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ABSTRACT 

Carbon (C) pools and fluxes in northern hemisphere forest ecosystems are attracting increasing 
attention concerning predicted climate change. This thesis studied C fluxes, particularly soil C 
dynamics, in spruce forest ecosystems in relation to interactions between physical/biological 
processes using a process-based ecosystem model (CoupModel) with data for Swedish 
conditions. The model successfully described general patterns of C and N dynamics in managed 
spruce forest ecosystems with both tree and field layers. Using regional soil and plant data, the 
change in current soil C pools was -3 g C m-2 yr-1 in northern Sweden and +24 g C m-2 yr-1 in 
southern Sweden. Simulated climate change scenarios resulted in increased inflows of 16-38 g C 
m-2 yr-1 to forest ecosystems throughout Sweden, with the highest increase in the south and the 
lowest in the north. Along a north-south transect, this increased C sequestration mainly related to 
increased tree growth, as there were only minor decreases in soil C pools. Measurements at one 
northern site during 2001-2002 indicated large soil C losses (-96 g C m-2 yr-1), which the model 
successfully described. However, the discrepancy between these large losses and substantially 
smaller losses obtained in regional simulations was not explained. A simulation based on Bayesian 
calibration successfully reproduced measured C, water and energy fluxes, with estimated 
uncertainties for major components of the simulated C budget. Site-specific measurements 
indicated a large contribution from field layer fine roots to total litter production, particularly in 
northern Sweden. Mean annual tree litter production was 66% higher at the most southerly site 
(240 g C m-2 yr-1 compared with 145 g C m-2 yr-1 in the north), but when field and bottom layers 
were included the difference decreased to 16% (total litter production 276 g C m-2 yr-1 and 239 g 
C m-2 yr-1 respectively). Regional simulations showed that decomposition rate for the stable soil C 
fraction was three times higher in northern regions compared with southern, providing a possible 
explanation why soil C pools in southern Sweden are roughly twice as large as those in the north. 

Keywords: boreal; climate; CoupModel; net ecosystem production; nitrogen; process-based 
model; soil carbon; 

 

INTRODUCTION 

Increased anthropogenic emissions of CO2 
and their predicted effects on global climate 
(IPCC, 2001) and world ecosystems have 
placed the focus on global carbon (C) cycles 
and related fluxes. Forest ecosystems have 
attracted increased attention in efforts to 
describe the global C budget and the forests 
of the northern hemisphere in particular play 
an important role, as these forest soils 
contain around 40% of the total amount of 
C in world forest biomes (Dixon et al., 1994). 
Moreover, these ecosystems are situated 
where a significant increase in air 
temperature is expected (IPCC, 2000). The 
increased temperature could affect the C 
balance and, given the large pools, even a 
slight change could have large consequences 
on atmospheric CO2 levels (Wang & 
Polglase, 1995; Mahli et al., 1999; Ciais et al., 

2005), hence the importance of studying the 
C dynamics of these forest ecosystems and 
of understanding the regulating processes 
and of further relating these processes to 
climate. The Kyoto Protocol (IPCC, 2003), 
which is currently the global community’s 
answer to address the global climate change 
problem, has acknowledged the enhanced 
focus on these ecosystems from the 
scientific community. One rather debated 
part of the Protocol states that when 
countries that have ratified the treaty draw 
up a budget of greenhouse gases, it should 
be based on sinks/sources directly related to 
changes in land use and to forestry and 
furthermore that these sinks/sources must 
be verified through measured changes in 
trees and soil. However, the net changes in 
both these main parts of the forest 
ecosystem are relatively small compared with 
two large fluxes of C. For the tree, the 
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inflow through gross primary productivity 
(GPP) is counterbalanced by outflows from 
respiratory losses, resulting in the net 
primary productivity (NPP). Both these 
measures of productivity are strongly 
dependent on climatic factors such as 
temperature and precipitation, as well as 
nutrient supply rates (King et al., 1997; Bergh 
et al., 1999), and an increased temperature 
due to climate change is likely to result in 
increased productivity in boreal forest 
ecosystems (e.g. Mäkipä et al., 1999; Bergh et 
al., 2003).  
Litter production from the tree, which is 
strongly related to NPP, constitutes the 
inflow of C to the soil, and thus if forest 
productivity increases due to climate change, 
the inflow of C to the soil will also increase. 
Much like the net change in the tree, the 
inflow of C to the soil is counterbalanced by 
losses through soil respiration from 
decomposition of soil organic matter. There 
seems to be consensus as regards the effects 
of climate change on NPP, and some 
findings indicate that soil respiration is more 
sensitive to climate variability than NPP 
(Kirchbaum, 2000; Valentini et al., 2000). 
However, the effect on soil organic matter 
decomposition is under debate regarding the 
temperature sensitivity of the fraction with a 
long turnover time, which makes up the 
major proportion of soil C. Some studies 
indicate a relatively high sensitivity (Ågren, 
2000; Knorr et al., 2005), others that it is 
rather insensitive to temperature (Liski et al., 
1999; Giardina & Ryan, 2000). 
Nitrogen (N) availability, which affects net 
primary production (Tamm, 1991; Iivonen et 
al., 2006; Newman et al., 2006), is affected by 
decomposition rate (Melillo et al., 1993) and 
is thus another important regulating factor 
to consider. Nitrogen has been shown to be 
the major regulating factor for tree growth 
in Sweden (Tamm et al., 1999) and in a 
recent study by De Vries et al. (2006), the 
importance of N deposition for soil C 
sequestration in European forests was 
demonstrated. Since current ecosystems are 
normally far from N saturation, increased 
amounts of N lead to increased tree growth 
and hence increased litterfall. This was 

clearly indicated in a study by Strömgren and 
Linder (2002) who, in a heating experiment 
conducted in a boreal Norway spruce forest 
ecosystem in Sweden, reported increased 
GPP as a consequence of increased N 
supply in the heated plots. However, unlike 
climate, where increased temperature may 
lead to increased output of C from the soil 
through increased decomposition, several 
studies have shown that increased N can 
hamper decomposition and the related 
outflow of C from the soil (Berg, 2000; 
Fleischer, 2003; Zak et al., 2006).  
In order to interpret current C pools, fluxes 
and future trends in forest ecosystems, it is 
important to understand the major abiotic 
and biotic regulating processes. Further-
more, it is essential to consider how these 
plant and soil regulating processes are 
related to above- and below-ground climate 
and the difference between these positions 
in the system, as changes in atmospheric 
conditions are not directly linked to changes 
in soil climate conditions (Gärdenäs and 
Jansson, 1995). In order to identify and 
quantify the regulating factors, given these 
important considerations, an approach 
where they are coupled with feedbacks 
seems necessary.  
It is also important to relate the C budget to 
different scales, where measurements from 
the system can be available at one scale but 
reveal important effects in another. Changes 
in soil C are a good example of this, since 
they are small compared with the pools and 
thus difficult to measure unless performed 
over an extended period and with many 
replicates. Another aspect to consider is 
differences in turnover times. The major 
proportion of the soil C has a long turnover 
time and hence could be referred to as 
relatively stable. The pool of C in trees, on 
the other hand, given the more dynamic 
environment for which anthropogenic 
influence is an important factor, could be 
considered more unstable or uncertain in 
long time scales, although it is easier to 
measure.  
The complexity of the processes regulating 
the forest system as outlined above 
necessitates the use of a modelling tool. 
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Plant-soil interactions and climatic influen-
ces on these interactions indicate the 
importance of a flexible modelling approach 
to describe the differences between above- 
and below-ground climates. A modelling 
approach without a dynamic interaction 
between abiotic and biotic sub-models, i.e. a 
static approach, restricts the use of the 
model to systems where the physical 
characteristics are known or independent of 
the C and N processes. To enable the 
influence of the current climate on both C 
assimilation and C release to be simulated, 
an approach including feedback between 
abiotic processes and the turnover of C and 
N in the entire soil-plant system is of great 
interest. Such an approach is also likely to 
generate sound predictions of effects within 
the forest system due to climatic change 
scenarios, where the major uncertainties can 
be identified. Thus a number of different 
ecosystem models have been presented 
during recent years. One simplified approach 
to study climatic effects on C budgets is by 
using natural climatic gradients, an approach 
adopted in the debate on soil C temperature 
sensitivity as discussed above (e.g. Giardina 
and Ryan, 2000), and also in a recent study 
by Meyer et al. (2006). However, 
measurements from a climatic gradient can 
also be used to validate existing models, i.e. 
to determine the ability of the models to 
describe the main components of energy, 
water, C and N fluxes in a forest ecosystem 
under different climate regimes.  
Models as described above are usually 
referred to as process-based models (PBMs), 
and are commonly used in forest research 
(cf Landsberg, 2003; Van Oijen et al., 2004) 
as flexible and general tools with potentially 
high predictive capacity. However, one 
problem with PBMs is that they tend to 
develop a complexity, reflecting the 
complexity of the system the models are set 
up to describe, and hence the need for data 
to calibrate the model is large. This demand 
can rarely be fully supplied by measurements 
and hence can be viewed as an uncertainty, 
or incomplete knowledge about the system, 
when calibrating the model. One method to 
address this problem is to adopt a Bayesian 

calibration procedure as proposed by e.g. 
Van Oijen et al. (2005). This method focuses 
on minimising the uncertainty of the 
calibrated parameters, instead of maximising 
the goodness of fit between measurements 
and model output.  The main advantage with 
this methodology is that it quantifies the 
uncertainty in both the input and the 
simulated outputs using a probabilistic 
approach. The method makes a bridge 
between measurements and observations 
since it accounts for the uncertainty in the 
measurements and it demonstrates the 
extent to which the uncertainty in 
predictions can be reduced by adding new 
data or new alternative models. 

