarly, the assumed log-linear relationship between NPP and temperature is

obvious in the simulated 4C results, whereas the dependence between radiation and

NPP was almost linear in the 4C results (Fig. 3.5A,B).
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Figure 3.4: Scatter plot with YNPPSRM
of the model validation group and YNPP4C

and the regression line between both NPP values for the validation of Scots Pine.

Table 3.5: Results of the linear regression between YNPPSRM
and the corresponding

results of NPP from 4C YNPP4C
for the validation.

Equation YNPP,4C = R2

beech 0.98YNPP,SRM − 0.2 0.98
oak 1.03YNPP,SRM − 0.3 0.99
pine 0.98YNPP,SRM − 0.08 0.99
spruce 0.96YNPP,SRM − 0.01 0.99

Comparison of SRM results with observed data

The mean annual NPP values calculated with the SRMs for the four tree species

vary from 3.5 t C ha−1year−1 for to 9.1 t C ha−1year−1 (Fig 3.6). For Scots pine on

poor soils (PL and PH, see Tab. 3.1) there is a good correspondence between the

52



Evaluation of net primary production Results

0 5 10 15
4

6

8

10

12

Temperature [°C]

N
P

P
 [t

C
 h

a−1
 y

ea
r−1

]

A

simulated site
SRM

800 900 1000 1100 1200 1300 1400
4

6

8

10

12

Radiation [J  cm−2]

N
P

P
 [t

C
 h

a−1
 y

ea
r−1

]

B

2 3 4 5 6 7
4

6

8

10

12

Drought Index [days]

N
P

P
 [t

C
 h

a−1
 y

ea
r−1

]

C

Figure 3.5: Simulated NPP with 4C (grey crosses) for Scots pine on rich soils
with low water availability and sensitivity of the SRM (black line) to changes in the
parameter value for temperature (A), radiation (B) and the drought index (C) while
the other climate factors (XT=8.9 ◦C, XR=1082 J cm−2, XD=3.9 days) are fixed.

SRM and the values of (Luyssaert et al., 2007) and (Pretzsch, 2009). For Scots pine

on rich soils (RL and RH, see Tab. 3.1) the NPP values of the SRM are highest
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compared with the other tree species. For Norway spruce, oak and beech a good

correspondence between SRM values and observed data can be stated in case of rich

soil conditions. In contrast, the NPP values of the SRMs for beech, oak and Norway

spruce on poor soil conditions are lower in comparison with the two data sets (Fig

3.6).
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Figure 3.6: Comparison of the NPP estimated with the SRMs on poor and rich soils
(averaged over high and low plant available water) and two observed data sets for
the four tree species. Error bars indicate one standard deviation.

Overall characteristics of the net primary production calculated with the

SRMs

The tree species with the highest NPP calculated by the SRMs over the 2342 climate

stations is Scots pine. The NPP of all four tree species on rich soils is around twice

the NPP of the poor soils (Tab. 3.6). There is almost no difference in terms of NPP

between the soils with low and high plant available water (Tab. 3.6). The sensitiv-
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ity of NPP to climate factors is most pronounced on rich soils. The range between

the minimum and the maximum NPP of a forest stand at a specific climate station

is smaller on poor soils. There is an overall trend to rising NPP with increasing

temperature trend for the analysed stands. However, there are differences between

the tree species.

Table 3.6: Minimum, maximum and median of simulated average annual NPP over
all forest eco-regions with the total range of simulated NPP

site species value 0K 0.5K 1.0K 1.5K 2.0K 2.5K 3.0K

PL beech min 2.1 2.2 2.3 2.5 2.6 2.8 3.0

PL beech median 3.8 3.8 4.0 4.1 4.2 4.3 4.5

PL beech max 4.8 4.9 5.0 5.2 5.4 5.5 5.6

PL oak min 1.6 1.7 1.8 2.0 2.2 2.4 2.6

PL oak median 3.4 3.5 3.7 3.8 4.0 4.1 4.3

PL oak max 4.6 4.7 4.9 5.1 5.3 5.4 5.6

PL pine min 3.1 3.2 3.4 3.6 3.8 4.1 4.4

PL pine median 5.1 5.2 5.4 5.5 5.7 5.9 6.1

PL pine max 6.6 6.8 7.0 7.2 7.4 7.5 7.8

PL spruce min 2.2 2.3 2.4 2.5 2.6 2.8 3.0

PL spruce median 3.4 3.5 3.6 3.6 3.8 3.9 4.0

PL spruce max 4.4 4.5 4.6 4.7 4.8 4.9 5.1

PH beech min 2.1 2.2 2.3 2.5 2.6 2.8 3.0

PH beech median 3.8 3.9 4.0 4.1 4.2 4.3 4.5

PH beech max 4.8 4.9 5.1 5.2 5.4 5.5 5.7

PH oak min 1.6 1.7 1.8 2.0 2.2 2.4 2.6
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site species value 0K 0.5K 1.0K 1.5K 2.0K 2.5K 3.0K

PH oak median 3.5 3.6 3.7 3.8 4.0 4.1 4.3

PH oak max 4.6 4.8 4.9 5.1 5.3 5.4 5.6

PH pine min 3.1 3.2 3.4 3.6 3.8 4.1 4.4

PH pine median 5.1 5.3 5.4 5.5 5.7 5.9 6.1

PH pine max 6.7 6.8 7.0 7.2 7.4 7.6 7.8

PH spruce min 2.2 2.3 2.4 2.5 2.6 2.8 3.0

PH spruce median 3.4 3.5 3.6 3.7 3.8 3.9 4.0

PH spruce max 4.4 4.5 4.6 4.7 4.8 4.9 5.1

RL beech min 4.0 4.2 4.4 4.7 5.0 5.4 5.8

RL beech median 7.2 7.4 7.6 7.8 8.0 8.3 8.5

RL beech max 9.2 9.4 9.7 10.0 10.3 10.5 10.8

RL oak min 3.3 3.5 3.7 4.1 4.4 4.8 5.2

RL oak median 7.0 7.2 7.5 7.7 8.0 8.3 8.7

RL oak max 9.3 9.6 10.0 10.3 10.7 11.0 11.4

RL pine min 5.2 5.5 5.7 6.1 6.5 6.9 7.4

RL pine median 8.6 8.8 9.1 9.3 9.6 9.9 10.3

RL pine max 11.2 11.5 11.8 12.1 12.5 12.7 13.1

RL spruce min 4.1 4.2 4.4 4.7 4.9 5.2 5.6

RL spruce median 6.3 6.5 6.6 6.8 7.0 7.2 7.4

RL spruce max 8.2 8.3 8.5 8.8 9.0 9.1 9.4

RH beech min 4.2 4.3 4.6 4.9 5.2 5.6 6.0

RH beech median 7.5 7.6 7.9 8.1 8.3 8.6 8.9

RH beech max 9.5 9.8 10.0 10.3 10.7 10.9 11.2

RH oak min 3.4 3.6 3.9 4.2 4.5 4.9 5.4
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site species value 0K 0.5K 1.0K 1.5K 2.0K 2.5K 3.0K

RH oak median 7.2 7.4 7.7 8.0 8.3 8.6 9.0

RH oak max 9.6 9.9 10.3 10.6 11.1 11.3 11.8

RH pine min 5.4 5.7 6.0 6.4 6.7 7.2 7.7

RH pine median 9.0 9.2 9.4 9.7 10.0 10.3 10.7

RH pine max 11.7 11.9 12.3 12.6 13.0 13.2 13.7

RH spruce min 4.2 4.4 4.6 4.9 5.1 5.5 5.8

RH spruce median 6.6 6.8 6.9 7.1 7.3 7.5 7.8

RH spruce max 8.5 8.7 8.9 9.1 9.4 9.5 9.9

The median of the range within a climate scenario alternate around 0.5 t C

ha−1year−1 for all tree species. There is a slight trend to rising median of ranges with

the temperature increase of the climate scenarios. Also, the the 1.5-fold interquartile

distance of the ranges increases with temperature increase, except for Norway spruce

(Fig. 3.7).

Regional specific analyses of the impact model for pine

Because the spatial pattern and trends in NPP are similar for the tree species, in

the following only results for Scots pine are shown. The positive effects of climate

change are stronger in mountainous regions where temperature is an important lim-

itation of NPP (Fig. 3.8). In general, the Scot pine sites with the lowest increase

in NPP are located in low lands. The lowest NPP increase for Scots pine, as the

median of 50 realizations with the 3 K scenario, varies from 114 % to 116 % (Fig.
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Figure 3.7: Boxplot with estimated YNPPSRM
range of the 50 realizations of every

climate scenario for 2342 climate stations for four tree species and RL site conditions.
Boxes show the lower quartile (25%), the median (50%) and the upper quartile
(75%). The whiskers represent the 1.5 fold interquartile range.

3.8).

To measure the uncertainty of climate change predictions, the range of YNPPSRM

was calculated according to the 50 realizations for each eco-region. The maximum
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Figure 3.8: Map of the interpolated relative increase in calculated NPP of Scots pine
on rich soils with low water availability for 2031-2060 as median of the realisations
for the 3 K scenario compared with the calculated NPP for the 0 K Scenario. Black
lines are the boundary lines for the forest eco-regions.

range for the realizations of the 3 K climate scenario is 1.6 t C ha−1year−1 in the

north-eastern forest eco-regions of Germany. In the southern, western and moun-

tainous eco-regions different realizations lead to a range of only 0.8 t C ha−1year−1

with the minimum occurring in mountainous regions (Fig. 3.9).

There is a clear trend in the pattern of impacts on NPP for the forest eco-regions.

The forest eco-regions with higher elevation benefit more from the projected climate

change while forest eco-regions in the lowlands show higher uncertainty within the
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Figure 3.9: Map of the average range of NPP of Scots pine on rich soils with low
water availability for the eco-regions under the 3 K scenario. Black lines are the
boundary lines for the forest eco-regions.

realizations of a climate scenario (Fig. 3.10).

