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ABSTRACT 
With the use of a process-orientated ecosystem model and measurements conducted at 
different Swedish coniferous forest sites, abiotic and biotic interactions between tree and soil 
were identified and related to governing factors. Two different modelling approaches to 
describe soil temperatures at two sites including hydrological transects were tested (I). The 
approach in which both canopy and soil were considered proved to be a more flexible tool 
to describe soil temperatures, especially during snow-free winter periods. Five sites along a 
climate transect covering Sweden were used to describe soil carbon pool changes during an 
80-year period simulation (II). The dynamic modelling approach, with a feedback between 
abiotic and biotic sub-models, was successful in describing simplified patterns of forest stand 
dynamics and furthermore in differentiating between climate and nitrogen availability 
factors. The larger effect of nitrogen availability compared to climate on soil carbon pool 
changes was clearly shown. 
 

Keywords: SPAC; soil surface energy balance; Norway spruce; canopy; LAI; climate; 
nitrogen; CoupModel 
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INTRODUCTION 
Increased anthropogenic emissions of CO2 
and their forecasted effects on global climate 
(IPCC, 2001) have put a focus on global 
carbon cycles and related carbon fluxes. The 
global budget is not balanced and there are 
indications of a missing sink within the 
terrestrial ecosystems (Schimel, 1995). Forests 
contain large pools of stored carbon in both 
biomass and soils, indicating a potential to 
relate the missing sink to these systems (Mahli 
et al., 1999). On a global scale, there are large 
differences in where the carbon stocks are 
located within the major forest biomes. In the 
boreal forests, which were the focus of this 
thesis, the major part of the carbon is located 
in forest soils. Dixon et al. (1994) estimated 
the carbon pool of boreal forest soils to be 
471 GT, equivalent to over 40% of the total 
amount of carbon stocks in both biomass and 
soils within global forest biomes.  
The major accumulating processes for the soil 
carbon balance are litterfall from above-
ground plant parts and from roots, whereas 
soil respiration is responsible for the major 
losses from the system. The net carbon 
change in forests is a balance between these 
two large fluxes, where a small change can 
have a significant effect on global climate (e.g. 
Mahli et al., 1999; Valentini et al., 2000). This, 
together with the large carbon pools, indicates 
the importance of understanding the 
regulating processes for net carbon soil 
changes within boreal forests and of further 
relating these processes to climate.  
The interaction between plant, soil and 
climate and its implications for the carbon 
budget in a forest has an equivalent 
interaction and effect on the abiotic heat- and 
water balances. Thus the abiotic and biotic 
processes are closely linked as a consequence 
of the plant and soil interaction, and are 
further strongly related to climate. In 
describing and predicting the behaviour and 

dynamics of forests, it is thus important to 
recognize these complex interactions between 
climate, plant and soil. 
The complexity of the processes regulating 
the forest system as outlined above 
necessitates the use of a modelling tool, 
usually combined with measurements. The 
plant - soil interaction and the climatic 
influence on this interaction, indicates the 
importance of a flexible modelling approach 
to describe the difference between above- and 
below-ground climate. A modelling approach 
without a dynamic interaction between abiotic 
and biotic sub-models, i.e. a static model, 
restricts the use to systems where the physical 
characteristics are known or independent of 
the carbon and nitrogen processes. To enable 
simulations of the influence of present climate 
on both carbon assimilation and carbon 
release, an approach with feedback between 
abiotic processes and the turnover of carbon 
in the entire soil-plant system is of the greatest 
interest. This approach is further likely to 
generate sound predictions of effects within 
the forest system due to climatic change 
scenarios, where the major uncertainties can 
also be identified. 

Objectives 
This thesis was based on the use of a process-
orientated ecosystem model and 
measurements conducted at different Swedish 
coniferous forest sites. The focus was on the 
abiotic and biotic interactions in these systems 
and their relationships to energy-, water- and 
carbon balances. The main objectives of the 
study were: (i) to elucidate the interaction 
between tree and soil and the effect of both a 
tree- and a field layer; and (ii) to relate these to 
the balances in question. Further aims were: 
(iii) to describe the influence of climate on the 
tree-soil interaction; and (iv) to evaluate the 
general applicability of the model in the 
system studied.  