OBJECTIVES 

In the present work, a process-based 
ecosystem model (CoupModel) was used to 
simulate forest C and N dynamics in relation 
to energy and water. The simulations were 
performed at different scales using data and 
measurements for Swedish conditions, 
covering mean air temperatures from 0.7°C 
to 7.1 °C and gradients of N pools and de-
position. The simulated soils were 
considered to be dry and mesic, constituting 
the main proportion of Swedish forest soils, 
and thus moist and wet soils were not 
included.  
The main objective of the work was to study 
C fluxes in spruce forest ecosystems with 
the emphasis on soil C dynamics in relation 
to interactions between physical and biolo-
gical processes. 
Specific objectives were to: 
Estimate trends in soil C storage in managed 
Swedish Norway spruce ecosystems during a 
100-year period, based on available regional 
data on tree growth and C pools and using 
different assumptions for N supply 
(Paper I);  
Present an integrated picture of C pools and 
fluxes at three different Norway spruce 
forest sites in Sweden along a climatic 
gradient measured during 4 years, and 
compare a regionally representative model 
based on the parameterisation in Paper I 
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with the site-specific measurements obtained 
(Paper II); 
Identify how a change in climate affects 
abiotic factors of importance for the 
ecosystem C dynamics presented in Paper I, 
determine the processes governing the 
inflows and outflows of C from the 
ecosystem and quantify the extent to which 
limiting factors for key ecosystem processes 
are expected to change (Paper III); 
Quantify the major fluxes of C, heat and 
water in a boreal Norway spruce forest stand 
during a 4-year period, including uncertainty 
estimates, and estimate parameter values 
including internal model structure cor-
relations in relation to measurements and to 
the major components in the simulated C 
budget (Paper IV).  

BACKGROUND 

A brief theoretical background and overview 
of the main interactions between abiotic and 
biotic processes in the forest ecosystem (Fig. 
1), which form the focus of this thesis, are 
presented below.  

Energy and water  

Global radiation is the main energy source 
for the system. A small fraction is taken up 
by photosynthesis of plants but the major 
partitioning of the energy is between the 
atmosphere and the soil system. The plant 
layer(s) and the related physical char-
acteristics govern the partitioning and thus 
also the environmental conditions for plant 
and soil development. Leaf area index (LAI), 
defined as one single side of the total green 
leaf area per unit ground surface area, is 
often used for characterising plant canopies 
in process-based models (Running and 
Coughlan, 1988; Bonan, 1993). The net 
radiation at the soil surface is the result of 
incoming long-wave and short-wave radia-
tion penetrating through the canopy and is 
thus affected by e.g. canopy albedo (which is 
relatively low for forests), LAI and canopy 
surface coverage. 
Excluding the energy used in photo-
synthesis, the energy balance of the system is 
usually given as: 

GHLERn ++=  (1) 

where Rn is the net radiation, LE is the 
latent heat flow, H the sensible heat flow 
and G the heat flux into the ground.  
The related water balance is usually given as: 

SREP Δ++=  (2) 
where precipitation (P) is the main input of 
water to the system. This input is balanced 
by the losses to atmosphere through the 
evapotranspiration (E) driven by available 
energy and air humidity, thus linking the two 
large abiotic balances. Runoff (R), usually as 
a lateral flow in forests, and change in soil 
water storage (ΔS) are the two other com-
ponents in the balance. Transpiration is the 
major part of (E) and can account for over 
50% of these losses. A crucial plant feature 
for the amount of transpiration is the 
stomatal conductance (Monteith, 1965), 
which in turn is closely linked to the leaf 
area of the tree. As with radiation, the plant 
layer intercepts precipitation and the evapo-
rative losses from intercepted water can be 
in the range of 10-35% of precipitation 
(Kittredge, 1948; Zinke, 1967). This parti-
tioning of the precipitation and the related 
losses included in (E) can have a large effect 
on the amount of water available at the soil 
surface and, through the infiltration process, 
the soil moisture content. 
Snow is an important factor to consider in 
boreal forest energy and water balances. 
Snow has a much higher albedo than bare 
soil or plants, indicating a lowered net radia-

Soil Climate

LAI   

Flux Effect   
Storage Effect   

variable   

Water

Precipitation
Radiation

CO2

C/N   

N 
Carbon &
Nitrogen 

Figure 1. Conceptual picture of the abiotic 
and biotic relationship and the interaction 
between plant and soil in a forest 
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tion for conditions with a snow layer. 
However, this effect is not so pronounced in 
a forest, where plants are of considerable 
height compared with a field or a clear-cut. 
According to Harding and Pomeroy (1996), 
interception of snow in a forest canopy can 
reduce the depth of the snow layer on the 
ground by up to 30%. Through the low 
thermal properties of snow and the related 
insulating effect, an altered snow layer thick-
ness in turn has an impact on the forest soil 
heat flux. Beskow (1935) reported differ-
ences between air and soil temperature of up 
to 2°C as a consequence of the snow insu-
lating effect.  
Through the interception of radiation and 
water, LAI affects both the energy and water 
balance, reflected as an altered soil climate. 
In addition, LAI has a direct connection to 
transpiration by the interception of net 
radiation and further to photosynthesis by 
the interception of photosynthetically active 
radiation (PAR). The apparent interaction 
between plant and soil and the related link-
age between abiotic and biotic processes can 
thus be conceptualised through LAI (Fig. 1).  

Plant and soil carbon  

Gross primary production (GPP), i.e. the 
photosynthetic process in which CO2 is 
reduced to carbohydrates through captured 
light, is the main process for carbon uptake 
in forests. Photosynthetically active radiation 
and air temperature are the main limiting 
environmental factors for GPP, availability 
of soil nutrients and water being the other 
main limiting factors for uptake of CO2 and 
growth. Among the nutrients, N is of major 
importance and has been shown to be the 
major regulating factor for tree growth in 
Sweden (Tamm et al., 1999), where the main 
source of N is from decomposition of soil 
organic matter (see below). Other important 
sources are organic N uptake as demon-
strated by Näsholm et al. (1998) or through 
N-fixing bacteria in symbiosis with feather 
mosses, which in a recent study by DeLuca 
et al. (2002) were shown to contribute 
significantly to N inflow in boreal forest 
ecosystems.  

Of the fixed C, roughly half is lost due to 
respiratory losses in the form of growth and 
maintenance respiration. The growth respir-
ation is a relatively stable fraction of the C 
consumption whereas the maintenance 
respiration is closely, and positively, corre-
lated to temperature. The remaining C, after 
respiratory losses, is referred to as net pri-
mary production (NPP). The ratio 
NPP/GPP was shown to be a rather con-
servative value (0.42-0.53) by Waring et al. 
(1998), but significantly lower values (~0.25) 
have been reported from boreal forest eco-
systems (Ryan et al., 1997). The NPP is 
allocated to the major components of the 
tree, i.e. stem, leaf (needles) and root. This 
allocation is affected by different environ-
mental factors, but the specific regulating 
processes are complex (e.g. Cannell and 
Dewar, 1994). One example is decreased 
radiation or an environment with low 
irradiance, e.g. the understory, which can 
enhance allocation to the leaves, another 
that decreased nutrient availability and soil 
moisture can affect the allocation patterns to 
the roots. A more empirical allocation 
description is to allocate specific fractions to 
respective plant parts, based on different 
correlation functions (e.g. Marklund, 1988). 
These functions are in turn often based on 
easily available data such as stem diameter at 
breast height, and are the result of extended 
empirical analyses.  
The different tree parts are the source of the 
litterfall, which is the major input of C and 
nutrients to the soil. An important factor to 
consider is the different life lengths of the 
two major components of the litterfall, 
where needles may live for approximately 5 
years and fine roots around 1 year (Majdi et 
al., 2006). The decomposition of the litter by 
micro-organisms releases CO2 and, together 
with plant respiration from the roots, this 
represents a major carbon loss from the 
system, i.e. the soil respiration. Through 
decomposition of litter a minor proportion 
of the soil organic matter is transformed into 
more recalcitrant organic matter (humus). As 
a consequence of litterfall, litter is predomi-
nant in the topsoil and humus in the deeper 
mineral soil layers. This differentiation is 
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Table 1. Brief description of sites included in Papers I-IV, and standing biomass and measured 
litter production (g C m-2 yr-1) at the sites compared to simulations in Papers II and IV.  

Site descripton Lycksele Flakaliden Mora Knottåsen Nässjö Asa Ljungbyhed

Latitude 

also a result of redistribution of dissolved 
organic carbon (DOC) from topsoil to min-
eral soil. These processes result in large 
pools of organic matter in the mineral soil, 
70-80% of SOM to a depth of 1 m in Scan-
dinavian boreal forest soils (Callesen et al., 
2003), with in very general terms a turnover 
time from 100 years to several centuries, 
compared with from 10 years to several dec-
ades for organic matter in more shallow 
layers, where the pools are smaller. These 
processes are further strongly linked to soil 
temperature and soil moisture, which e.g. 
explains the large carbon pools in wet forest 
soils where decomposition has been ham-
pered through poor aeration or anoxic 
conditions in the soil compared with upland 
soils.  
Mechanistic understanding of the processes 
of decomposition of soil organic matter,  
 

mineralisation of nutrients and formation of 
humus is incomplete, to say the least, and 
hence different models exist. In brief, a 
process-based decomposition model needs 
to address three aspects: (i) the external 
environment, usually soil temperature and 
soil moisture; (ii) substrate quality, where 
one or several fractions of the substrate can 
be used or a continuous quality decrease; 
and (iii) decomposer organisms.  
The within-year dynamics of all the biologi-
cal processes described, both above- and 
below-ground, closely follow the dynamics 
of regulating abiotic factors such as radiation 
and, particularly for boreal ecosystems, air 
temperature. One example is decreased air 
temperature leading to decreased soil tem-
perature, which in turn generates soil condi-
tions that restrict water uptake by trees 
(Jansson & Halldin, 1979; Mellander et al., 
2006). 