3.7 Discussion

This study focuses on the development of SRMs for evaluating the impact of climate

change on forest productivity on regional scale. In a first step, regression functions

with soil and climate factors as independent variables and the average annual NPP
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Figure 3.10: Relationship between the mean elevation of a forest eco-region and the
NPP range (left) and NPP change (right) of Scots pine. The NPP change is the
difference between the NPP values of the 0 K climate scenario and the 3 K climate
scenario for the 2031-2060 period. The range is the difference between the maximum
and the minimum NPP within the 50 realizations.

as dependent variable were derived from the average annual NPP values simulated

with the process-based forest growth model 4C for a broad set of stands and site

conditions. Fitting these functions for the four tree species resulted in SRMs. The

SRMs allow calculating the average annual NPP of a forest stand with less site pa-

rameters and climate data than required by a process-based model like 4C. These

SRMs were applied on different climate change scenarios to analyse the effects on

forest eco-regions in Germany.
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Model evaluation and validation

The goodness of fit between simulated NPP with 4C and simulated NPP with the

SRMs is very high in the case of all considered tree species. The model bias and root

mean square error are low and there are only few sites with deviations larger than 1

t C ha−1year−1. The soil plant available water and the carbon/nitrogen ratio were

selected as independent variables describing the site conditions. They can be derived

easily from basic soil information such as the BUEK 1000 (BGR, 1998), or similar

databases as from the European Soil Data Centre (ESDAC). Process-based models

such as 4C require a more detailed site description with physical and chemical soil

properties which are not commonly available for a broad set of sites. Temperature,

radiation and a drought index were chosen as climate independent variables for the

SRM. This approach also represents a reduction of input data requirements as com-

pared to process-based models which typically also include precipitation, relative

humidity, air pressure, wind velocity (Fontes et al., 2010). The selected climate and

soil variables determine most of the variance in the average annual NPP simulated

by 4C. The sensitivity analysis of the climate variables shows a good agreement

in the logarithmic relationship between temperature and YNPP4C
. In case of the

drought index the polynomial term allows the best fit. In spite of the linear relation

between radiation and YNPP4C
we keep the log-transformation of radiation to have

all independent variables at the same logarithmic scale.

Also the model validation by partitioning the dataset for model fitting into a model

construction and a model validation dataset did not reveal serious model errors

(Tab. 3.5). However, the partitioning of the dataset does not produce a totally in-

dependent data set. Thus the validation does not supply further information about

model biases which is also reported for other cross-validation methods (Vanclay and
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Skovsgaard, 1997; Kozak and Kozak, 2003).

Henceforth, the SRMs could be run with a large set of climate scenarios to as-

sess regional climate impacts on forest productivity. The resulting NPP represents

a potential NPP depending on the assumed soil characteristics and the climate.

Moreover, the NPP simulated with 4C that have been used to derive the SRMs,

represent only young, productive stands (age 15-70). Therefore, the NPP values cal-

culated with the SRMs are higher compared to middle-aged and old forest stands.

The SRMs average mean annual NPP of 3 to 10 t C ha−1year−1 is in accordance

with a simulation study by (Oene et al., 2000). They calculated the NPP over a

broad spectrum of Norway spruce and beech forest stands in Europe ranging from

3 to 12 t C ha−1year−1. (Jochheim et al., 2009) simulated NPP values between 5

and 7 t C ha−1year−1 for Scots pine, beech and Norway spruce forests on nine level

II. plots in Germany. Similarly to the results of this study, they revealed that the

differences in NPP between sites are larger than between the tree species.

In comparison with the data sets of (Luyssaert et al., 2007) and (Pretzsch, 2009),

our NPP values of Scots pine seem too high (Fig. 3.6). However, Scots pine stands

are very often situated on less productive sites in Germany. Therefore the SRM

values of the poor sites represent the actual species distribution more realistically

and really fit much better to the observed data. In case of beech and oak, the SRM

values on rich sites are in the range of the two data sets, which yet again reflects the

distribution of these species on forest soils in reality. The general lower NPP values

of Norway spruce calculated with the SRMs cannot be explained by site-specific

characteristics. Here, a systematic bias in the simulated NPP with 4C could be

present and needs to be further investigated.

The C/N ratio as a measure for nitrogen availability reflects the relationship be-
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tween nitrogen availability and NPP and was also found by (Oene et al., 2000).

The model 4C could simulate reduced tree productivity at poor soils mainly due

to nitrogen limitation. Simultaneously, the NPP is low and therefore, other factors

like the water supply have a small influence on the average annual NPP. If nitrogen

limitation is not simulated on rich soils, climate factors like temperature and pre-

cipitation have higher impact on simulated NPP which explains the greater range

in NPP on these soils. In spite of its weak influence in this study, plant available

water is usually an important site factor for tree productivity under climate change

(Kellomaki and Wang, 2000). One reason for our finding could be a low level of

simulated drought stress by low soil water contents with 4C. On the other hand, a

strong negative correlation between the drought index greater than four and NPP

for water limited sites could be stated according to the SRMs (estimated threshold

from Fig. 3.5). Small changes in precipitation sum or in drought index lead to

stronger responses of the SRMs in these water-limited regions such as described in

other studies (Gerten et al., 2008; Sang and Su, 2009). The positive relationship

between mean annual temperature and NPP in the SRMs is in good accordance

with investigations in temperate forests (Boisvenue and Running, 2006; Oene et al.,

2000; Piao et al., 2009).

Climate impact analysis

For Germany, the average annual NPP calculated with the SRMs increases until

2060 for all climate scenarios and all tree species. This result supports the findings

of other studies that the terrestrial carbon sinks should peak around 2050 (Piao

et al., 2009; Sitch et al., 2008). In Germany two main regions could be identified
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where climate change impacts on NPP are most pronounced. Firstly, in mountain-

ous region the temperature increase will strongly enhance the NPP. A maximum

value of 28 % increase of NPP for Scots pine forest stands has been calculated by

the SRM for the 3 K scenario (Fig. 3.8 and Fig. 3.10). In comparison, (Oene et al.,

2000) simulated an increase of NPP at maximum 11 % only considering the direct ef-

fects of a temperature increase of 2 K. Different precipitation pattern of the scenario

realizations affects the NPP in regions with high precipitation only slightly. Sec-

ondly, in the north-eastern lowlands of Germany the potential temperature-induced

increase of NPP is limited by the drought duration during the growing period. Here

the change of NPP of the 3 K scenario is about 13-16 % and is accompanied by

a higher uncertainty range of the scenario (Fig. 3.8 and Fig. 3.9). The outcomes

of temperature increase are site-specific considering also the effect of temperature

increase on plant water relations: a rising transpiration demand results in more fre-

quent stomata closure on water-limited sites which reduces the NPP. Thus, there

is a high relevance of future precipitation patterns in the realizations according to

calculated NPP in regions with low annual precipitation sums today.

Applicability of the SRMs

Our analyses highlight the advantage of the SRMs as a tool for efficient analyses of

broad sets of climate scenario realisations for a large amount of sites. A simulation

experiment with a set of 2342 sites times four soil types and four tree species with

50 realizations of 7 climate scenarios for a simulation period of 30 years with the

model 4C would require 150 days of CPU time whereas running the SRMs takes

30 minutes. Furthermore, as shown above, there is less demand of input data for
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model application, compared to a process-based model like 4C. The SRMs need only

two site characteristics, which can be derived from soil data bases, and long-term

mean values of climate data. Their application supports detecting regions that face

high climate impacts and allows subsequent efficient investigation of vulnerable for-

est stands with more complex process-based models or cost-effective measurements

methods. Thus, the SRMs do not substitute analyses with process-based models

but rather complement them.

Another way to derive SRMs for NPP could be by using measurement data for car-

bon fluxes instead of model simulation data. However, thus far the low variation

of site conditions and species at the flux sites in Germany, the comparably short

time periods covered and difficult data availability hamper this approach. The use

of other data sources of forest productivity like the National Forest Inventory in

Germany could be a valuable data source but therefore repeated measurements are

required which are not available for all federal states in a standardized format.

On the other site, there are also disadvantages of the SRMs. These models do not

allow the analysis of annual or seasonal cycles of NPP or of productivity in mixed

stands. Also questions related to reduced productivity due to biotic disturbances or

extreme events in forest stands cannot be answered and should be further investi-

gated.

3.8 Conclusion

Static reduced models (SRM) can be used as simple impact functions to determine

regional impacts on the productivity of mono-specific forest stands under climate
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change scenarios. The SRMs permit a spatial overview on general trends of pro-

ductivity change under climate change and thus help to identify regions which are

likely to be most vulnerable.

Running the SRMs with a broad range of temperature increases and different pre-

cipitation levels reveal a generally positive impact on the productivity of the four

main tree species in Germany. The NPP increases for all tree species with rising

temperatures especially on temperature-limited sites such as mountainous regions

or on sites with high precipitation. However, beyond a 2 K temperature increase

until 2060, the uncertainty of NPP on water-limited forest sites is also increasing.

Here, the results indicate a high risk of decreasing NPP for Norway spruce, Scots

pine and beech. The NPP of oak on these sites is less sensitive. These rapid analyses

can inform and thus complement more detailed analysis with process-based models.

Especially on sites with high impacts of precipitation patterns on the productivity of

forest stands we recommend to further analyze climate impacts with process-based

forest growth model or detailed measurements.

Further research should focus on an improved validation of the SRMs with regard

to soil factors and forest productivity.
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Chapter 4

Modeling of two different water

uptake approaches for mono- and

mixed-species forest stands with

4C - Model validation across

scales

4.1 Introduction

The alteration in environmental conditions due to climate change influences the

components of ecological systems. Particularly the predicted temperature rise for

the next decades entails a large variation of possible impacts on forest ecosystems

(Alcamo et al., 2007). Various model studies have examined the response of forest
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growth to changing climate conditions to develop future forest management strate-

gies ensuring ecologically viable forest ecosystems (Lasch et al., 2005; Lindner and

Cramer, 2002; Pussinen et al., 2009).