1 



Magnus Svensson                                                                                                                          TRITA-LWR.LIC 2018 

The specific objectives of the two papers 
included in this thesis were: 
Paper I: To test both a simplified and a more 
detailed process-orientated modelling 
approach to describe soil temperatures at two 
sites including hydrological transects. The 
relationships between stand characteristics 
and soil temperatures for the two approaches 
were described.  
Paper II: To test a dynamic modelling 
approach, with a feedback between abiotic 
and biotic sub-models, to describe soil and 
above-ground biomass development at five 
different sites in Sweden for an 80-year 
period. A further objective in this study was 
to identify the combined and individual 
importance of climate and nitrogen availability 
on long-term forest soil carbon pools.  

THE FOREST SYSTEM 
A brief theoretical overview of the main 
interactions that form the focus of this thesis 
is presented below. A more detailed 
description of how these processes were 
defined in the modelling tool used is provided 
in the appended papers (I and II). 

Abiotics 
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 characteristics 
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 
characterizing 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- and short-wave 
radiation 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 photosynthesis, 
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 ∆++=  (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 (∆S) are the two other components in 
the balance. Transpiration is the major part of 
(E) and can account for 60-70% of these 
losses. A crucial plant feature for the amount 
of transpiration is the stomatal conductance, 
which in turn is closely linked to the leaf area 
of the tree. As with radiation, the plant layer 
intercepts precipitation and the evaporative 
losses from intercepted water can be in the 
range of 10-35% of precipitation (Kittredge, 
1948; Zinke, 1967). This partitioning 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 radiation 
for conditions with a snow layer. However, 
this effect is not so pronounced in a forest, 
with plants of considerable height, compared 
to 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%. 

2 
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Through the low thermal properties of snow 
and the related insulating effect, an altered 
snow layer thickness in turn has an impact on 
the forest soil heat flux. 
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 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 linkage 
between abiotic and biotic processes can thus 
be conceptualised through LAI (Figure 1). 

Biotics 

The photosynthetic process, in which CO2 is 
reduced to carbohydrates through captured 
light, is the main process for carbon uptake in 
forests. PAR and air temperature are the main 
limiting environmental factors for the 
photosynthesis. Availability of soil nutrients 
and water are other main limiting factors for 
uptake of CO2 and growth. Among the 
nutrients nitrogen is generally limiting growth 
in Scandinavian forest ecosystems (Tamm, 
1991). The decomposition of the litter by 
microorganisms, under the influence of soil 
climate, releases nutrients that can be used for 
tree growth. It further releases CO2 that 
together with plant maintenance respiration 
from the roots represents the major carbon 
loss from the system, i.e. as soil respiration. 
Forest carbon uptake is thus partly regulated 
by the same factors as the losses of carbon 
from the system. However, an important 
difference is that radiation is needed for the 
photosynthesis, while only favourable soil 
temperature and moisture are needed for the 
decomposition. 
The fixed carbon is allocated to the major 
components of the tree, i.e. stem, leaf 
(needles) and roots. This allocation, which in 
general follows a specific pattern, enables an 
estimation of the various structural parts of 
the tree with different correlation functions. 

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. It is worth noting that in 
general there seems to be a balancing 
relationship between the amount of leaf- and 
fine root biomass. The different tree parts are 
the source of the litterfall, which is the major 
input of carbon and nutrients to the soil. The 
litterfall dynamics are affected by climate and 
in boreal forests this is seen as a clear litterfall 
peak in autumn and as large between-year 
variations. Another important factor to 
consider is the different life lengths of the two 
major components of the litterfall, where 
needles may live for 3-7 years and fine roots 
around 1 year. 

3 
Soil Climate

LAI

Flux Effect

Storage Effect
variable

Carbon &
Nitrogen
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Radiation CO2
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Figure 1. Conceptual picture of the abiotic and 
biotic relationship and the interaction between 
plant and soil. 
Through decomposition of litter more 
recalcitrant organic matter is formed i.e. 
humus. As a consequence of litter fall, litter is 
predominant in the topsoil and humus in the 
deeper mineral soil layers. This differentiation 
is also a result of redistribution by dissolved 
organic carbon from topsoil to mineral soil. In 
very general terms the processes result in large 
pools of organic matter in the mineral soil 
with a turnover time of 100-1000 of years 
compared to 10-100 years for organic matter 
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in more shallow layers. These processes are 
further strongly linked to soil climate (Figure 
2), which explains the large carbon pools in 
wet forest soils compared to upland soils. 