64°35’N 64o07´N 60°58’N 61o00´N 57°38’N 57o08´N 56°05’N 

Longitude 18°40’E 19o27´E 14°35’E 16o13´E 14°41’E 14o45´E 13°04’E 

Altitude (m a.s.l.) 223 310-320  161 315-320 305 190-200 76 
Mean annual air 
temperature (˚C) 1 0.7/3.3 1.2 3.3/5.8 3.4 5.2/8.4 5.5 7.1/10.1 

Mean annual precipitation 
(mm) 1 613/704 523 629/701 613 711/717 688 838/890 

N deposition (g N m-2 y-1) 1.5 2.6 3.5 4.4 7.5 8.8 12.5 

Soil C (g C m-2) 7006 7220 8567 5860 9995 10000 10666 

Soil N (g N m-2) 223 216 295 204 367 370 539 

Soil C/N ratio (-) 31.5 33.5 29.1 28.7 27.2 27 19.8 

  Flakaliden  Knottåsen  Asa  
Biomass and litter 
production Unit Measured Simulated 3 Measured Simulated Measured Simulated 

Biomass 
g C m-2 yr-1 4630/4211 2 4697/3635 4600 5424 7950 9292  tree layer

field layer g C m-2 yr-1 142 170/190 167 110 30 10 
Litter production tree 

g C m-2 yr-1 60 59/51 68 70 101 125    above
below g C m-2 yr-1 85 105/67 134 121 139 196 

Litter production field   
g C m-2 yr-1 10 29/- 12 19 1 1 above

below g C m-2 yr-1 62 14/7 79 9 19 0 
1Current climate/SWECLIM A2 2Mean value dry and mesic plots/mean footprint area 3PaperII/PaperIV 
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MATERIALS AND METHODS 

Site descriptions and data  

Papers I and III 
Four different regions in Sweden were 
studied using climatic data taken from four 
representative sites, Lycksele (64°35’N), 
Mora (60°58’N), Nässjö (57°38’N) and 
Ljungbyhed (56°05’N) (Table 1, Fig. 2). 
Daily mean values of meteorological data 
(air temperature, air humidity, wind speed, 
cloudiness and precipitation) from 1961-
1986 from Swedish Meteorological and 
Hydrological Institute (SMHI) were dupli-
cated to cover a 100-year period. Nitrogen 

deposition for the respective sites was based 
on official data from IVL (2006), and the N 
deposition values for each region were 
assumed to remain constant during the 
whole simulation period. 
Measured tree biomass values for the 
regions were based on standing stock 
volume data taken from the Swedish Forest 
Inventory (NFI) (Skogsdata, 2003), and 
pools of soil C and N were based on an 
evaluation of the Swedish National Forest 
Soil Inventory database given by Olsson et 
al. (2006) and C/N ratios as shown in Paper 
II (Table 1). The soil physical properties 
used in the simulations were based on mean 
values of soil texture measurements for 37 
soil profiles from different forest sites 
located in northern, central and southern 
Sweden.   

N 
0 1 0 0 2 0 0 K i l o m e t e r s 

Mora 

Nässjö 

Ljungbyhed 

Lycksele 

Flakaliden

Knottåsen 

Asa 

Figure 2. Swedish transect. Filled circles = 
representative sites for each simulated 
region (Papers I and III); open circles = 
corresponding LUSTRA common field 
sites (Flakaliden, Knottåsen and Asa) 
(Papers II and IV). 

The two climate scenarios in Paper III were 
obtained from the SWECLIM project, using 
the Hadley Centre simulations of scenario 
A2 and B2 according to IPCC. Both 
scenarios correspond to increased emissions 
of greenhouse gases during the next 100 
years leading to increased mean annual air 
temperatures and increased total annual pre-
cipitation, compared with the current 
climate, for all sites included in the study 
(Table 1). 

Papers II and IV 
Data and measurements for a 4-year period 
(2001-2004) were taken from the three 
common field sites used within the research 
programme LUSTRA (Land Use Strategies 
for Reducing Greenhouse Gas Emissions): 
Asa in southern Sweden (57°08’N), 
Knottåsen in the centre (61°00’N) and 
Flakaliden in the north (64°07’N) (Table 1, 
Fig. 2). At all sites the forest stands are 
dominated by managed middle-aged Norway 
spruce (Picea abies [L] Karst). In Paper IV, 
only data from Flakaliden were considered.  
At each site, mean hourly data were 
recorded for climatic variables (global radia-
tion, air temperature, relative humidity, pre-
cipitation and wind speed), fluxes of CO2, 
heat and water (using eddy covariance 
method) and soil temperature. Pools of C in 
trees and field layers and litter production 
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both as litterfall and as fine root litter 
(determined using a mini-rhizotron techni-
que) were measured, as were soil C and N 
pools, fluxes of DOC and soil physical 
properties. The measurements were con-
ducted at both dry and mesic plots within a 
hydrological transect.  

Model description 

The model used in the simulations in Papers 
I-IV, the CoupModel (Jansson & Karlberg, 
2004), formerly known as the SOIL or 
SOILN-model (Jansson & Halldin, 1979; 
Eckersten et al., 1998), is a coupled ecosys-
tem model based on a balance between 
abiotic and biotic processes in the soil-plant-
atmosphere system (Figure 3). The basic 
structure of the model is a depth profile of 
the soil, and calculations of water and heat 
flows are based on common soil properties. 
Carbon and N balances and the dynamics of 
plant development are simulated, as are the 
interactions between plants and physical 
driving forces, e.g. how the plant cover 
influences both aerodynamic conditions in 
the atmosphere and the radiation balance at 
the soil surface. The only dynamic input data 
necessary are precipitation, air temperature, 
wind speed, air humidity and radiation. As 
two (or more) plant layers are simulated, the 
equations used are calculated for each 
respective plant layer. Competition is 
enabled between different plant layers with 
respect to the interception of light, uptake of 
water and N. A detailed description of the 
most relevant parts of the model for the 

simulations presented in this thesis can be 
found in Paper I. In addition, a detailed 
review of the model and how it has been 
used to simulate water, heat and N condi-
tions for arable land and forest in the Nordic 
countries has been made by Jansson et al. 
(1999). 

Modelling approach and 
parameterisation 

Regional scale approach 
The development of a managed Norway 
spruce ecosystem with both tree and field 
layers was simulated (Papers I and III). The 
simulations were run during a 100-year 
period, enabling the simulated system to 
develop from a young newly established for-
est to a mature closed forest. The approach 
chosen was to use the same parameterisation 
for all regions, i.e. with a minimum of site-
specific data, in order to evaluate the general 
applicability of the model. 
General guidelines from the Swedish Forest 
Agency (2005) regarding forest management 
were used in the simulations, i.e. one clean-
ing after 10 yrs, followed by the first thin-
ning after 40 yrs and the second and last 
thinning after 80 yrs. The same management 
regime was assumed for all regions along the 
transect.  
In Paper I, three different approaches for N 
supply to the plants were used. Measured 
tree biomass was used to calibrate different 
levels of decomposition rate and organic N 
uptake and in a third approach the calibra-
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Figure 3. Schematic picture of the CoupModel, with water and energy flows to the left and 
carbon and nitrogen to the right. 
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tion was performed under the assumption of 
a stable soil C/N ratio during the simulation 
period. Only N, identified as the main lim-
iting nutrient for tree growth in the system 
studied (Tamm et al., 1999), was considered 
in the simulations.  

Climate change application of  regional 
approach 
The third approach in Paper I was consid-
ered the most reasonable and these simula-
tions were consequently used as the 
reference (current) simulation in Paper III.  

Downscaling of  regional approach to site-
specific scale 
Based on the simulations from the third 
approach in Paper I, as described above, the 
development of the managed Norway 
spruce ecosystems at the three LUSTRA 
sites, with both tree and field layers, was 
simulated from plantation to the measure-
ments performed in 2001-2004 (Paper II). 
For each LUSTRA site, the parameter set 
from the corresponding regional site was 
used (Fig. 2). Forest management was based 
on site-specific information.  

Site-specific calibration 
In Paper IV, Bayesian methodology was 
used to calibrate 33 parameters of relevance 
for the C budget as the plant and soil 
dynamics during 4 years in a boreal Norway 
spruce forest stand were simulated. Based on 
the findings in Paper II, an extra soil fraction 
representing coarse debris and stumps was 
added.  

RESULTS AND DISCUSSION 

Energy and water interactions 

Model predictions of  abiotic conditions 
based on climate change scenarios (Papers I 
and III) 
The influence of above-ground climate on 
below-ground climate was clearly shown in 
Paper I as differences between mean annual 
soil temperature at 10 cm depth and mean 
air temperature. In the north the difference 
was +2 °C and thus the model successfully 
accounted for the major insulation factor in 
the plant-soil system. The main insulation 

effect was presumably from snow, although 
the field layer could also have had an effect. 
The modelled difference of +2 °C is in 
accordance with values reported by Beskow 
(1935). In the southern ecosystem the soil 
temperature was slightly colder than the air 
temperature, and thus there was no insula-
tion effect in this region. A reasonable 
explanation for the different behaviour in 
the south, apart from the generally snow-
free conditions during wintertime, was the 
denser tree canopy insulating the below-
canopy environment from radiation. The 
various relationships between air and soil 
temperature along the north-south transect 
were altered in the climate change scenarios 
(Paper III), where the northern site did not 
experience the same increase in mean annual 
soil temperature as the southern site. This 
was because the reduced snow depth and 
snow cover period counteracted the 
increased air temperature at the northern 
sites, resulting in hardly any change in soil 
temperature during winter and relatively 
small overall increases in mean annual soil 
temperature (Fig. 4). Consequently, the 
mean annual maximum frost depth was not 
affected significantly at the two northern 
positions along the transect. Obviously, the 
combination of the remaining relatively deep 
soil frost and the increased soil temperature 
during the vegetation period will be very 
important for the functioning of the north-
ern ecosystem. On the other hand, in the 
south the soil temperatures increased both 
during summer and winter (Fig. 4) and soil 
temperature remaining above 0 °C during 
winter will be important for the functioning 
of the southern ecosystem, since it is likely 
to have an impact on soil carbon dynamics. 