Resistance to drought stress is an important factor for the functioning of many

forest ecosystems, because of the close relationship between carbon and water cy-

cles in trees expressed by the linkage of stomatal conductance and photosynthesis

(Farquhar and Sharkey, 1982; Jarvis and Davies, 1998). Climate warming includes

the effect of decreasing water availability due to higher evapotranspiration rates in

most European regions. In Mediterranean forests, the morphology, phenology and

physiology of trees is well-adapted to recurring drought events (Scarascia-Mugnozza

et al., 2000). In Central Europe, severe droughts are less frequent and thus the

adaptation to drought stress is less distinctive. Especially, the growth of mature

forest stands is strongly dependent on water availability during the growing period

(Breda et al., 2006).

In the federal state of Brandenburg, Germany 70% of forest area is stocked with

pure Scots pine (Pinus sylvestris L.) stands which are partly being converted to

mixed Scots pine-oak stands (Quercus petraea [Matt.] Liebl.). The region combines

dry climate conditions and soils with low water storage capacity. The vulnerability

of Scots pine to severe drought events has been discussed for several years (Galiano

et al., 2010; Poyatos et al., 2007). In addition, the stability of pure Scots pine

stands is unclear at the southern and western areal borders of the habitat under

the condition of continuous temperature increase in the next decades (Rebetez and

Dobbertin, 2004).

Therefore, assessing the magnitude of severe drought impacts in the future is essen-

tial. Doing so requires the realistic mapping of plant available water which represents
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the water supply to tree roots. There are two theories on water flow within trees.

First, the cohesion-tension theory of the ascent of sap deals with the physics of the

sap water movement. Second, the electrical analogy describes the water transport

within the soil-plant-water continuum by using resistances, capacitances, and water

potentials (Cruiziat et al., 2002).

Process-based forest growth models are scientific tools suitable to study climate im-

pacts and tree responses to droughts (Holst et al., 2010; Keenan et al., 2009, 2010;

Wang et al., 2008). Forest canopy models for the soil-plant-atmosphere-continuum

as developed by (Williams et al., 1996) link carbon uptake of forest stands to weather

conditions and soil properties. They can provide reliable information about the rela-

tionships between carbon dioxide uptake, stomatal conductance and transpiration.

The water flow is described as an electrical circuit and water uptake of roots is

simulated by calculating water flow dependent on the water potential gradient from

soil to atmosphere (Campbell, 1991; Doussan et al., 1998; Grant et al., 2005; Hacke

et al., 2000; Williams et al., 2001a,b). The considered water potentials and resis-

tances depend nonlinearly on the water contents in the particular components along

the soil-plant-atmosphere-continuum (SPAC). The maximum rate of water supply

by roots is determined by the minimum sustainable leaf water potential, the soil

conductivity for water flow and the root resistance to water uptake. This approach

permits a species-specific characterization of belowground competition in mixed for-

est stands since modeling of resistances of root water uptake directly depends on

relative fine root length densities, a species-specific, measureable parameter. The

SPAC-model predicts varying stomatal conductance so that daily carbon uptake is

maximized within the limitations of canopy water and nitrogen availability. How-

ever, the described model by (Williams et al., 1996) is less useful to analyze impacts
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of extreme weather events (e.g. droughts) on diameter increment and subsequently

timber yield of forest stands. For this purpose, models are required that incorporate

a carbon allocation module and consider stand development with regard to man-

agement and mortality. Economic and ecological sustainability under continuous

climate warming can be investigated with these kinds of forest growth models. How-

ever, in these models usually a simple function accounts for limited water uptake at

decreasing soil water content. They simulate water uptake with an empirical reduc-

tion function which is linearly dependent on soil water content (Grote and Suckow,

1998; Kirschbaum, 1999).

Due to the complexity of comparing these two approaches with regard to direct and

indirect effects on different model output variables (e.g. soil water limitation reduc-

tion of transpiration reduction of diameter increment) three different data sets are

employed to discuss the results at several tree growth relevant time scales. Hence,

the data sets include 1) daily transpiration and 2) soil water content measurements

over a short-term period which provide a direct link to root water uptake. In addition

3) annual tree ring data serve as a long term validation archive for severe drought

events which constitute an indirect link to root water uptake impacts (Beniston,

2010).

Knowledge about the sensitivity of different water uptake model approaches within

a physiological-based forest growth model helps to detect and discuss potential se-

vere drought events under future climate scenarios. Furthermore, it is of major

importance for the development of suitable tools for planning adaption strategies.

The objective of this paper is to identify the effect of two commonly used water

uptake approaches on the simulated amount of plant available water and to assess

the resulting effects on tree growth. Both approaches are implemented in the pro-
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cess based forest growth model 4C (FORESEE - FORESt Ecosystems in a changing

Environment) (Lasch et al., 2005) and applied in a simulation study. This simu-

lation study strives to respond to the following questions: 1) Are there differences

between both approaches regarding the water supply by the roots? 2) Is there an

approach which performs best regarding all three validation data sets? 3) How well

can drought years, observed by annual tree ring analyses, be reproduced by the

different water uptake approaches?

4.2 Material and Methods

Modelling water uptake

The water uptake approach (WU1) assumes the water uptake of a tree cohort to

be controlled by the transpiration demand, the relative amount of fine roots of

a tree cohort in a specific soil layer relative to the total amount of fine roots in

this soil layer, the available water above the wilting point WWP
s , and a reduction

function (Chen, 1993). The reduction function fres is based on the assumption that

optimal water uptake only occurs if water content Ws is in range of 10% of the

field capacity W FC
s (equation 2.14 in chapter 2). Hence, WU1 follows a demand-

approach which looks stepwise from the upper to the lower soil layer for required

amount of water. The water demand of a tree cohort is calculated from the potential

evapotranspiration and the canopy conductance with regard to photosynthesis. This

demand is met by the supply of soil water, calculated from water content of the soil

layers reduced by a water content dependent reduction factor (Fig. 2.4). The second

approach for water uptake (WU2) was developed by (Campbell, 1991) and describes

the water uptake process along a soil-plant-atmosphere-continuum (SPAC). The
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proposed algorithm has been implemented in 4C to simulate water uptake based

on the water potential gradient between leaf and soil analogous to electricity flow.

The water flows from soil through xylem into the leaves and evaporates through

the stomata into the atmosphere. In Fig. 2.4 only the simulated time dynamic

components within the applied water uptake approach are illustrated. Two major

resistances in the system are calculated: the soil resistance and the root endodermis

resistance. Axial resistances within roots and xylem resistances within the stem are

not considered in the model and the leaf resistance is constant over time and tree

species. The potential gradient with the lowest water potential in the leaves and

the highest water potential in the soil is the driver of the water flow in trees. The

root resistance in a soil layer is inversely proportional to the relative length of fine

roots in that layer. We calculated water uptake with low, medium and high total

root resistance (Tab. 4.1). The soil water potentials were calculated on the base of

pedotransfer functions from the actual water content (VanGenuchten, 1980).

Forest stands and site conditions

The simulation experiments were conducted on four different forest sites in Germany.

We choose two mono-species Scots pine (Pinus sylvestris L.) stands (P1, P2) and

two mixed Scots pine-oak (Quercus petraea [Matt.] Liebl.) stands (M1, M2) located

in the lowlands of northeastern Germany. Both mono-species sites are part of the

network of long-term forest monitoring sites within the ICP Forest program of the

UN-ECE. For the short-term validation we accessed initialization data for the P1

and P2 stand from an earlier investigation in 1994 (Tab. 4.2). The simulation

period for long-term validation starts in 1951. Since there were no observed stand

data for the start year of simulation in 1951 we used available data of inventories
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Table 4.1: Parameter list for water uptake model 2 (WU2).

parameter symbol unit value source
species specific lSRL (pine) m g−1 DW 15 (Hornschuch et al., 2007)
root length lSRL (oak) m g−1DW 30 (Hornschuch et al., 2007)
density
constant for n - 1.6 (Campbell, 1991)
sandy soil
air entry ψe kPa -0.34 (Campbell, 1991)
potential
critical leaf ψc kPa -2500 this study
water potential
total leaf RL m4 kg−1 s−1 2.2·106 (Campbell, 1991)
resistance
total root Rtot

r m4 kg−1 s−1 this study
resistance
low 4.0·106

medium 9.0·106

high 4.0·107

from 2006 (M1, M2) and 2004 (P1, P2) to generate stands for 1951 from yield table

data. We assumed stability in the site quality index (mean dominant tree height at

age 100) and in the fraction covered by the two tree species in mixed stands. We

initialized the stands on the base of tree age, mean height and mean diameter from

the yield table (Tab. 4.2). Soil data were available from soil inventories. The soil

characteristics differ between the pure and the mixed stands. Especially the sum of

plant available water is much greater for the mixed stands (Tab. 4.3).

Climate data

The climate data are provided by climate stations which are located nearby the

forest stands. These climate data include daily measurements of weather parameters
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Table 4.2: Stand data for initialization in 1951 and 1994, respectively (dbh=mean
tree diameter at breast height, hg=mean tree height).