MATERIALS AND METHODS 

Site description and Measurements 
Measurements for Paper I were conducted in 
two different boreal forests, Asa in southern 
Sweden (57°08’N, 14°45’E) and Knottåsen in 
central Sweden (60°59’N, 16°12’E), and 
further conducted within a hydrological 
transect on each site. In Paper II, 
measurements from Flakaliden (64°14’N, 
19°46’E) were added to the measurements 
performed in Paper I (Figure 3). The forest 
stands at all three sites are dominated by 
middle-aged Norway spruce (Picea abies [L] 
Karst) forest (Berggren et al., 2004). These 
common field sites are used within the 
research programme LUSTRA (Land Use 
Strategies for Reducing Greenhouse Gas 
Emissions). 

In Paper I, meteorological forcing data for the 
model were obtained mainly from the two 
sites. In Paper II, official meteorological 
climate data from the Swedish Meteorological 
and Hydrological Institute (SMHI) were used. 
Data from five different sites (Figure 3) and 
from an historical time series using data from 
16 continuous years (1962-1978) were used 
because of their high quality and 
completeness with respect to all driving 
variables (air temperature, air humidity, wind 
speed, cloudiness and precipitation). 

 

Figure 2. Release of C as CO2 due to 
the activity of soil microorganisms at 
varying temperature and soil moisture 
content. (From Ino and Monsi, 1969.)

Modelling approach 
The CoupModel, formerly known as the 
SOIL or SOILN-model (Jansson & Halldin, 
1979 and Eckersten & Jansson, 1991) is a 
one-dimensional model based around two 
coupled differential equations for the water- 
and heat flow, which are solved by an explicit 
numerical method. The two equations are in 
turn based on 1) the law of conservation of 
mass and energy and 2) flows occur as a result 
of gradients in water potential (Darcy's Law) 
or temperature (Fourier's law). Carbon and 
nitrogen balances and the dynamics of plant 
development can be simulated, as can the 
interactions between plant and physical 
driving forces, for example how the plant 
cover influences aero-dynamic conditions in 
the atmosphere, the radiation balance at the 
soil surface and interception of precipitation. 
The only dynamic input data necessary are 
precipitation, air temperature, wind speed, air 
humidity and radiation. For a full technical 
description of the model see Jansson and 
Karlberg (2001) and for a summary of the 
model software see Jansson and Moon (2000). 
In Paper I, the general modelling approach 
was to set up a static model, i.e. with no 
dynamic interaction between abiotic and 
biotic sub-models. One modelled stand was 
defined as a model reference and used for 
identification of differences compared to 
measurements from both sites. Climate and 
hydrological transects were thus primarily 
used for explaining differences between 
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simulated and measured 
relation to the two m
tested. The strategy behi
the different sites w
characteristics was to mi
in calibration and to adju
in site-specific informatio
In Paper II, one forest 
with the same initial 
reflecting an established t
layer. Five sites from th
very north of the forest
were selected to establish
The forcing meteorolo
respective site were exte
year period simulation, 
simulated systems to d
newly established forests
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describe the simulated sta
carbon pools after 40 yea
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distinguish between the effects of climate and 
those of nitrogen on stand development and 
soil carbon changes. 
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RESULTS AND DISCUSSION 

Soil temperatures and stand characteristics 
A simplified and a more detailed process-
orientated modelling approach to describe soil 
temperatures were compared in (I). The 
mechanistic approach of solving the energy 
balance at the soil surface (EB) reproduced 
the correct mean value and was more precise 
in reproducing the dynamics of measured soil 
temperature compared to the simplistic 
approach, which assumed the soil surface 
temperature to be equal to air temperature 
(AT) (Table 1). 
 
Table 1. Discrepancies as mean values (ME) and 
Figure 3. Location 
of the different 
sites. Filled circles 
represent the sites 
along the climatic 
transect in (II) and 
open circles the 
LUSTRA common 
field sites (Asa, 
Knottåsen and 
soil temperatures in 
odelling approaches 
nd the modelling of 
ith their specific 
nimize uncertainties 
st using differences 

n. 
system was defined 
plant characteristics 
ree and understorey 
e very south to the 
 regions in Sweden 
 a climatic transect. 

gical data for the 
nded to run an 80-
thus enabling the 

evelop from young 
 to matured closed 
ntial of the model to 
nd development, the 
rs were compared to 
the three LUSTRA 
. Further simulations 

availability to the 
d to allow us to 

root mean square errors (RMSE) within 
parentheses at Asa and Knottåsen for 3 depths, 3 

moisture regimes and a variation of different 
simulation approaches. Bold signifies an 

exceeded value of pre-set criteria. 