Model performance compared with 
measured abiotic conditions (Paper IV) 
Simulated soil temperature in general 
showed good agreement with measured data, 
but with a tendency to overestimate the 
amplitude, i.e. too warm in summer and too 
cold in winter (Fig. 5). The overestimation 
during summer was larger than the underes-
timation during winter, resulting in an mean 
error (ME) of around 1 °C for dry plots and 
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Figure 4. Air temperature and precipitation as assumed in the model (top panels), simulated soil 
temperatures (middle), snow depth and frost depth (lower) as a function of mean monthly 
values during 100 years according to current climate, scenarios B2 and A2, representing two 
positions in a transect from north (left panels) to south (right panels) through Sweden. 
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close to 0 °C for mesic plots (i.e. the dry 
plots were colder than the mesic plots). This 
was unexpected and opposed to the patterns 
found in soil temperature measurements at 
the other LUSTRA sites (measurements not 
presented) where the mesic plots showed 
systematically lower soil temperatures. The 
colder dry soils at Flakaliden were probably 
caused by differences in winter temperatures 
or in snow cover, but need further analysis 
to be clarified.
In general the model showed reasonable 
agreement with net radiation (RNT), latent 
heat flux (LE) and sensible heat flux (H), 
although systematic differences for LE in 
particular were obvious (Fig. 5). Simulated 
RNT dynamics were underestimated during 
late winter 2001 and also, though not equally 
apparent, during the same period 2002. 
Latent heat flux was largely overestimated 
during May to September for both 2001 and 
2002, whereas H showed opposing patterns 
so that when LE showed good agreement H 
did not, particularly during the winter 

2001/2002. The ME for both LE and H 
confirmed the overestimation, though at a 
higher degree for LE. Underestimated 
evaporation in the measurements, especially 
evaporation from intercepted precipitation, 
is one likely explanation for the under-
estimated LE in the simulations (Gustafsson 
et al., 2004). Another explanation is the 
compromise in the calibration process, 
where LE and H were correlated to the same 
parameter but with different signs. 

Plant carbon dynamics 

Data on plant carbon pools and litter 
production (Papers I, II and IV) 
The C pools in trees at the LUSTRA sites 
(Papers II and IV) were in accordance with 
the national pattern (Skogsdata, 2003) 
described in Paper I (Table 1, Fig. 7). Litter 
input from trees followed the expected 
gradient in tree growth, with the highest 
values in the south and the lowest in the 
north (Table 3). Field layer composition at 
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the respective sites also followed the general 
national Swedish pattern, and the measure-
ments showed that these parts of the eco-
system only made up a small fraction of the 
C pool of living biomass, between 4-10% 
compared with the C pool in tree biomass 
(Table 1). However, one striking result in 
Paper II was the high input of litter, mainly 
as fine root litter, from the field layer vege-
tation at the two northern sites Knottåsen 

and Flakaliden. When the litter input from 
the field and bottom layer vegetation was 
included, the difference in total litter pro-
duction between the sites almost disap-
peared (276 g C m-2 yr-1 at the southern site 
Asa, this is compared with 314 C m-2 yr-1 at 
Knottåsen and 249 g C m-2 yr-1 at Flakaliden) 
(Table 1). The measurements presented in 
Paper II thus suggest that litter production 
from field and bottom layer vegetation 
makes a significant contribution to soil C 
input in boreal coniferous forest ecosystems. 
Existing data on litter production by field 
layer (dwarf shrubs and perennial grasses) 
and bottom layer vegetation in such forests 
is sparse. Estimates of gross primary pro-
duction (GPP) and net primary production 
(NPP) from Scots pine forests in Finland 
(Mälkönen, 1974; Kolari et al., 2006) and 
from a black spruce forest in Canada 
(O’Connell et al., 2003) support the view that 
litter from field layers might be of signifi-
cance. These authors reported values 
between 13-29%, compared with 5-21% at 
the LUSTRA sites in the present study 
where the higher values were obtained at the 
most northern site and a field and bottom 
layer biomass in steady state was assumed 
for a 4-year period. 
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Figure 5. Heat and water fluxes: a) Net 
radiation (J m-2 day-1); b) latent heat flux (J 
m-2 day-1); c) sensible heat flux (J m-2 day-1); 
d) soil temperature (°C). Measured values 
(circles) and values simulated with mean 
parameters (solid line). 

Model performance compared with 
measured plant carbon pools and litter 
production (Papers I, II and IV) 
In Paper I the simulations were successful in 
describing general patterns of both tree and 
field layers. Mean annual GPP and litter 
production were similar to values reported 
by e.g. Williams et al. (1997) and Berg & 
Meentemyer (2001) from similar systems 
(Table 2). Limiting factors are expressed as 
multiplicative response functions between 
zero and unity in the CoupModel (Paper I). 
The relative contributions of limiting factors 
for GPP (air temperature, water and nitro-
gen), given as an average for the entire 100-
year period (Table 2, Fig. 7), showed that the 
overall most important limiting factor at all 
sites, particularly during the vegetation 
period, was the N supply rate – a factor that 
has been singled out as the main limitation 
on tree growth in Sweden (Tamm et al., 
1999). Three different approaches to supply 
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Figure 6. Simulated monthly mean response functions for GPP, i.e. multiplicative scaling 
functions, for two positions in a transect from north (left) to south (right), according to current 
climate and scenarios B2 and A2. The different responses originate from air temperature 
(upper), transpiration (middle) and nitrogen (lower). 

the growing tree with N were simulated, and 
it was concluded that the simulated forest 
ecosystems needed a supplementary mecha-
nism, in addition to what could be supplied 
from N mineralisation, in order to agree 
with measured standing stocks. The study in 
Paper I thus supported the conclusion of 
earlier studies using the SOIL-N model by 
Beier et al. (2001). Näsholm et al. (1998) has 
presented experimental evidence showing 
that organic N uptake by plants can occur in 
boreal forest ecosystems, while DeLuca et al. 
(2002) reported that boreal forests of north-
ern Scandinavia take up 0.15 to 0.2 g N m-2 
yr-1 through N-fixing bacteria in symbiosis 
with feather mosses. However, the extent to 
which the different model approaches for 

supplying N to growing trees would apply in 
different geographical regions is still an open 
question.  
Simulated tree growth was overestimated in 
the early stages of stand establishment in the 
north, while it was underestimated in the 
south (Fig. 7). Several factors could explain 
this discrepancy. One contributing factor 
could be that the simulations performed in 
Paper I covered a transition from boreal 
coniferous forest ecosystems in the northern 
part of Sweden to forests in the temperate 
southern part of the country. Hence, some 
model parameters regarding plant character-
istics, e.g. allocation patterns or competition 
between the field layer and tree seedlings in 
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the early phases, should perhaps have been 
more site-specific or preferably region-
specific. Here, the same parameters were 
used in all simulations. This discrepancy was 
considered to be the main explanation for 
the underestimated tree growth in Paper II, 
where the regional patterns did not coincide 
with site-specific measurements in that the 
modelled values ranged between 44-70% of 
the measured values. However, as the simu-
lated standing biomass was in relatively good 
agreement with measurements, so too were 
the litter production from trees and the 
relative contribution from above- and 
below-ground plant parts (Table 1).  
The simulated field layers in Paper I showed 
different dynamics from north and south, as 
a consequence of different LAI values in the 
tree layer, which were also reflected in the 
amount of absorbed radiation. The field 
layer in the north absorbed 19% of total 
absorbed global radiation in the ecosystem 
compared with only 6% in the south, i.e. 
values close to those discussed above. This 
relationship, and thus the importance of the 

field layer for the C balance, was also seen in 
the contribution to the total litterfall of the 
ecosystem, which amounted to 22% in the 
north compared with 9% in the south 
(Table 1). The model captured the general 
national trend, with a significant contribu-
tion to total litter production in the north 
and a minor contribution in the south. 
However, the large input of root litter from 
the field layer vegetation, as indicated by the 
measurements, was not reflected in the 
simulations. This was also found in Paper 
IV, where a thorough calibration process 
based on site-specific information was con-
ducted and where the simulations were 
successful in describing a C budget for the 
simulated forest ecosystem (Table 2). 
However, the fine root litter production 
from the field layer was largely underesti-
mated, and only around 10% of the 
measured litter production was accounted 
for in the simulations (Table 1). For the field 
layer, which has a much higher turnover rate 
of the total biomass, the litter production 
could only have been increased by a sub-

Table 2. Carbon budget from Flakaliden (Papers II and IV) and from Lycksele and Ljungbyhed 
(Papers I and III) with responses for GPP and soil decomposition. The C budget components 
are average values for the respective simulation period (g C m-2 yr-1). 
 Flakaliden   Lycksele Ljungbyhed

C budget component Measurement Simulation II Simulation IV Simulation I/III2 Simulation I/III2

GPP  790 641±74 627/199 1275/544 

Total ecosystem resp.  683 570±55 562/183 1115/506 

NPP  321 277 267/60 463/120 

NPP/GPP  0.41 0.43 0.43/-0.03 0.36/-0.04 

Soil heterotr. respiration  214 207±31 202/44 303/82 

NEP (total) 96 1 107 71±37 65/16 160/38 

NEP (night-time) -336 1  -526 1   

NEP (daytime) 347 1  339 1   

Change of plant biomass 201 115 138±37 54 115 

Total litter production 217 207 1414 201/42 327/80 

Change of soil C -105 -8 -69/18 -3/-1 24/-2 

GPP responses 3      

Temperature    0.80/7 0.86/6 
Water    0.66/4 0.71/-3 
Nitrogen    0.19/7 0.22/31 

Soil decomp. responses 3      

Temperature    0.13/24 0.21/39 
Water    0.79/3 0.94/3 
1Mean value 2001-2002 2current climate/change with SWECLIM A2  
3Current climate/ % change with SWECLIM A2 4from mean parameter simulation (MeanP). 
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stantial increase in GPP. Obviously the 
estimated light interception by the field layer 
in the model was not sufficient to explain 
such a high GPP of the field layer and 
simultaneously keep the LAI of the tree layer 
to the observed mean value of 3.5. So, either 
there were errors in the measurements 
and/or the estimation of the error in the 
calibration was incorrect, or the model used 
was incorrect or based on the wrong 
assumptions. Obviously, measurements need 
to be re-evaluated or some major assump-
tions in the model simulations have to be 
changed.  