1951 1994
site species age dbh hg stock age dbh hg stock

[year] [cm] [m] [m3] [year] [cm] [m] [m3]
P1 pine 18 9.0 13.7 209 62 29.8 25.9 458
P2 pine 29 10.5 14.0 205 73 28.3 24.3 347
M1 pine 85 31.8 25.0 258
M1 oak 85 20.9 20.0 136
M2 pine 65 24.8 23.1 159
M2 oak 70 21.2 22.4 239

Table 4.3: Soil characteristics from soil inventory (W FC
s = Sum field capacity,

W PAW
s = Plant available water at maximum rooting depth, C/N= C/N ratio to-

tal soil, ps= range sand fraction, pc= range clay fraction).

site soil type soil depth W FC
s W PAW

s C/N ps pc
[m] [mm] [mm] [-] [%] [%]

P1 brunic arenosol 270 217 119 22 90-100 0-5
P2 brunic arenosol 255 237 93 21 50-100 0-17
M1 brunic arenosol 308 526 369 21 91-98 1-4
M2 brunic arenosol 305 607 395 15 75-97 2-9

(temperature, precipitation, radiation, air humidity, vapor pressure, wind velocity)

from 1951-2006 (Tab. 4.4). In case of the pure pine stands (P1, P2) also climate

data of a mobile climate station next to the forest stand was available. Here we

merged the long time series of the permanent climate station with the short but

more precise one of the mobile climate station. The mobile climate station database

provides daily measurements of the already mentioned weather parameters from

1996-2004. The climate conditions at the forest sites represent the subcontinental

climate prevailing in Brandenburg with low precipitation in the growing season. The
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Table 4.4: Location and distance of forest sites and permanent climate station
(stand/station).

site latitude longitude elevation distance
[decimal] [decimal] [m a.s.l.] [km]

P1 53.14/53.15 13.04/12.97 75/62 4.8
P2 52.16/52.22 14.12/14.02 75/98 9.5
M1 52.85/52.87 12.18/11.98 48/24 13.6
M2 52.21/52.17 14.48/14.25 73/43 15.8

Table 4.5: Climatic characterization of forest sites on the base of permanent climate
stations for 1951-2006 (Ty= mean annual temperature, Tg= mean temperature of
growing season (April-September), Py= mean annual sum of precipitation, Pg=
mean sum of precipitation in growing season (April-September).

site Ty Tg Py Pg
[◦C] [◦C] [mm] [mm]

P1 8.1 13.8 600 344
P2 8.5 14.7 550 309
M1 8.5 15.2 531 255
M2 8.9 16.2 521 267

sites slightly differ in the precipitation sum and mean temperature values (Tab. 4.5).

Measured data

Xylem sap flow data Tree canopy transpiration was estimated by sap flow mea-

surements in 10 representative pine trees of stand P1 using the constant heating

method. The method is described in detail by (Lüttschwager et al., 1999). The

stand sap flow was calculated as the product of average sap flow density and stand

sapwood area that was estimated by stand inventory and sapwood area in the sample

trees. The measurements were taken from June 1998 until October 1999. The ag-
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gregated stand transpiration from the measured data was compared with simulated

stand transpiration.

Soil water content The volumetric soil water content was calculated using the

time domain reflectometry (TDR) measurements at the P1 and P2 sites. The TDR

tubes were installed in three different soil depths (P1: 20, 70, 250cm and P2: 20,

50, 250cm). The observation period lasted from 1997 until 2004.

Tree ring data The growth dynamics of the trees was measured on the base

of annual ring widths taken from increment cores. In each case two increment

cores were extracted from 20 dominant pines and 20 dominant/subdominant oaks

at the M1 and M2 sites in 2006 (Schröder et al., 2009). At P1 and P2 only average

annual ring width time series until 2004 for dominant pine trees were available (Beck,

2009). Therefore, the comparison between simulated and measured ring widths was

accomplished with the average annual ring width time series also at the mixed forest

stands M1 and M2.

Validation procedure The validation of the different model approaches to simu-

late water uptake were executed with different variables available from the different

measurement periods. The processes that are important for tree growth are simu-

lated at different time scales. The soil water balance is simulated with a daily time

step and consequently the validation is also done with daily data. The short-term

validation with the transpiration measurements on P1 encompasses one and a half

year and the soil water measurements on P1 and P2 eight years. The annual di-

ameter increment is simulated at the end of the year when the carbon is allocated

to the stem. Therefore, the long-term validation is executed with annual data with
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the tree ring chronologies from 1951-2004 (P1, P2) and 1951-2006 (M1, M2) respec-

tively. The average annual ring increment for each species and site were used to

derive index series through normalization. The index values were calculated in two

steps. Firstly, an autoregressive model converts increment values into index values:

I ′t =
rwt

(a+ b · rwt−1)
(4.1)

where rwt is the ring width and rwt−1 is the ring width of previous year, a and b are

empirical parameters. Secondly, a linear regression minimizes the tree age impacts:

It =
I ′t

(a+ b · tage)
(4.2)

where tage is the tree age. We compared the index time series of simulated and

observed diameter growth by considering four criteria. The first criterion is the

Pearson correlation coefficient r:

r =

∑N
i=1

(
Xi − X̄

) (
Yi − Ȳ

)√∑N
i=1

(
Xi − X̄

)2 ·∑N
i=1

(
Yi − Ȳ

)2 (4.3)

where Xi is the ith simulated value (i = 1, .., N), X̄ is the arithmetic mean of sim-

ulated values, Yi is the ith measured value (i = 1, .., N), Ȳ is the arithmetic mean

of measured values.

The sensitivity index (SI) indicates the year-to-year fluctuations of ring widths

(Beck, 2009). Sensitivity index is calculated using the following equation:

SI =
N∑
i=2

(xi−1 − xi)
(xi−1 − xi) · 0.5

(4.4)
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The third criterion is the ”Gleichläufigkeit” score Gxy of two tree ring index series

xi and yi (i = 1, .., N) and is defined:

Gxy =
1

N − 1

N∑
i=2

sign(xi − xi−1) · sign(yi − yi−1)

with

sign(z) =


1 if z > 0

0 if z = 0

−1 if z < 0

(4.5)

This index counts how well the two series have followed each other over the years.

The last criterion is a drought index DI to detect marker years with small diameter

growth due to water shortage. Following (Schröder et al., 2009), we defined a marker

year as a year where the diameter increment of year is at minimum ten percent above

or below the increment of the previous year. Thereafter only the lower increments

were used to filter out the drought years. Because complex interactions between

climate, management and diameter growth can confound the effect of drought, we

filtered out years where remarkable low diameter increment should mainly be caused

by water shortage. For this filtering a cluster analysis was performed on the base

of the variables minimum water content in the soil, climatic water balance of the

year and number of ice days (Tmax < 0 ◦C). At each site the classification of the

marker years to three clusters were based on the Euclidean distance. As a result

marker years with dry conditions could be separated from marker years with a strong

winter and marker years with wet conditions. The resulting drought years (Tab. 4.6)

fit well to reported drought years in the northeastern lowlands of Germany. The

cluster analysis was conducted with the software package ”cluster” available for R

79



Modeling of two different water uptake approaches Methods

Table 4.6: Resulting drought years for specific sites and species.

site P1 P2 M1 pine M1 oak M2 pine M2 oak
years 1952 - - - - -

1959 - 1959 1959 - 1959
- 1960 - - - -
- - - 1963 - -

1968 - - - - -
1975 - - - - -
1976 1976 1976 1976 1976 1976

- - 1982 1982 - -
1983 - 1983 - - -
1989 1989 1989 1989 - 1989

- - 1990 - - -
1991 1991 - - 1991 -
1992 - 1992 - 1992 1992

- - - 1996 - -
- - - - - 1999
- 2003 2003 2003 2003 2003
- - 2006 - 2006 -

(R Development Core Team, 2009). The drought index DI is then calculated as the

percentage concurrence of observed and simulated drought years.

Statistical Analysis

To find an overall result of the performance of the water uptake approaches related on

the annual diameter increment we combined the four criteria described above. Since

all four criteria can be assessed by a scale from 0 to 100%, they were standardized

to allow calculating a mean value for the water uptake approaches. Hereby, the

standardization of the four criteria is as follows:

criteria I r∗ = r · 100 (if r < 0; r∗ = 0)

criteria II G∗xy = Gxy
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criteria III SI∗ = 100− (‖SIsim − SImeas‖)/SImeas · 100

criteria IV DI∗ = DI

The asterisk indicates the standardized criterion and a value of 100% means perfect

compliance with the criterion of the measured index time series. The Tukey test

(Lozán and Kausch, 2007) is used to test for significant differences between the four

average compliance values of the four water uptake approaches WU1, WU2-low,

WU2-medium, and WU2-high. It is a nonparametric test for multiple comparisons

that gives a critical difference (Dk) for a level of significance (in this case α=5%).

If the difference between two mean values is larger than the critical difference of the

Tukey test, then there is significance:

Dk =

√
MS

N
· qk;v;α

with

MS =

∑k
j=1

∑N
i=1 (xij − x̄j)2

(N − k)
(4.6)

where N is the sample size, k is number of samples, xij is the ith residual of sample

j, x̄j is the mean residual of sample j, q is the value from the studentized range

table, v is degrees of freedom, α is level of significance.

The performance of the water uptake approaches simulating stand tree transpiration

and soil water content at a specific soil depth was evaluated using the coefficient

of determination R2 between simulated and measured values. The coefficient of

variation (CV) as the ratio between the standard deviation and the mean value

was calculated to compare variation in simulated and observed soil water content.

The statistical analyses were conducted with the specified equations that are im-

81



Modeling of two different water uptake approaches Results

plemented in 4C and with the statistical software R version 2.10.0 (R Development

Core Team, 2009).

4.3 Results

Daily xylem sap flow

The simulated daily stand transpiration rates with WU1 are higher than the ob-

served stand transpiration from the xylem sap flow data. The transpiration simu-

lated with WU2-medium was closest to the simulated transpiration with WU1. The

simulation with WU2-high leads to a decrease in transpiration that is lower than

observed transpiration (Fig. 4.1). There is a general overestimation of daily tran-
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Figure 4.1: Measured and simulated transpiration (cumulated) of P1 site. Sim-
ulated transpiration with WU2 involves three different values for root resistance
(low, medium, high).

spiration for WU1, WU2-low, and WU2-medium by roughly twice of the observed
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values. The correlation between observed and simulated is in all cases around 0.7.

The WU2 with high root resistance reduces maximum daily transpiration at a value

that is closer to the observed values. The scatter plot also shows that there are a

lot of days where no transpiration is simulated but measured (Fig. 4.2).

Figure 4.2: Measured and simulated daily transpiration at P1 site for all both
water uptake approaches and root resistances from June 1998 until October 1999
(A=WU1, B=WU2-low, C=WU2-medium, D=WU2-high).
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Table 4.7: Statistical analyses between mean simulated and observed volumetric soil
water content from 1997-2004 at P1. CV is the coefficient of variation, Ws soil water
content [%].

soil depth R2 mean Ws CV of Ws

[cm] simulated measured simulated measured
WU1 20 0.50 14.75 15.32 0.17 0.23

70 0.41 9.95 10.90 0.12 0.11
250 0.55 8.55 11.88 0.12 0.25

WU2-low 20 0.51 14.37 15.32 0.23 0.23
70 0.35 9.82 10.90 0.14 0.11
250 0.36 7.56 11.88 0.38 0.25

WU2-medium 20 0.52 14.57 15.32 0.20 0.23
70 0.38 9.97 10.90 0.12 0.11
250 0.31 8.36 11.88 0.23 0.25

WU2-high 20 0.32 15.65 15.32 0.10 0.23
70 0.43 10.43 10.90 0.08 0.11
250 0.07 9.15 11.88 0.07 0.25

Daily soil water content

The comparison between observed and simulated soil water content on the base

of the R2 coefficient showed the best agreement of WU1 regarding all three soil

depths at P1 (Tab. 4.7). However, the variation in the soil water content in 250

cm soil depth is much lower than observed. The opposite applies for WU2 with

low and medium root resistance. The R2 value is mostly lower than with WU1 but

the CV value is higher (WU2-low and 250 cm soil depth) or close to the observed

values. The WU1-approach led to water sampling that fitted well to the observed

water content measurements in its general pattern (Fig. 4.3 A,B). As observed the

water content in upper soil layers is much lower in relative dry years (e.g. 1999 and

2003). This is accompanied by a sharper decrease of water content in the deeper

soil layers. However, the magnitude of this decrease is lower than observed which
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causes a much lower variation than the observed variation of soil water content. In

the upper soil layers there were remarkable differences in the refilling time of both

water uptake approaches in comparison to observed data (Fig. 4.3 A,B). After water

depletion the simulated soil water content is increasing much more rapidly than the

observed soil water content. The results in water content of the upper soil layer

with WU2 and a low root resistance were similar to the results of WU1. Though,

the simulated minimum soil water content of the upper soil layers in a year is lower

than the observed water content and also lower than simulated with WU1 (Fig. 4.3

C). There was a big difference between simulated and observed water content in the

deeper soil layers where the model simulated that almost all water could be extracted

by the trees in dry years (Fig. 4.3 D). With medium root resistance the simulated

soil water content in upper soil layers is closest to the observed values in comparison

to all other simulations (Fig. 4.3 E). In deeper soil layers WU2-medium lead to years

with almost no water extraction and subsequent lower variation in water content.

In the relative dry year 2003 almost all of the stored water was extracted (Fig. 4.3

F). The WU2 with high root resistance lead to lower transpiration and therefore to

higher water content in the soil. In the upper soil layers the simulated soil water

content is higher than the observed water content in the growing season and the

simulated water content with WU1 (Fig. 4.3 G). There was a big difference between

simulated and observed water content in the deeper soil layers where almost no

water is extracted by the trees in the model simulation (Fig. 4.3 H).

Annual and tree ring data

The mean annual drought reduction factorRdrind was lower if water uptake was simu-

lated with WU2 (Fig. 4.4). That means, the highest reduction in photosynthesis due
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Figure 4.3: Volumetric soil water content at P1. The figure shows daily data for the
upper soil layer (left; 20 cm) and lower soil layer (right; 250cm). (A, B=WU1; C,
D=WU2-low; E, F=WU2-medium; G, H=WU2-high).

to water stress occurs with WU2-high. The comparison of simulated and observed

diameter growth on the base of the index time series offered a more differentiated
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Figure 4.4: Box plots (lower whisker=lowest extreme, lower hinge=first quartile,
median, upper hinge=third quartile, upper whisker=highest extreme, the notch rep-
resents the standard error of the median (McGill et al., 1978) of the mean annual
drought reduction factor Rdrind in 4C over all sites and tree species for the different
water uptake approaches. The time period of the average was from 1951-2006 (M1,
M2) and 1951-2004 (P1, P2), respectively.

picture. The four assessment criteria show a general trend to better performance of

WU2 (Tab. 4.8). At most sites either WU2-medium or WU2-high lead to the highest

standardized criteria values. Compared over all sites and standardized criteria the

WU2 with high root resistance had the highest mean compliance. The Tukey test

calculated a significant different mean compliance for WU1 and WU2-high (Tab.

4.9).

4.4 Discussion

Water uptake and root resistance

The assumed total root resistances of 4.0 · 106, 9.0 · 106 and 4.0 · 107 [m4 s−1 kg−1]

were set according to the value of 4.6 · 106 which was used by (Campbell, 1991)

for tomato plants. For a better comparison of literature root resistance values and
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Table 4.8: Comparison of the four different water uptake models on the base of
standardized tree ring indexes

site species model r∗ G∗xy SI∗ DI∗

P1 pine WU1 37.9 63.5 55.7 66.7
P1 pine WU2-low 53.4 69.2 90.0 77.8
P1 pine WU2-medium 55.9 69.2 88.4 88.9
P1 pine WU2-high 43.2 67.3 95.7 77.8
P2 pine WU1 29.5 65.4 59.5 66.7
P2 pine WU2-low 30.5 61.5 12.6 83.3
P2 pine WU2-medium 30.4 63.5 20.6 83.3
P2 pine WU2-high 32.8 71.2 14.3 83.3
M1 pine WU1 14.8 51.9 46.4 0.0
M1 pine WU2-low 36.9 51.9 42.6 11.1
M1 pine WU2-medium 48.3 63.0 36.4 22.2
M1 pine WU2-high 36.5 68.5 45.8 33.3
M1 oak WU1 25.2 48.1 55.9 42.9
M1 oak WU2-low 36.9 48.1 56.5 42.9
M1 oak WU2-medium 33.0 61.1 62.9 71.4
M1 oak WU2-high 41.1 63.0 94.1 85.7
M2 pine WU1 14.5 57.4 49.4 0.0
M2 pine WU2-low 12.5 61.1 43.0 40.0
M2 pine WU2-medium 34.2 68.5 54.6 60.0
M2 pine WU2-high 38.8 63.0 72.5 60.0
M2 oak WU1 6.7 57.4 40.1 50.0
M2 oak WU2-low 0.0 42.6 54.6 16.7
M2 oak WU2-medium 8.6 59.3 86.2 50.0
M2 oak WU2-high 37.3 64.8 78.3 100

Table 4.9: Mean compliance of index value comparison. Asterisk indicates signifi-
cance (p < 0.05).

model mean compliance
WU1∗ 42.17
WU2-low 44.51
WU2-medium 55.26
WU2-high∗ 61.48
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our values we converted all values to total root resistance per tree (see chapter 2).

The estimated total root resistance of our study ranges from 2.3 · 104 to 2.3 · 105

[MPa s m−3]. The values derived from Coners (2001) and Williams et al. (2001b)

are 1.8-8.7 · 104 and 2.5 · 105 [MPa s m−3], respectively. Hence the assumed three

total root resistances of our study are in the possible range of forest trees. In our

study this parameter showed a high sensitivity. However, due to the complexity of

physical and chemical processes which control the root resistance and missing fine

root data it was not possible to select a ”best” value for our model study.

Short-term root water uptake approach performance

At the daily level there were large discrepancies between simulated and observed

cumulated transpiration measured by the sap flow method (Fig. 4.1). According

to Kostner et al. (1996) they cannot be explained by the estimation error in the

aggregation of transpired water from single tree to the stand since this estimation

error does not exceed 10 percent with ten investigated trees in an even aged mono-

specific stand. On the other hand Wilson et al. (2001) reported much lower values

of stand transpiration measured by the sap flow method than by eddy covariance

and water catchment methods. They explained the discrepancies with scaling errors

of instrumented trees to the stand due to diversity in stand species composition and

ring porous trees. Therefore in case of P1, the sap flow method should give reliable

values for tree transpiration but with some uncertainty about the tendency to under-

estimate transpiration. Some problems occurred with days where no transpiration

was simulated but measured (Fig. 4.1) which can be explained with the delay in the

beginning of transpiration in the year 1999. The higher root resistance in WU2-high

led to lower daily tree transpiration rates with a maximum of 1 mm per day (Fig.
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4.2 D). Furthermore, measured daily transpiration values did not exceed 1.5 mm

and were seldom above 1 mm. In comparison to other reported maximum values

around 3-4 mm per day (Bittner et al., 2010; Granier and Loustau, 1994; Lundblad

and Lindroth, 2002) the simulated values with WU2-high as well as the measured

values seem to be too low. In contrast to the overestimated transpiration by WU1

and WU2-low the simulated water content were close to the observed water content

for these approaches for all soil depths (Tab. 4.7, Fig. 4.3 A-D) Especially, the

soil water content of the lowest layer (250 cm depth) was simulated with the same

intra-annual pattern of a water content decrease during summer and a clear increase

during winter time. In WU1 this is obviously caused by the water demand and the

ability of the approach to satisfy this demand with the water from all soil layers.

In the case WU2-low the water supply was not limited due to low root resistance

in this layer. Vice versa, since lower tree transpiration was simulated by WU2-

medium and WU2-high, the soil water content was much higher than observed (e.g.

Fig. 4.3 E-H). During the very dry and heat summer of 2003 WU2-high simulated

a higher water content than measured in the upper soil layer (Fig. 4.3 G). Also

in the lowest soil layer the simulated soil water content did not show the seasonal

pattern of variation. This was caused by the high root resistance which in combi-

nation with low root length density led to a high limitation in water uptake. These

findings may lead to the conclusion that the approach which described transpira-

tion in the best way did not meet the measured soil water content and vice versa.

This result can be explained by missing soil vegetation transpiration in the stand

transpiration measurement. According to Lüttschwager et al. (1999) soil vegeta-

tion participates with 30-40% to the total stand transpiration in similar pure pine

stands. 4C simulates soil vegetation as a simple species independent leaf-area layer
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and its fraction of the total stand transpiration was in each case smaller than 10 %

(data not shown). The result was an underestimation of simulated soil vegetation

transpiration. If soil vegetation would be more realistic the tree transpiration would

drop and simulated transpiration of WU1, WU2-low and WU2-medium would be

lower. WU2-high would not drop much since still soil water is available. However

higher soil vegetation transpiration would decrease the soil water content. Thus,

make WU2-medium and WU2-high more realistic with regard to soil water content

measurements.