Model predictions of  GPP and NPP based 
on climate change scenarios (Paper III) 
Substantial increases in GPP on an annual 
basis were obtained for both climate 
scenarios at all sites, ranging from 24-32% in 
the north to 32-43% in the south (Table 2). 
The difference between north and south was 
less pronounced for NPP, as an effect of 
increased maintenance respiration especially 
in the south. This indicates the importance 
of considering plant respiratory losses in 
order to describe effects and changes in 
plant biomass and thus effects on litter pro-
duction. Air temperature effects were 
relatively similar at all latitudes, whereas the 
effects of changed water and nitrogen stress 
showed large differences between the sites 
(Table 2).  
For the most northerly site, the enhanced 

soil temperature decreased the water short-
age in May, corresponding to a shift of 2-3 
weeks, whereas the major influence on the 
most southerly site, besides improved con-
ditions in the spring, was an enhanced water 
stress during the summer counteracting the 
improved nitrogen conditions (Fig. 6). The 
main explanation for this effect in the south 
was the reduced summertime precipitation 
rates, but also the longer growing season, 
increased LAI values and increased evapora-
tive demand from the atmosphere. The N 
limitation on GPP shifted so that the south-
ern sites became less N limited due to 
increased mineralisation of the soil N pools, 
especially during late winter and spring (Fig. 
6). On average, the mean N limitation on 
GPP decreased at all sites, but only by about 
5% in the north, whereas it decreased by 
more than 30% in the south (Table 2). A 
possible explanation is that the higher soil 
C/N ratio in the north did not respond with 
the same rate of N supply to the trees as was 
the case in the south, with its lower soil C/N 
ratio. The strong N limitation at the north-
ern site persisted, whereas the southern site 
could benefit more efficiently from the 
enhanced soil respiration. Hence, the simu-
lations demonstrated that GPP was 
governed to a large extent by indirect effects 
of climate factors on nitrogen availability, 
and to a lesser extent by the direct effects of 
temperature and water conditions. These 
results are supported by soil heating experi-

Figure 7. Simulated tree biomass (solid line) and standing stock volumes (filled circles) from 
NFI (Skogsdata, 2003): a) Lycksele and b) Ljungbyhed. 
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ments conducted in a northern Norway 
spruce forest in Sweden, which suggested 
that the increased GPP was related to an 
increased soil N supply rate (Strömgren & 
Linder, 2002). The overall simulation results 
of increased GPP are also similar to what 
has previously been reported by Kellomäki 
&Väisänen (1997) for similar forests in 
Finland. However, these authors explained 
their increase mainly as a result of CO2 
increase in the atmosphere and not as 
increased nitrogen availability.  

Soil carbon dynamics 

rbon pools and 

The pools of SOC at the LUSTRA field sites 

ing DOC in Paper II 

Measurements of  soil ca
DOC (Paper II) 

followed the general national trend, with 
increasing pool size from north to south 
(Olsson et al., 2006) and with the pool at the 
southern site about 1.5 times larger than that 
at the northern site (Table 1). A major frac-
tion (77-88%) of SOC was found in the 

mineral soil, which is in accordance with 
findings by Callesen et al. (2003). The soil N 
also showed increased pools from north to 
south and consequently the C/N ratio of the 
soils had a trend with the highest values in 
the north. Nitrogen pools followed the 
national gradient in N deposition, though it 
is most likely that this gradient is also related 
to other factors, such as climate and 
historical land use. 
The results regard
showed that on average the equivalent of 
10% of the total litter input to the O hori-
zon was leached downwards in the profile 
and on average 95% of this was captured in 
the top 50 cm of the mineral soil. Compared 
with the input of root litter, the flux of 
DOC to the mineral soil ranged between 9-
19% of the total C input. However, when 
the quality of the two different substrates 
was considered, the DOC and root litter 
seemed to be of approximately equal 
importance for the build-up of organic C in 
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(middle lower), and NEP (lower) as a function of mean monthly values during 100 years 
according to current climate and scenarios B2 and A2, representing two positions in a transect 
from north (left panels) to south (right panels) through Sweden. 
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imates of  soil carbon dynamics 

In Paper I, the contribution from total soil 
nt approaches to 

the upper 50 cm of the mineral soil at the 
LUSTRA sites. This apparently important 
contribution to the build-up of recalcitrant 
soil C and the assumptions behind these 
estimations need more research but the 
finding is considered to be a reasonable first 
estimate. 

Model est
(Papers I, II and IV) 

respiration (autotrophic plus heterotrophic) 
to total ecosystem respiration (63-69%) and 
the contribution from heterotrophic soil 
respiration to total soil respiration (43-56%) 
were similar to values reported in the litera-
ture (Högberg et al., 2001; Schuur & 
Trumbore, 2006). The peak in annual het-
erotrophic soil respiration in simulations 
occurred in July for all the sites and the 

annual pattern largely followed the soil tem-
perature pattern (Fig. 8). The fact that soil 
temperature was more important than soil 
moisture in these results may be a conse-
quence of the study being restricted to well-
drained soils, and it is likely that results 
would be different if a wider moisture 
regime were considered.  
In Paper I, three differe
supply the growing tree with N were simu-
lated. With the first and second of these 
approaches the soil C/N ratio deviated 
greatly from the current value and there 
were massive changes in the soil C pool, 
most pronounced at the most northerly site 
(Fig. 9). An approach where the soil C/N 
ratio was kept stable during the simulation 
period was thus considered to give more 
reliable and consistent patterns regarding 
soil C and N dynamics. One consequence of 
this approach was that the parameter decid-
ing the decomposition rate for the soil C 
fraction with long turnover rate in the 
CoupModel (kh) had to be set higher at 
higher latitudes. This conclusion was also 
drawn from ratios constructed between the 
most southerly site and the most northerly 
site regarding the major components of the 
C budget. The simulated litter production 
was 1.61 times higher in the south than in 
north but at the same time the simulated 
climatic effect on the SOC decomposition 
rate was 1.75 times higher, which was largely 
related to the higher soil temperatures in the 
south. This suggested that, given a long-term 
perspective, there should be no difference 
between the soil C pools in the north and 
those in the south. However, the ratio for 
the current soil C pool was 1.52, indicating a 
differentiation of decomposition rates along 
the transect. Although the simulations in 
Paper IV were conducted at only one site, 
the calibrated parameter value for kh was in 
accordance with the value found in Paper I 
for the corresponding northern site. The 
measurements at the LUSTRA sites in Paper 
II, with relatively similar litter production 
along the transect (Table 1), indicated an 
even more pronounced differentiation of the 
decomposition rates, given the same climatic 
effect on decomposition as above. One 
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Figure 9. Soil C:N ratio dynamics during 100 
yrs simulation for a) Lycksele and b) 
Ljungbyhed. Three different modelling 
approaches are presented: I (thick line) = 
fixed kh and variable organic N uptake; II 
(dotted line) = variable kh, and no organic N 
uptake and III (thin line) = soil C:N ratio in 
steady-state. Only approach I was 
considered for Ljungbyhed. 
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possible explanation for the different rates 
could be that in Sweden, the warmer climate 
coincides with increased N status, as indi-
cated by the soil C/N ratio, and there is 
experimental evidence indicating that de-
composition of SOC proceeds at a slower 
rate in N-rich environments (e.g. Neff et al., 
2002; Olsson et al., 2005). Another possible 
explanation could be that the temperature 
sensitivity of SOC decomposition differed 
from that used in the simulations. However, 
even if no response function for soil tem-
perature had been considered at all, which 
has been proposed (e.g. Giardina & Ryan, 
2000), the decomposition rate of the humus 
pool in the north would still have been 
higher, in order to meet measured tree 
growth. 
Given the assumption of a stable soil C/N 

aper IV, an extra pool 

ynamics 

g. 8) and the related 

ratio, relatively small losses of C were 
simulated from the soils at the two more 
northern sites (-3 g C m-2 yr-1 and -2 g C m-2 
yr-1) (Table 2), whereas the sites in the south 
of Sweden at the same time sequestered 9 g 
C m-2 yr-1 and 24 g C m-2 yr-1, figures that can 
be compared with those from a recent study 
by Peltoniemi et al. (2004). Those authors 
investigated soil C pools in 64 Norway 
spruce and Scots pine stands of different 
ages in southern Finland and found that 
there was a slight increase (average 5 g C m-2 
yr-1) in organic C pools in the O horizon 
with increasing stand age, with no detectable 
change in the mineral soil. Unsurprisingly, 
the results in Paper II showed similar figures 
for soil C change during the period 2001-
2004, ranging from -8 g C m-2 yr-1 in the 
north to +9 g C m-2 yr-1 at the southern 
LUSTRA site (Table 2). In contrast, budget 
calculations for the soil at the northern site 
(Flakaliden), using figures on NEP and C 
accumulation in trees, suggest that the soil 
lost a significant amount of C, namely 100 
and 86 g C m-2 yr-1 during 2001 and 2002 
respectively (Lindroth et al., 2006). One 
source of C not considered in the simula-
tions was the decomposition of coarse 
debris and stumps remaining from the clear-
cut in 1963. However, according to a simu-
lation performed using the Q-model (Ågren 
and Bosatta, 1998), these components might 

only account for approx. 20 g C m-2 yr-1 (G. 
Ågren, pers. comm.). So, even when losses 
from stumps and coarse debris and uncer-
tainties in measurements were taken into 
account, the C budget strongly suggested 
that the soil at Flakaliden was a net source of 
C during 2001-2002.  
In the simulations in P
of soil C (Litter 2) was added in order to 
mimic the coarse debris and stumps. Total 
losses of soil C (Table 2) were in agreement 
with the calculated changes reported in 
Lindroth et al. (2006), with the major 
proportion coming from the Litter 2 frac-
tion. This loss was more than twice that 
estimated by the Q-model. However, if the 
Litter 2 fraction not had been included in 
the simulations, the losses from the other 
fractions would have been higher. Other 
possible explanations for the great losses of 
soil C are: (i) some fundamental change in 
the regulating factors; (ii) unknown syste-
matic errors in the eddy correlation meas-
urements; (iii) large between-year variations 
which were not captured by the regionally 
based model. The latter refers to the site-
specific measurements, which were based on 
only two years (with gaps), and thus possible 
large between-year variations could have 
been missed given this short period. 
Obviously, further research is needed to 
resolve this question. 