Impact of Root water uptake approach on diameter growth

At the annual level, considering tree ring data, there was a general trend to a

better performance of the WU2 approach. On the base of the mean compliance

over all criteria the best results were found with WU2-high (Tab. 4.9). In this

case the average drought reduction factor Rdrind had the lowest values (Fig. 4.4)

and additionally, the drought index DI, the correlation and the Gleichläufigkeit Gxy

between the index series reached the highest values for WU2-high or WU2-medium

(Tab. 4.8). Lower values of Rdrind resulted in a higher reduction of net primary

production and subsequently of the diameter growth due to drought stress. This

corresponds to a better correspondence between observed and simulated drought

years, indicated by DI. For both tree species and for all sites the sensitivity index

(SI) criterion, calculated for the tree rings simulated with WU2, corresponded better

to the SI of the measured tree rings in most cases as well (Tab. 4.8). Considering

high sensitivity of ring widths as a clear indicator of stress conditions (Beck, 2009)

this finding supports the idea that the higher drought stress simulated with WU2

led to a more realistic performance.
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The diameter growth of most tree species in the temperate regions is less sensitive

to droughts late in the growing season, which is not accounted for in growth models

if allocation is simulated with an annual time step (Hanson et al., 2004). 4C works

with such an annual time step of allocation and this may lead to an overestimation

of drought stress impact on diameter growth. A better match of the measured index

time series could be achieved if 4C would allocate the assimilated carbon at shorter

time scales.

There were no significant differences in the criteria between the two tree species and

the four sites. This supports the assumption of similar growing conditions at these

sites. Here, water availability is a limiting factor for tree growth. It seems that

with WU1 the simulated drought reduction factor was not capable to describe the

water stress at the sites. WU2 led to higher water stress and better agreement to

the measured tree ring index time series depending on the root resistance. This is in

accordance with findings that reductions in sap flow over time and resulting drought

stress could be best explained by rising soil-root resistance (Williams et al., 2001a,b).

However, in our study this does not led to better compliance with measured daily

transpiration and soil water content data at the same time.

4.5 Conclusion

Regarding our first question the difference between WU1 and WU2 is mainly the

nonlinear relationship between soil water content and soil water potential which

determines the soil water resistance. This induces different results in root water

uptake of WU2 in comparison to WU1 which is linearly dependent on the soil water

content reduction factor. The study also showed also the high influence of the
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assumed total root resistance on water uptake. In WU1 modeled root distribution

and consequently root length densities in different soil layer have negligible effects on

water uptake. In contrast the modeled root length densities lead to high limitations

in water uptake of WU2 with high total root resistance. Concerning the second

question we found the highest compliance between observed and simulated drought

years by the WU2 approach with high total root resistance. Referring to the last

question this study did not identify an approach which performs best regarding all

three validation data sets. For a better validation of both approaches it is necessary

to include measurements of root length densities and water uptake rates of fine roots

on the same site. However this study clearly indicates that forest process-models

aiming at simulating drought conditions require validation of different processes

and time scales. Further it revealed the importance of a realistic modeling of soil

vegetation transpiration especially in mature pine stands with high soil vegetation

cover.
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Chapter 5

Management of mixed oak-pine

forests under climate scenario

uncertainty

5.1 Introduction

Pure pine stands dominate the forest of the north-eastern lowlands in Germany.

Similarly to recent forest conversion trends in other parts of Europe (Zerbe, 2002),

they are converted into mixed stands. One main problem in the analysis and plan-

ning of forest management in mixed stands stems from the lack of knowledge about

the future climatic development. Therefore, recent studies established conceptual

frameworks to evaluate forest management strategies under climate change (Prato,

2008b,a; Seidl et al., 2011). They highlight the importance of considering potential

risk and uncertainties from changing environmental conditions as a basis for forest

management strategies. Prato (2008b) defines four steps in his framework for assess-
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ing ecosystem impacts of climate change: (1) determining the acceptability of the

current state of the ecosystem; (2) specifying climate change scenarios; (3) assess-

ing the ecosystem impacts of the scenarios; and (4) identifying the best adaptation

strategies for alleviating unacceptable impacts of the climate change scenarios. In

this study the proposed framework was applied at the stand level for multiple rea-

sons: Forest managers have to deal not only with conversion from pure pine forests

into mixed forests but also with a shift of the management objectives from tim-

ber production to a multifunctional sustainable forest management. Oftentimes,

the questions are how silvicultural concepts modify the adaptive capacity of mixed

stands to climate change (Reyer et al., 2012) and how to meet the objectives of

several stakeholder groups. Carbon sequestration in living tree biomass and high

biodiversity at tree species level are in contrast to high diameter increments of tree

individuals and short rotation periods for maximizing timber yields. The chang-

ing environmental conditions may alter management objectives within one cycle of

stand development or even less and are very difficult to predict. In recent years,

an increase in demand of woody biomass has been observed and is likely to even

increase in the future due to energy policies (Bundestag, 2004; CEC, 2007). Mixed

oak-pine forests therefore also have to meet a productivity objective to be an ac-

cepted silvicultural alternative to high productive pure pine forest stands.

With this background, the obvious advantage of the proposed framework is its pos-

sibility to include the uncertainty of climate change scenarios and different man-

agement objectives. In addition, it uses various methods such as the stochastic

dominance criterion to rank different management strategies depending on their

ability to meet management objectives. The framework can easily be applied for

a model-based assessment of management scenarios under climate uncertainty at
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a single forest stand: (1) determining the acceptability of the current state of the

ecosystem; (2) specifying climate change scenarios; (3) model-based assessing the

climate impacts of the scenarios on the forest stand; and (4) identifying the best

management scenario for alleviating risks missing management objectives. Step one

is not included in this study because of the general high acceptance of mixed oak-

pine stands.

Scientific tools to study climate impacts on forest ecosystems are process-based for-

est growth models (Mäkelä et al., 2000; Landsberg, 2003). We applied the forest

growth model 4C to estimate frequency distribution of model output variables from

different management scenarios under several climate scenarios. In this study we

specify a simple example of a weighting factor times management objective matrix

to evaluate the management scenarios. The output results are aggregated into a

total performance index (TPI) to rank different management scenarios. We choose

simple management scenarios and management objectives to better distinguish the

management and climate effects at the site and to demonstrate the suitability of

this method for evaluating forest management alternatives. Therefore, this study

strives to answer the following questions: (1) Is the proposed framework an useful

method for analyzing climate impact studies at the forest stand level? (2) What are

the combined effects of management and climate scenarios on forest production?

5.2 Material and Methods

Forest Stand and Site

We used the process-based forest growth model 4C to analyze the growth of a mixed

oak-pine stand (Quercus petraea (Mattuschka) Liebl., Pinus sylvestris L.). The oak-
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pine stand is a typical example of the ongoing forest transformation on forest sites in

the north-eastern lowlands where conditions for beech (Fagus sylvatica L.) are not

suitable. It is situated in the Federal state of Brandenburg circa 80 km in the south

of Berlin (Fig. 5.1) and is located in the transition zone between the oceanic climate

of Western Europe and the continental climate of Eastern Europe. The climate in

this region is one of the driest within Germany (Tab. 5.1). The relief is mainly even

Figure 5.1: Location of the simulated mixed oak-pine stand in Brandenburg.

und shows only small differences in altitude. The soil characteristics are the result

of fluvial and aeolian sedimentation during periglacial processes in the Pleistocene.

The stand stocks on a sandy cambisol without access to groundwater. The nutrition

level and the water storage capacity are low. In the formerly pure pine forest the
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Table 5.1: Forest site characteristics with mean temperature (T ) and precipitation
sum (P ) for the period 1961-1990, C/N carbon-nitrogen ratio, pH-value, base satu-
ration (Bs), plant available soil water storage capacity (WPAW ), age of oak and pine
trees, mean diameter at breast height (dbh), mean height (hg) and stem number per
hectare (Nstem).

group variabel values
climate year May-September

T [◦C] 8.3 15.2

P [mm] 589 291

soil Oh (3.8cm) Ah(12cm)

C/N 23 27

pH [H2O] 4.1 3.9

Bs [%] 42.9 9.6

WPAW [mm] - 246

stand pine oak

age 104 9

dbh [cm] 33.5 -
hg [m] 26.1 1.3

Nstem [ha−1] 386 4000

oak trees were planted with a density of 4000 seedling per hectare. The stand data

were measured in 2006 and were used for the initialization of the simulated stand

(Tab. 5.1).

Climate Scenarios

Climate scenarios enable the analysis of future development of climate conditions

and its consideration in forest management planning. In this study we used climate

scenarios of the regional statistical climate model STAR 2.0 (Orlowsky et al., 2008).

It was developed to calculate future daily weather data from observed weather time

series on the base of an assumed temperature trend. Statistical methods combine

observed daily weather from the past to new time series which meet the predeter-
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mined temperature trend at the end of the simulation period. The fundamental

assumption of this modelling technique is that physical boundary conditions do not

change during the simulation period until 2060. The climate scenarios are named

after their temperature trend (0 K, 2 K and 3 K). One climate scenario includes

100 realisations of such predetermined temperature trend. The realisations of one

scenario feature the same temperature trend but the combination of the observed

daily weather is different. Accordingly, they show small variation in the mean an-

nual temperature value (Fig. 5.2). However, they differ in their daily values and

also in their mean annual values of weather variables like precipitation and total ra-

diation. On the base of these 100 realisations per scenario it is possible to establish

frequency distributions of weather variables which express uncertainty within each

climate scenario.

Management Scenarios

To account for different management types, three management scenarios (A,B,C)

were developed which enables testing the impacts of different thinning grades and

consequently stand densities on species-specific tree growth. The thinning interval of

five years was held constant over the management scenarios. The thinning intensity

increases from management scenario A to management scenario C (Tab. 5.2).

Model Simulations

The model 4C was run for the mixed oak-pine stand under the three different

management scenarios and for three different climate change scenarios and their

respective realisations as described above. The combination of climate scenarios

and management scenarios is described in Tab. 5.3. The simulation period covered
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Figure 5.2: Mean values of different climate variables for the three climate scenarios
(0 K, 2 K, 3 K) of the period 2036-2060.

Table 5.2: Forest management scenarios used in the analysis with different thinning
grades. Numbers represent remaining stems per hectare.

A B C
year pine oak pine oak pine oak

1 207 - 156 - 117 -
6 192 - 144 - 108 -
11 179 3543 134 3468 101 3393
16 168 3325 126 3183 94 3041
21 159 3115 118 2913 88 2711

25 years from 2036-2060. The simulated output of the stem increment of the total

stand was taken to distinguish between climate realisation effects and management

effects within a climate scenario. For this reason a bifactorial analysis of variance
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Table 5.3: Definition of simulation experiment runs.

management scenario / A B C
climate scenario

0K A-0K B-0K C-0K
2K A-2K B-2K C-2K
3K A-3K B-3K C-3K

were performed with the three management scenarios and the 100 climate realisation

of one climate scenario.

Multi-criteria Evaluation Concept

To evaluate the management scenarios under climate change, we used the total per-

formance index (TPI) according to Prato (2008b). We selected nine model output

variables (Tab. 5.4) as impact criteria. The output variables are linked to three

measures which are often used to evaluate management strategies: above and be-

lowground biomass after the simulation period (biomass), sum of annual stem mass

increment (growth), and sum of harvested stem wood (harvest). Furthermore, we

considered the following management objectives:

• Objective 1: Maximizing carbon sequestration on the site

• Objective 2: An intermediate objective between objective 1 and objective 3

with moderate focus on growth

• Objective 3: Maximizing yield and carbon sequestration in forest products

We defined exemplary weighting factors between 1 and 4 for these management

objectives for each output variable according to their different foci to calculate the

TPI (Tab. 5.4). The TPI aggregates the normalised output variables of the model
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Table 5.4: Weighting factors for three different management objectives.

objective 1 objective 2 objective 3
biomass [t DW ha−1]

total w1 4 1 1
pine w2 4 1 1
oak w3 3 1 1

growth [t DW ha−1]
total w4 4 2 1
pine w5 4 2 1
oak w6 3 3 1

harvest [t DW ha−1]
total w7 1 1 4
pine w8 1 1 4
oak w9 1 1 4

and is calculated in the following way:

1. Calculation of the maximum Xmax,j,i(j = 1, . . . , 9, i = A,B,C) for each out-

put variable and each management scenario from the set Xj,i = {xkj,i, k =

1, . . . , 100} of 100 values xkj,i resulting from 100 simulation runs.

2. Calculation of maximum values over the three management scenarios:

Xmax,j = max(Xmax,j,i) for i = A,B,C (5.1)

3. Calculation of a set of normalised values Xn
j,i for output variable j (j =

1, . . . , 9) and management i (i = A,B,C)

Xn
j,i =

Xj,i

Xmax,j

(5.2)

4. Calculation of the TPI for each management scenario i (i = A,B,C) as
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weighted average:

TPIi =

∑9
j=1wj ·Xn

j,i∑9
j=1wj

(5.3)

The values of TPIi (i = A,B,C) were calculated for each of the three climate sce-

narios. A triangular probability distribution was established with minimum, median

and maximum of each set of TPI values from which the cumulative distribution func-

tion (CDF) was derived. Using the method of stochastic dominance (Schmid and

Trede, 2006) these values were analysed for each management objective, climate,

and management scenario. The stochastic dominance is defined as follows: if the

value of the CDF of an option B, FB(x), is less or equal than the value of CDF of an

option A, FA(x), for each value of x, then is option B stochastic dominant of first

degree. Figure 5.3 sums up the applied methods and the progression of the working

steps.

5.3 Results and Discussion

Simulations

Biomass The total biomass for one management scenario after 25 simulation years

is highest under the 0 K scenario, slightly lower under the 2 K scenario and lowest

under the 3 K scenario (Fig. 5.4). Much stronger differences in total biomass occur

between the management scenarios within each scenario (Fig. 5.4). Management

scenario A always yields the highest total biomass (around 450 tDWha−1), manage-

ment scenario B yields around 370 tDWha−1, and management scenario C always

ends up with around 310 tDWha−1. The total biomass at the end of the simula-

tion period heavily depends on the stand growth and on the harvest level during the
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Figure 5.3: Overview of the methodological approach used in this study.

simulation. The decreasing total biomass from management scenario A to C thus re-

flects increasing management intensity in these scenarios. This is in accordance with

results from modeling and experimental studies (Skovsgaard et al., 2006). Although,

the effect of the climate scenarios on the total biomass is much less pronounced than

the effect of the individual management scenarios, there is still a decreasing trend in

total biomass from the 0 K to the 3 K scenario visible. A warmer climate decreases

total biomass in all three management scenarios, however, this variation between

climate scenarios is much smaller than the variation between management scenar-

ios. This confirms recent climate impact studies which find a much stronger effect

of management-related issues such as cutting cycle, age structure of the forest or

management history than of climate change in managed European forests (Lindner,
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2000).

Figure 5.4: Final Biomass for three management scenarios and three climate sce-
narios. The thick black line denotes the median, the boxes indicate 25 and 75-
percentiles, and the Whiskers show sample minimum or sample maximum.

Growth and Harvest The results for stem mass increment show a similar pat-

tern than the total biomass. Across the climate scenarios, increasing management

intensity features decreasing stem increment as a consequence of the higher harvest

rates and a warmer climate induces lower growth across management scenarios (Fig.

5.5). When considering the harvested stem wood, the pattern among the manage-

ment scenarios is inversed. With increasing management intensity, the amount of

harvested wood logically increases too (Fig. 5.5). However, the amount of harvested

stem wood varies only very little in between the different climate change scenarios

and the variation around the median is much smaller than for total biomass and

biomass growth (Fig. 5.5). Thus, the amount of harvested stem wood is almost

independent of the climate. Allocating carbon to the stem comes at the lower end
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of the allocation hierarchy in trees (Waring, 1987) and results in lower stem mass

increment in years with less favourable conditions. The diameter at breast height

is positively correlated with total biomass (Lehtonen et al., 2004) and also with

the competiveness of a tree. Furthermore trees with high growth rates have better

access to water and radiation. Since we simulated thinning from above the highest

and more competitive tree individuals were harvested first. Hence, trees with less

growth variation in the past come to the harvest pool and trees with higher growth

variation remain on the site. This explains why the total biomass and growth is

more sensitive to changes in climate than the yield.

Figure 5.5: Sum of harvested stem wood (above the dotted line) and sum of stem
mass increment (below the dotted line) for three management scenarios and three
climate scenarios. The thick black line denotes the median, the boxes indicate 25
and 75-percentiles, and the Whiskers show sample minimum or sample maximum.
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Effects of management and climate within the climate scenario

To detect the relative contribution of management and climate over 100 realisations

to the uncertainty of the simulated stem mass increment within the different climate

change scenarios, we calculated the coefficient of variation of management and cli-

mate. The warmer climate change scenarios induce a higher coefficient of variation

for both climate and management (Fig. 5.6). For the 0 K and 2 K scenarios, the

influence of the climate is lower than the influence of the management but under

the 3 K scenario the coefficient of variation of the climate is clearly higher than the

management one (Fig. 5.6). The increase in influence of the management across the

three climate change scenarios is almost linear, whereas the influence of the climate

undergoes a steep increase from the 2 K to the 3 K scenario.

Figure 5.6: Coefficient of variation for the simulated stem mass increment.

Additionally, to the coefficient of variation, we performed a bivariate analysis of

variance to track the degree to which the overall variance of stem mass increment

can be attributed to the influence of the climate (as expressed by 100 realisations)

and of management in the model. Under the 0 K scenario both climatic and man-
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Figure 5.7: Explained variance for the simulated stem mass increment.

agement influence explain about 50% of the variance respectively (note that since

management and climate were the only contributing variances in this analysis, they

sum up to the total variance i.e. 100%). With increasing warming the influence of

the climate increases and the influence of the management decrease (Fig. 5.7). The

strongest increase (decrease for management) occurs from the 2 K scenario to the 3 K

scenario. This is a noteworthy result because it exemplifies the non-linear dynamics

of the climate impacts. Whereas a net temperature increase of 2 K from the 0 K

scenario to the 2 K scenario induces only slight changes in the variance explained

by the 100 realisations, a further net increase by only 1 K from the 2 K scenario to

the 3 K scenario adds about 5% to this variance. The analysis of the coefficients of

variation and the analysis of variance show that the climatic uncertainty increases

under higher temperatures and its influence may become more important than the

management influence in the future. This is especially important since we only sim-

ulated stem mass increment without accounting for changes in disturbances such as

storms or insects, which are likely to increase (Lindner et al., 2010; Panferov et al.,
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2009) and have the potential to increase the influence of the climate dramatically.

Multi-criteria evaluation

The set of weighting factors and management objectives only serve as a simple ex-

ample to test the methodological approach. In practice a climate impact study who

aims analyzing adaptation capacities or adaptation strategies need the participation

of stakeholder groups (Prato, 2008b; Seidl et al., 2011). For the first objective, man-

agement scenario A has the highest probability of reaching a high total performance

index across all climate change scenarios (Fig. 5.8). This coincides with the low

thinning grade which led to high biomasses of the old pine. The high weighting fac-

tors assigned to biomass in objective 1 (Tab. 5.4) supports the TPI of management

scenario A. Thus, management scenario A is most suitable for achieving objective

1. For the second and the third objective, management scenario C is most probable

to achieve the highest TPI (Fig. 5.8). Similarly to the relationship of objective 1

and management scenario A, the results for the third objective coincide with a focus

on harvest in management scenario C and high weights for harvest in objective C.

Thus, this confirms the expectations that a management scenario C would be most

suitable for objective 3. The results for objective 2 deserve closer attention, since

this objective balances harvest on the one hand and total biomass and growth on

the other hand. Biomass and harvest are not pronounced by the weighting factors,

only growth of oak, pine and the total stand are higher weighted. This objective

is most likely attained with the strongest management scenario indicating that the

losses in total biomass and growth as suggested by the simulation results (Fig. 5.4,

Fig. 5.5) in this scenario are compensated by the much higher harvest levels (Fig.