Model predictions of  soil carbon d
based on climate change scenarios (Paper 
III) 
Soil carbon dynamics (Fi
change in the soil C pool (Table 2, Fig. 10) 
showed minor changes as a consequence of 
the climate change scenarios, as opposed to 
the increased tree growth. One main expla-
nation for this is the inert behaviour of the 
ecosystem, where the change in soil C was 
shown as the result of two counterbalancing 
fluxes so that the increased litter production 
due to increased tree growth was mirrored in 
increased soil heterotrophic respiration, 
resulting in only small changes in soil C as a 
consequence of climate change (Table 2). 
One difference in seasonal patterns was that 
the most northerly site did not have altered 
respiration in the winter, whereas the most 
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200

southerly site increased respiration losses 
substantially during the winter period. This 
was a direct effect of the asymmetry in the 
relationship between air temperature and soil 
temperature, caused by the influence of 
snow depth and soil frost as discussed above 
(Fig. 4). Relative changes because of climate 
change during the summer, when the highest 
respiration losses take place, were more 
uniform for all the different sites.  

Net ecosystem production 

 with 

In Paper II, the regional representation of 

Model performance compared
measured NEP (Papers II and IV)  

annual average NEP value (Table 2) for the 
Flakaliden site (107 g C m-2 yr-1) was in 
accordance with the measured NEP (95 g C 
m-2 yr-1). However, as discussed above, both 
simulated tree growth and simulated changes 
in soil C showed differences compared with 

measured data. The NEP in Paper IV was 
the result of the site-specific Bayesian 
calibration procedure. The simulated dyna-
mics of NEP, as aggregated values 
(Fig. 11a), showed good agreement during 
winter periods but the results during the 
summer period were less clear, especially 
during 2001, where several negative peaks in 
measured NEP were not represented in the 
simulated values. The mean annual NEP was 
underestimated compared with measure-
ments, but was still positive and showed 
relatively large variation (Table 2). However, 
it should be emphasised that the measure-
ments were the mean annual values for 
2001-2002 and the simulated NEP was a 
mean value for 2001-2004. Furthermore, the 
summer of 2001 was the period with the 
largest gaps in measurements, which is likely 
to have affected the simulation results, espe-
cially as they coincided with the most 
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Figure 10. Simulated mean annual values of net ecosystem exchange with their corresponding 
partitioning into change in soil storage, export of dissolved organics, change in tree biomass 
and export of stem in conjunction with thinning for four positions in the transect according to 
current climate (C), scenario B2 and scenario A2 (left to right bare respectively). 
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dynamic period during the yearly cycle, 
compared with 2002 where the gaps were 
not only less but also more evenly spread in 
time. 
The NEP was separated into night-time 

assumptions of steady state respiration from ange scenarios (Papers I 

d different scales 

In Paper IV, coupled C, water and heat 
h esti-

values (global radiation <0.5 MJ m-2 day-1), 
which consists of periods without photo-
synthesis, and daytime values (global radia-
tion >0.5 MJ m-2 day-1) where both 
photosynthetic uptake and respiratory losses 
are included (Fig. 11b-c). The simulated 
values during night-time indicated that respi-
ratory losses were overestimated, especially 
during summer. The most likely explanation 
for this overestimation was the different 
representation of eddy flux measurements of 
CO2 flux above the canopy and the model 

soil and vegetation without considering CO2 
storage within the canopy. This effect is 
most evident on calm nights with low 
turbulence. The overestimation in night-time 
respiratory losses was also seen in the annual 
mean value (Table 2), and was the main 
explanation for the underestimated annual 
mean total NEE, as the daytime values were 
in agreement with measurements. The day-
time values were underestimated during 
spring and autumn, overestimated during 
summer and in agreement with measured 
data during the winter. The reason for this 
systematic difference between model and 
measurements was not addressed within the 
scope of the study. 

Model estimates and predictions of  NEP 
based on climate ch
and III) 
The major influx of C occurred in May-June 
for the current climate conditions and slight 
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losses could be seen for autumn and winter 
(Fig. 8). The NEP consisted mainly of a 
change in tree biomass and in export of stem 
biomass at thinning, whereas the change in 
soil C was a small fraction (Fig. 10). The 
climate change simulations showed in-
creased positive values, especially during 
March-June, with the same general tendency 
remaining for the different components of 
the net ecosystem flux before and after the 
climate change.  
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fluxes were described together wit
mated uncertainties for all the major 
components of the simulated C budget. The 
uncertainties, which tend to represent a 
weakness in goodness of fit calibrations, 
were relatively low and were the result of 33 
calibrated parameters according to the 
Bayesian methodology used. All calibrated 
parameters showed correlations to other 
parameters (>0.3 or <-0.3), on average to 12 
other parameters, which illustrate the high 
degree of coupling between the different 
sub-models and processes included in the 
model. It also emphasises the importance of 
considering parameters in a process-based 
model (PBM), not as a singularity but in 
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Figure 11. CO2 fluxes: a) NEP (g C m-2 day-

1); b) daytime values (global radiation >0.5 
MJ m-2 day-1) of NEP (g C m-2 day-1); night-
time values (global radiation <0.5 MJ m-2 
day-1) of NEP (g C m-2 day-1). Measured 
values (circles) and values simulated with 
mean parameters (solid line). 
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relation to other parameters, or preferably 
like a cluster of parameters related to 
specific measurements or affecting a certain 
model output. Hence, the simulations 
demonstrated that uncertainty in our esti-
mates could successfully be reduced and that 
the dependence between different parame-
ters could be clarified. Many parameters 
were correlated to either measurements or 
model output or both, and some of the 
parameter correlations to model output 
lacked corresponding measurements of that 
specific entity, e.g. soil respiration. Given 
this, there seems to be scope for further 
analysis of the C budget, with decreases in 
uncertainties possible.  
The simulations in Papers I-III lacked 
estimates of uncertainties. It can thus only 

 dynamics in 

USIONS 

 annual changes in 
 for different regions 

il and 

ld 

be concluded that the simulated C budget 
was considered reasonable compared with 
other different sources and also compared 
with the C budget presented in Paper IV 
(Table 2) apart from soil C changes as 
discussed above. Furthermore, the calibrated 
parameter set in Paper IV showed general 
agreement with the parameter set used in 
Papers I-III which, apart from decomposi-
tion rates and rates for organic N uptake, 
was the same along the Swedish transect. 
The simulations with the mean parameter set 
in Paper IV generated a C budget in accor-
dance with the C budget from the Bayesian 
calibration, but the parameter set was not 
independently tested, e.g. by using it in 
simulations at a southern site.  
The CoupModel was successful in describ-
ing general patterns of C and N
a managed spruce forest ecosystem with 
both tree and field layers, along a Swedish 
climatic gradient. This was true for the 
simulations in Paper I, which were based on 
regional data and run over 100 years, as well 
as when these simulations were compared 
with site-specific measurements correspond-
ing to a 4-year sub-period during the 100-
year period (Paper II). This demonstrates 
the ability of the model to handle different 
scales in time and space under varying regu-
lating factors, and hence strengthens the 
credibility of the climate change scenarios 
presented. As stated above, reasonable 

results using site-specific data measured 
during a 4-year period were presented in 
Paper IV. However, the extent to which 
these parameter values would be able to 
describe a C budget during 100 years 
according to regional data was not demon-
strated, although it was obvious that the 
large losses of soil C in Paper IV were not in 
accordance with regional patterns estimated 
in Paper I. Regardless of the reason behind 
this discrepancy, it shows that we have to be 
careful when transferring information from 
one scale to another. The issue of how 
extensive measurements must be to capture 
variations within days, between days or 
between years and to be suitable for long-
term predictions is still unclear. A two-year 
period seems too short, at least if the model 
is expected to use the data as a basis for 
long-term simulations. Furthermore, this 
short-term scale of measurement is unsuit-
able not only for between-year variations, 
but also for ecosystem dynamics on a larger 
scale, e.g. as indicated in Paper I, where tree 
growth deviated from regional patterns 
(Fig. 7).  

CONCL

Reasonable estimates of
forest soil C pools
along the Swedish climatic gradient were 
presented, and could thus be used for 
upscaling to national level. Predictions of the 
effects of climate change scenarios on the C 
budget in these ecosystems were also 
presented and considered reasonable.  
These estimates and predictions were based 
on data from regional statistics of so
plant pools and a process-based model that 
successfully described general patterns of C 
and N dynamics in a managed spruce forest 
ecosystem with both tree and field layers. 
Several factors important for the C budget 
were identified and quantified and cou
thus be important to consider for modellers 
and managers. These included the need for 
another source of N in addition to mineral-
ised N in order to meet measured standing 
stocks in the simulated tree growth; different 
decomposition rates for the soil C fraction 
with long turnover rate along the Swedish 
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transect; and the importance of DOC as a 
contributor to the build-up of recalcitrant 
soil C. In addition to these factors affecting 
current forest C dynamics, two important 
limiting factors for tree growth, water and 
N, showed differing effects along the 
Swedish transect as a consequence of 
climate change.  
Using a Bayesian calibration procedure the 
fluxes of C, water and heat for one boreal 

 basically no differ-

Carbon budgets of forest ecosystems must 
be based on reliable methods and data, 

 and models are where both measurements
likely to be included and where uncertainties 
must be addressed. The uncertainty and 
validity of data originating from different 
temporal and spatial scales are still not clear. 
This thesis, which used a model 
(CoupModel) as a tool to understand basic 
spruce forest C budgets, identified large 
differences regarding soil C change between 
using measurements from a regional long-
term scale and site-specific data from a 
short-term scale. This discrepancy needs 
further research to be resolved.  
Another factor with a major bearing on the 
C budget in forest ecosystems and where the 
model and measurements deviated was the 

Norway spruce forest stand were success-
fully described, in accordance with site-spe-
cific measurements and with quantified 
uncertainties for all major components in 
the C budget. However, the simulated soil C 
change, which was in agreement with meas-
urements, differed greatly from the 
simulation estimates based on regional data, 
where the soil C losses were much less. The 
reason behind this discrepancy when the 
model was based on data from different 
scales was not clarified.  
Measurements of litter production along the 
Swedish transect showed

importance of litter production from the 
field layer. To get agreement, the empirical 
data would need to be re-evaluated or some 
major assumptions in the model simulations 
would have to be changed.  
Finally, the Bayesian method is likely to give 
good results in calibration of process-based 
models on a long-term scale, in order to 
study allocation patterns and the competi-
tion between tree and field layers. Both these 
factors are likely to have significant effects 
on the understanding of C dynamics and 
management of forest ecosystems in the 
northern hemisphere. 

ence in litter production between the north-
ern and southern forest ecosystems, mainly 
due to large inputs of litter from field layer 
fine roots. Regardless of scale, the model 
was not able to describe this large C flux. 

FUTURE RESEARCH 

 

 21



Magnus Svensson  TRITA LWR PhD Thesis 1029 
 

REFERENCES 

Ågren, G.I., (2000) Temperature dependence of old soil organic matter. Ambio 29 (1): 55-55. 
Ågren, G.I., Bosatta, E., (1998) Theoretical Ecosystem Ecology - Understanding Element Cycles. 

Cambridge University Press, Cambridge. 
Beier, C., Eckersten, E., Gundersen, P., (2001) Nitrogen cycling in a Norway spruce plantation in 

Denmark - A SOILN model application including organic N uptake. The Scientific World 1 (no. 
S2): 394-406. 

Berg, B., (2000) Litter decomposition and organic matter turnover in northern forest soils. Forest Ecology 
and Management, 133: 13-22.

Berg, B., Meentemeyer, V., (2001) Litter fall in some European coniferous forests as dependent on climate: A 
synthesis. Can. J. For. Res. 31: 292-301.

Bergh, J., Linder, S., Lundmark, T. and Elfving, B., (1999) The effect of water and nutrient availability 
on the productivity of Norway spruce in northern and southern Sweden. Forest Ecol. Manage. 119: 
51-62. 

Bergh, J., Freeman, M., Sigurdsson, B., Kellomäki, S., Laitinen, K., Niinistö, S., Peltola, H. and 
Linder, S., (2003) Modelling the short-term effects of climatic change on the productivity of selected 
species in the Nordic countries. Forest Ecol. Manage. 183: 327-340. 

Beskow, G., (1935) Soil freezing and frost heaving with special application to roads and railroads. SGU Serie 
C No 375 Årsbok 26(3) 242 pp. [In Swedish] 

Bonan, G.B., (1993) Importance of leaf area index and forest type when estimating photosynthesis in boreal 
forests. Remote Sens. Environ., 43, 303-314. 

Callesen, I., Liski, J., Raulund-Rasmussen, K., Olsson, M.T., Tau-Strand, L., Vesterdal, L., 
Westman, C.J., (2003) Soil carbon stores in Nordic well-drained forest soils – relationship with 
climate and texture class. Global Change Biology 9: 358–370. 

Cannell, M.G.R., Dewar, R.C., 1994. Carbon allocation in trees: a review of concepts for modelling. 
Advances in Ecological Research 25: 59–104 

Ciais, P.H., Reichstein, M., Viovy, N., Granier, A., Ogée, J., Allard, V., Aubinet, M., Buchmann, 
N., Bernhofer, Chr., Carrara, A., Chevallier, F., De Noblet, N., Friend, A.D., 
Friedlingstein, P., Grünwald, T., Heinesch, B., Keronen, P., Knohl, A., Krinner, G., 
Loustau, D., Manca, G., Matteucci, G., Miglietta, F., Ourcival, J.M., Papale, D., Pilegaard, 
K., Rambal, S., Seufert, G., Soussana, J.F., Sanz, M.J., Schulze, E.D., Vesala, T. and 
Valentini, R., (2005) Europe-wide reduction in primary productivity caused by the heat 
and drought in 2003. Nature 437: 529-533.

DeLuca, T.H., Zackrisson, O., Nilsson, M.C., Sellstedt, A., (2002) Quantifying nitrogen-fixation 
in feather moss carpets of boreal forests. Nature 419: 917-920.

De Vries, W., Reinds, G.J., Gundersen, P., Sterba, H., (2006) The impact of nitrogen deposition on 
carbon sequestration in European forests and forest soils. Global Change Biology 12: 1151-1173.

Dixon, R.K., Brown, S., Houghton, R.A., Solomon, A.M., Trexler, M.C. and Wisniewski, J., 
(1994) C pools and flux of global forest ecosystems. Science 263: 185-190. 

Eckersten, H., Jansson, P-E., Johnsson, H., (1998) SOILN model, ver. 9.2, User's manual. Division 
of Hydrotechnics, Communications 98:6, Department of Soil Sciences, Swedish 
Agricultural University, Uppsala. 113 pp. 

Fleischer, S., (2003) CO2 Deficit in temperate forest soils receiving high atmospheric N-deposition. Ambio 32: 
2-5. 

Gärdenäs, A.I., Jansson, P-E., (1995) Simulated water balance of Scots pine stands in Sweden for different 
climate change scenarious. Journal of Hydrology 166: 107-125. 

 22



Carbon dynamics in spruce forest ecosystems – modelling pools and trends for Swedish conditions 
 

Giardina, C.P., Ryan, M.G., (2000) Evidence that decomposition rates of organic carbon in mineral soil do not 
vary with temperature. Nature 404: 858–861. 

Gustafsson, D., Lewan, L., Jansson, P-E., (2004) Modeling water and heat balance of the boreal landscape 
- comparison of forest and arable land in Scandinavia. J Applied Met, Vol 43, No 11: 1750-1767. 

Harding, R.J., Pomeroy, J.W., (1996) The energy balance of the winter boreal landscape. J. Climate 9: 
2778-2787. 

Högberg, P., Nordgren, A., Buchmann, N., Taylor, A.F.S., Ekblad, A., Högberg, M.N., Nyberg, 
G., Ottosson-Löfvenius, M., Read, D.J., (2001) Large-scale forest girdling shows that 
current photosynthesis drives soil respiration. Nature 411: 789-792. 

Iivonen, S., Kaakinen, S., Jolkkonen, A., Vapaavuori, E., Linder, S., (2006) Influence of long-
term nutrient optimization on biomass, carbon, and nitrogen acquisition and 
allocation in Norway spruce. Can. J. For. Res. 36(6): 1563-1571. 

IPCC, (2000). In: Watson, R.T., Noble, I.R., Bolin, B., Ravindranath, N.H., Verardo, D.J., 
Dokken, D.J. (Eds.), Land Use, Land Use Change and Forestry. IPCC Special Report. 
Cambridge University Press, Cambridge, 377 pp. 

IPCC, (2001) Climate Change 2001: Synthesis Report. A Contribution of Working Groups I, II, 
and III to the Third Assessment Report of the Intergovernmental Panel on Climate 
Change [Watson, R.T. and the Core Writing Team (eds.)]. Cambridge University Press, 
Cambridge, United Kingdom, and New York, NY, USA, 398 pp. 

IPCC, (2003) Good practice guidance for land use, land-use change and forestry. IPCC National 
Greenhouse Gas Inventories Programme. 

IVL, (2006) Luftföroreningar i skogliga provytor - Resultat till och med september 2005 Report B1682 
Swedish Environmental Research Institute Stockholm Sweden 52 pp. [In Swedish with 
English summary.] Available at: http://www.ivl.se/rapporter/pdf/B1682.pdf 

Jansson, P-E., Halldin, S., (1979) Model for the annual water and heat flow in a layered soil. In: Halldin S 
(ed.). Comparison of Forest and Energy Exchange Models. Int. Soc. For. Ecol. Model, 
Copenhagen, pp. 145-163. 

Jansson, P-E., Persson, T., Kätterer, T., (1999) N Processes in Arable and Forest Soils in the Nordic 
Countries – Field-scale modelling and experiments. TemaNord 1999:560. Nordic Council of 
Ministers, Copenhagen. 203 pp. 

Jansson, P-E., Karlberg, L., (2004) Coupled heat and mass transfer model for soil-plant-atmosphere systems. 
Royal Institute of Technology, Dept of Civil and Environmental Engineering., 
Stockholm, Sweden, 435 pp. Available at: ftp://www.lwr.kth.se 
/CoupModel/ CoupModel.pdf 

Kellomäki, S., Väisänen, H., (1997) Modelling the dynamics of the forest ecosystem for climate change studies 
in the boreal conditions. Ecological Modelling 97: 121-140. 

King, A.W., Post, W.M., Wullschleger, S.D., (1997) The potential response of terrestrial carbon storage to 
changes in climate and atmospheric CO2. Climatic Change 35: 199-227. 

Kirchbaum, M.U.F., (2000) Will changes in soil organic carbon act as a positive or negative feedback on global 
warming? Biogeochemistry 48: 21-51. 

Kittredge, J., (1948) Forest Influences. McGraw-Hill, New York. 394p. 
Knorr, W., Prentice, I.C., House, J.I., Holland, E.A., (2005) Long-term sensitivity of soil organic carbon 

turnover to warming. Nature. 433: 298-301. 
Kolari, P., Pumpanen, J., Kulmala, L., Ilvesniemi, H., Nikinmaa, E., Grönholm, T., Hari, P., 

(2006) Forest floor vegetation plays an important role in photosynthetic production of boreal forests. 
Forest Ecology and Management 221: 241-248. 