5.5). Furthermore, the lower uncertainty of harvest levels (see Growth and Har-
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Figure 5.8: Cumulated probability distribution function of the TPI for three manage-
ment, three climate scenarios and three sets of weighting factors for the management
objectives.

vest, page 105) within the 100 realisations explains why management scenario C

also performs best for objective 2. Additionally, the much less stock of old pine trees

in management scenario C have positive effects on the growth of young oak trees

which is amplified by the weighting factors. Concerning the shape of the CDFs it

can be stated that the slope of the CDF is less steep with higher temperature trend

which reflects the higher variation (see in section Effects of management and

climate within the climate scenario). This leads to lower probability reaching
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a certain level of TPI but does not change the ranking of management scenarios in

this study.

5.4 Conclusion

The conceptual framework developed within this study - the integration of climate

and management scenarios, taking into account climate uncertainty and manage-

ment objectives, and the development of a performance index - is a unique approach

in forest sciences. The focus on mixed stands has rarely been investigated; therefore

this study is of great importance for foresters. The approach has proven to be highly

suitable for the assessment of climate impacts on forest stands.

The analysis of variance of growth related model outputs and the CDFs of the TPI

showed an increase of climate uncertainty with increasing climate warming. Inter-

estingly, the increase of climate induced uncertainty is much higher from 2 to 3 K

than from 0 to 2 K. This exemplifies the non-linear impacts of climate change on

forest growth.

For future applications of this framework in forest management and forest decision

making it is necessary to determine the weighting factors more precisely by involving

stakeholders and forest experts.
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Chapter 6

Overall Discussion

This chapter comes back on the questions posed at the beginning of my thesis

(chapter 1.5). It provides a synthesis of the specific findings of chapter 3-5 and

highlights some relevant key issues which are most relevant for future modelling

studies from my personal perspective.

6.1 Forest Productivity and Drought Responses

The questions to answer were:

• How does the NPP for the four main tree species of Germany depend on

climate factors?

• What are the impacts of climate change on NPP of the four tree species ?

• Which regions in Germany are likely to experience a significant change in

NPP?
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• How large is the uncertainty of NPP regarding climate scenarios and are there

regional differences?

The multiple regression functions reveal strong correlations of simulated mean an-

nual NPP with mean annual temperature, mean annual radiation and the drought

index as a value for the duration of periods without rainfall. The relationship be-

tween mean annual temperature and NPP fits a logarithmic curve. On the one hand

model results show further potential for increasing growth, but on the other hand

it reveals a slowing of the increase at higher temperatures. There is an optimum

mean annual temperature which could not be detected by this study. But exper-

iments showed clear negative photosynthetic responses of temperate tree species

to high temperatures (Dreyer et al., 2001; Dillaway and Kruger, 2010). With the

model simulation I detect further a strong linear relationship between radiation and

NPP. This is not surprising due to 4C -calculated assimilation rates are directly

linked to photosynthetically active radiation (PAR) and neglects leaf structural and

functional acclimation to irradiance discussed by Sinoquet et al. (2001); Meir et al.

(2002); Wyka et al. (2007). Therefore the positive NPP effects based on increased

radiation could be biased in 4C model results. There is also a strong signal in the

NPP results relating on the length of periods without precipitation. If droughts in

future become more frequent and its intensity will be more pronounced the NPP in

affected regions will decrease. This has been observed already in the past (Breda

et al., 2006; Boisvenue and Running, 2006).

The simulated NPP for all tree species increases on the majority of the forest area

in Germany with rising temperatures. Especially on temperature limited sites such

as mountainous regions or on forest sites with high precipitation high positive NPP

changes have been found. However, beyond a 2 K temperature slope the SRM-
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calculated range of NPP at water-limited forest sites is increased due to different

realizations of climate scenarios. Here the results indicate a high influence of precip-

itation pattern on NPP. There is a general positive relationship between the altitude

of a forest site and the percental change and a negative relationship between altitude

and the range of NPP due to realizations. The forest production in Brandenburg,

where the forest area is always at low elevation, is strongly affected by future precip-

itation pattern. The uncertainty due to this fact account for up to 1.6 tC ha−1a−1

of pine stands under a 3 K-scenario. This uncertainty decreases in regions where

precipitation plays a minor role as a limiting factor of tree growth. Concerning

Drought the questions at the beginning of my thesis were:

• What are the effects of using two different water uptake approaches in 4C on

model behaviour?

• How do simulated results of transpiration and annual diameter increment fit

to measured data?

• Is the forest growth model 4C able to describe with both water uptake ap-

proaches the impacts of extreme weather events like droughts on diameter

increment?

Prospective physiological-based modelling studies in water limited regions should

include detailed information about vertical distribution of root length densities.

Coupled with transpiration or sap flux data the performance of water uptake models

within forest growth models can be significantly increased. The main difference

between WU1 and WU2 is the non-linear relationship between soil water content

and soil water potential which determines the soil water resistance. This induces

different behaviour in root water uptake of WU2 in comparison to WU1 which is
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linearly dependent on the soil water content whereas WU2 also depend on the root

length densities. In WU1 modelled root distribution and consequently root length

densities in different soil layer have negligible effects on water uptake. Although it is

conceivable to develop also an empirical relationship between water uptake and root

length density I would suggest further precise studies with WU2 where modelled root

resistances and soil water potentials can be validated by measured data along the

soil-plant-atmosphere continuum. I found the highest compliance between observed

and simulated drought years by the WU2 approach with high total root resistance.

The accordance is between 33 and 100 % depending on simulated forest stand. The

model proved to be a suitable tool for assessing drought related risks of mixed oak-

pine forest stands. However, this study did not identify an approach which performs

best regarding all three validation data sets. Daily simulated variables as soil water

content and stand transpiration fit poorly to measured data. Also the correlation

between measured and simulated index time series of diameter increment is not

higher than 0.56. This lack of accordance at the overall view of carbon and water

cycle within the forest stands does not allow a more detailed quantification of future

drought risks for pine and oak trees as the more general approach of chapter 3. In

addition, until the role of increasing atmospheric CO2-concentration with respect to

water uptake efficiency is not better understood, detailed information on future tree

growth can hardly be provided.

6.2 Forest Management Decisions with Uncertainty

Elaborating forest management related issues of modelled impacts determined fol-

lowing questions:
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• What are the contributions of management and climate scenario effects on the

uncertainty of future forest production in mixed oak-pine forest stands?

• Is it possible to apply a general evaluation criteria from literature on a specific

forest stand which is representative for the forest transformation in Branden-

burg?

The methodological framework to investigate combined effects of management and

climate scenarios on a specific forest stand allows an integrated assessment of man-

agement strategies under changing climate conditions. The usage of the total per-

formance index helps forest authorities to include the huge variety of future climate

scenarios and, thus to formalize the decision making process.

The analysis of variance of growth related model outputs and the CDFs of the TPI

showed an increase of climate uncertainty with increasing climate warming. Inter-

estingly, the increase of climate induced variation is much higher from 2 to 3 K than

from 0 to 2 K and outrun the forest management induced variation at 3 K. This

exemplifies the non-linear impacts of climate change on forest growth.

Although the variance in the modelled growth of pine and oak trees is increased,

my thesis does not discover general concerns about the ability of oak-pine forests

under climate change. In average the potential net primary production of oak and

pine is increasing, except for only few realisations of the 3 K scenario. However, for

the total assessment of the ability of trees to adapt to changing climate conditions

also biotic factors (i.e. insect calamities, pathogens) have to be taken into account.

There are strong hints of decreasing carbon sink capacity in the European forest

also due to increased calamities (Nabuurs et al., 2013). The future generation of

forest related climate impact models has to consider changing biotic influences on

116



Overall Discussion Forest Management Decisions with Uncertainty

forest productivity (Klein et al., 2013).
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Chapter 7

Conclusion and Outlook

The chapter three focused on tree specific productivity at the regional level. Hereby,

the productivity in terms of net primary production (NPP) has been evaluated using

regression functions which originate from a model reduction framework.

Those functions, which calculate an average annual NPP from mean climate and

soil parameters, enable plausible biomass predictions with easily accessible environ-

mental data. I used the functions for an efficient classification of climate impacts on

tree species considering regional specific productivity and multiple climate scenarios.

The functions are also suitable to improve climate insensitive forest growth models

which would enhance the forest model applicability.

Overall, I found a positive trend of tree and stand productivity (spruce less beech

less oak less pine) for almost all regions in Germany until 2060. The lowest positive

changes combined with highest climate scenario uncertainty can be found in the

north-eastern German lowlands. The higher the elevation of a forest eco-region, the

higher will be the relative increase of the NPP due to limitations by temperature in

the mountainous regions.
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In chapter four I compared two different root water uptake approaches with respect

to tree growth, soil water and transpiration. The more complex and process-based

approach better captured the real non-linear behaviour of the root water uptake.

This is shown by the improved drought sensitivity of the approach, when compared

to in situ tree ring measurements. However, taking into account all validation levels

no approach could be identified as the ”best” approach.

In comparison to the empirical approach the higher parameter demand of the process-

based approach limits its applicability, especially on multi-forest stand applications

(e.g. chapter three). On the small scale (single stand modelling studies), the process-

based approach shall be preferred.

In chapter five, the application of a framework considering climate scenario and for-

est management uncertainty in order to evaluate forest management strategies was

tested at a mixed oak-pine stand. It is shown quantitatively how climate change

and forest management impacts affect forest stand productivity. The work revealed

a strong increase of climate change effects on stand productivity at a temperature

increase higher than 2 K. The tested multi-objective assessment approach proofed to

be useful for forest management planning under climate scenario uncertainty. It has

the potential to support the development of adaptation strategies for time periods

longer than 50 years for the ongoing forest transformation.
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Der Einfluss des Umbaus von Kiefern-Reinbeständen in Traubeneichen-Kiefern-
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