 23

ftp://www.lwr.kth.se/


Magnus Svensson  TRITA LWR PhD Thesis 1029 
 

Landsberg, J., (2003) Modelling forest ecosystems: state of the art, challenges, and future 
directions. Canadian Journal of forest research 33:385-397. 

Lindroth, A., Klemedtsson, L., Grelle, A., Weslien, P., Langvall, O., (2006) Net ecosystem exchange, 
productivity and respiration across a climatic gradient in Sweden. Manuscript. 

Liski, J., Ilvesniemi, H., Mäkelä, A., Westman, C.J., (1999) CO2 emissions from soil in response to 
climatic warming are overestimated—The decomposition of old organic matter is tolerant to temperature. 
Ambio 28: 171–174. 

Mahli, Y., Baldocchi, D.D., Jarvis, P.G., (1999) The C balance of tropical, temperate and boreal forests. 
Plant, Cell and Environment 22: 715-740. 

Majdi, H., Berggren Kleja, D., Truus, L., (2006) The dynamics of root litter and DOC fluxes in two 
Norway spruce forest ecosystems in south-central Sweden. (Manuscript) 

Mäkipää, R., Karjalainen, T., Pussinen, A., Kellomäki, S., (1999) Effects of climate change and nitrogen 
deposition on the carbon sequestration of a forest ecosystem in the boreal zone. Canadian Journal of 
Forest Research 29: 1490-1501. 

Mälkönen, E., (1974) Annual primary production and nutrient cycle in some Scots pine stands. Commun. 
Inst. For. Fenn. 84: 1-87. 

Marklund, L.G., (1988) Biomass functions for pine, spruce and birch in Sweden. Swed. Univ. Agri. Sci. 
Dept. For. Survey. Report 45, 73 pp. [In Swedish with English summary.] 

Melillo, J.M., McGuire, A.D., Kicklighter, D.W., Moore III, B., Vorosmarty, C.J., Schloss, A.L., 
(1993) Global climate change and terrestrial net primary production. Nature 363: 234-240. 

Mellander, P., Stähli, M., Gustafsson, D., Bishop, K., (2006) Modelling the effect of low soil temperatures 
on transpiration by Scots pine. Hydrological Processes 20: 1929-1944. 

Meyer, H., Kaiser, C., Biasi, C., Hammerle, R., Rusalimova, O., Lashchinsky, N., Baranyi, C., 
Daims, H., Barsukov, P., Richter, A., (2006) Soil carbon and nitrogen dynamics along a 
latitudinal transect in Western Siberia, Russia. Biogeochemistry 81:239-252. 

Monteith, J.L., (1965) Evaporation and environment. In: Fogg GE (ed.) The State and Movement of 
Water in Living Organisms, 19th Symp. Soc. Exp. Biol., pp. 205-234. Cambridge: The 
Company of Biologists.

Näsholm, T., Ekblad, A., Nordin, A., Giesler, R., Högberg, M., Högberg, P., (1998) Boreal forest 
plants take up organic nitrogen. Nature 392: 914-916.

Neff, J.C., Townsend, A.R., Gleixner, G., Lehman, S.J., Turnbull, J., Bowman, W.D., (2002) 
Variable effect of nitrogen additions on the stability and turnover of soil carbon. Nature 419: 915-917. 

Newman, G.S., Arthur, M.A., Muller, R.N., (2006) Above- and belowground net primary production in a 
temperate mixed deciduous forest. Ecosystems 9: 317-329. 

O’Connell, K.E.B., Gower, S.T., Norman, J.M., (2003) Comparison of net primary production and light-
use dynamics of two boreal black spruce forest communities. Ecosystems 6: 236-247. 

Olsson, M., Erlandsson, M., Nilsson, T., Nilsson, Å., Stendahl, J., (2006) Organic carbon in Swedish 
podsols and their relation to site factors. Manuscript. 

Olsson, P., Linder, S., Giesler, R., Högberg, P., (2005) Fertilization of boreal forest reduces both 
autotrophic and heterotrophic respiration. Global Change Biology 11:1745-1753. 

Peltoniemi, M., Mäkipää, R., Liski, J., Tamminen, P., (2004) Changes in soil carbon with stand age—an 
evaluation of a modeling method with empirical data. Global Change Biology 10:2078–2091. 

Running, S.W., Coughlan, J.C., (1988) A general model of forest ecosystem processes for regional applications, 
I, Hydrological balance, canopy gas exchange and primary production processes. Ecol. Modell. 42: 
125-154. 

 24



Carbon dynamics in spruce forest ecosystems – modelling pools and trends for Swedish conditions 
 

Ryan, M.G., Lavigne, M.B.,Gower, S.T., (1997) Annual carbon cost of autotrophic respiration in boreal 
forest ecosystems in relation to species and climate. J. Geophys. Res.-Atmos. 102(D24): 28871-
28883. 

Schuur, E.A.G., Trumbore, S.E., (2006) Heterotrophic contribution to soil respiration from boreal black 
spruce forest: Using isotopes to partition sources to soil carbon dioxide flux. Global Change Biology 
12: 165-176. 

Skogsdata, (2003) Aktuella uppgifter om de svenska skogarna från Riksskogstaxeringen. SLU, Inst. för 
skoglig resurshushållning och geomatik 114 pp. [In Swedish] 

Strömgren, M., Linder, S., (2002) Effects of nutrition and soil warming on stemwood production in a boreal 
Norway spruce stand. Global Change Biology 8: 1194-1204. 

Swedish Forest Agency, (2005) Grundbok för skogsbrukare. Skogsstyrelsens förlag, Jönköping, 
Sweden. 190 pp. [In Swedish] 

Tamm, C.O., (1991) Nitrogen in terrestrial ecosystems, questions of productivity, vegetational changes, and 
ecosystem stability. Ecol. Stud. 81, Springer-Verlag, Berlin, Germany. 115 pp. 

Tamm, C.O., Aronsson, A., Popovic, B., Flower-Ellis, J., (1999) Optimum nutrition and nitrogen 
saturation in Scots pine stands. Studia Forestalia Suecia 206 126 pp. 

Valentini, R., Matteucci, G., Dolman, A.J., Schulze, E-D., Rebmann, C., Moors, E.J., Granier, A., 
Gross, P., Jensen, N.O., Pilegaard, K., Lindroth, A., Grelle, A., Bernhofer, C., Grünwald, 
T., Aubinet, M., Ceulemanns, R., Kowalski, A.S., Vesala, T., Rannik, Ü., Berbigier, P., 
Loustau, D., Mundson, J., Thorgeirsson, H., Ibrom, A., Morgenstern, K., Clement, R., 
Moncreiff, J., Montagnani, L., Minerbi, S., Jarvis, P.G., (2000) Respiration as the main 
determinant of C balance in European forests. Nature 404: 861-865. 

Wang, Y.P., Polglase, P.J., (1995) Carbon balance in the tundra, boreal forest and humid tropical forest 
during climate change: Scaling up from leaf physiology and soil carbon dynamics. Plant, Cell and Env. 
18: 1226-1244. 

Van Oijen, M., Cannell, M.G.R., Levy, P.E., (2004) Modelling biogeochemical cycles in forests: state of the 
art and perspectives. In: Towards the Sustainable Use of Europe's Forests - Forest 
Ecosystem and Landscape Research: Scientific Challenges and Opportunities Vol. 49 (eds 
Andersson, F., Birot, Y., Päivinen, R.), pp. 157-169. European Forest Institute. 

Van Oijen, M., Rougier, J., Smith, R. (2005). Bayesian calibration of process-based forest models: bridging 
the gap between models and data. Tree Physiology 25: 915-927. 

Waring, R.H., Landsberg, J.J., Williams, M., (1998) Net primary production of forests: A constant fraction 
of gross primary production? Tree Physiology 18: 129-134. 

Williams, M., Rastetter, E.B., Fernandes, D.N., Goulden, M.L., Shaver, G.R., Johnson, L.C., 
(1997) Predicting gross primary productivity in terrestrial ecosystems. Ecological Applications 7: 
882-894. 

Zak, D.R., Holmes, W.E., Tomlinson, M.J., Pregitzerand, K.S., Burton, A.J., (2006) Microbial 
cycling of C and N in northern hardwood forests receiving chronic atmospheric NO. Ecosystems 9: 
242-253. 

Zinke, P.J., (1967) Forest interception studies in the United States. In: Forest Hydrology (Sopper, W. W. 
and Lull, W. eds.), pp. 137-160. Pergamon, Oxford. 

 
 

 25


	  Preface and Acknowledgements 
	   Table of Contents  
	  List of Papers 
	  
	 Abstract 
	Introduction 
	Objectives 
	Background 
	Energy and water  
	Plant and soil carbon  
	Materials and Methods 
	Site descriptions and data  
	Papers I and III 
	Papers II and IV 

	Model description 
	Modelling approach and parameterisation 
	Regional scale approach 
	Climate change application of regional approach 
	Downscaling of regional approach to site-specific scale 
	Site-specific calibration 


	Results and Discussion 
	Energy and water interactions 
	Model predictions of abiotic conditions based on climate change scenarios (Papers I and III) 
	Model performance compared with measured abiotic conditions (Paper IV) 

	Plant carbon dynamics 
	Data on plant carbon pools and litter production (Papers I, II and IV) 
	Model performance compared with measured plant carbon pools and litter production (Papers I, II and IV) 
	Model predictions of GPP and NPP based on climate change scenarios (Paper III) 

	Soil carbon dynamics 
	Measurements of soil carbon pools and DOC (Paper II) 
	Model estimates of soil carbon dynamics (Papers I, II and IV) 
	Model predictions of soil carbon dynamics based on climate change scenarios (Paper III) 

	Net ecosystem production 
	Model performance compared with measured NEP (Papers II and IV)  
	Model estimates and predictions of NEP based on climate change scenarios (Papers I and III) 

	Uncertainties and different scales 

	Conclusions 
	Future research 
	 References 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