 
Method Asa Knottåsen 
AT - Ref -1.24 (2.02) -1.18 (1.80) 

- Incr. LAI1) -1.28 (2.04) -1.52 (2.19) 
- Shift LAI2) -1.27 (2.03) -1.19 (1.78) 
- Incr. Org.3) -1.26 (1.94) -1.39 (2.03) 
- Decr. Org.4) -0.72 (2.46) -0.52 (2.22) 

EB – Ref -0.15 (1.58) -0.39 (1.33) 

- Incr. LAI1) -0.02 (1.55) -0.39 (1.30) 
- Shift LAI2) -0.40 (1.52) -0.75 (1.42) 
- Incr. Org.3) -0.27 (1.47) -0.53 (1.37) 
- Decr. Org.4) -0.06 (1.76) -0.13 (1.60) 

1) Increased LAI in tree layer, 2) Higher LAI selected for field layer 
instead of tree layer 

 
In general, the mechanistic approach showed 
a higher dependence on variation in LAI and 
a lower dependence on the thickness of 
organic layer compared to the simplistic 
approach (Figure 4). As a result of altered net 
radiation at the soil surface in combination 
with interceptive effects on soil hydrology, a 

5 
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change in LAI with the EB approach thus had 
a larger effect on soil temperature. However, 
the effect of interception was also apparent in 
average soil temperatures with AT, mainly 
during the winter period at Knottåsen, thus 
indicating an effect of snow depth. There was 
further a clear difference between the two 
approaches in describing soil temperature 
variations during winter periods with snow-

f
i
l
c
(
T
s
d
t
T
4
t
m
°

air- and soil temperature (2 °C) at Åsele. The 
main reason for the difference between mean 
air- and soil temperatures was the snow cover 
that protected the soil from low temperatures 
during the winter. The effect of the tree 
canopy was also seen for Växjö, as a tendency 
for decreased soil temperature corresponding 
to development of the LAI (Figure 6). 
The two-layer canopy model in (I) 
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Figure 4. Average differences between simulated and measured soil temperatures at 30 cm depth in 
Asa for AT and EB and for different LAI and soil organic layer depth assumptions. 
ree conditions. Without the influence of an 
nsulating snow layer, the simple AT approach 
argely underestimated soil temperatures 
ompared to the more detailed EB approach 
Figure 4). 
he link between climatic conditions and the 
oil was also demonstrated in (II) by the 
ifferences in mean air temperature of the 
hree sites Åsele, Falun and Växjö (Figure 5). 
he long-term mean value differed from 1 to 
 and 6.5 °C for the three locations. However, 
he simulated mean soil temperatures were 
uch more similar, with a range from 3 to 6 

C, with the largest difference between mean 

demonstrated the effect of the location of the 
LAI, where a shifted LAI with the main part 
of the leaf area located in the field layer 
generated about 0.3 ºC colder soils for the EB 
approach. Another effect of two canopy layers 
was further shown in (II) with quite different 
development in southern Sweden compared 
to a site in the north. With the high nitrogen 
supply, as illustrated in Figure 6, the 
understorey began to diminish after about 15 
years in the south whereas it remained stable 
during the entire 80-year-period for the 
northern sites. 
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Soil carbon pool changes 
The competition between the two canopy 
layers in (II) was considered reasonable and it 
was clear that this also influenced the 
differences in carbon budget for the entire 
stand. Without the assumption of the two 
canopy layers, the initial period would have 
been different and the initial decrease of soil 
carbon for all the simulated sites would have 
been larger. The tree-soil link was further 
demonstrated in the simulations with 
increased nitrogen availability (Table 2). This 

enhanced the LAI and thus the litterfall ratio 
from 2.4 to 5.3, but at the same time the 
increased LAI affected the soil climate as 
lower temperature and soil moisture and thus 
a lowered decomposition. This effect was 
most pronounced for the deeper located 
humus pool, where the ratio decreased from 
2.7 to 2.5, which in turn increased the soil 
carbon storage capacity. 
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Figure 6. LAI development during the simulation period 1962-2042 for the two different 
canopies at Växjö, Falun and Åsele for the assumption of differentiated N deposition and soils.

Plant growth was as expected higher in the 
south of Sweden. The growth air temperature 
sum ratio of 2.4 between Kiruna and Ystad 
was similar to the ratio for litter production 
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for the low deposition assumption in the 
model. However, the climatic effect on litter- 
or humus decomposition was 2.8 and 2.7, 
which was significantly higher than the 
corresponding value for the air temperature 
sum. This indicated that decomposition was 
more enhanced than production in the south 
of Sweden if the production was proportional 
to the sum of air temperature. The ratios 
explained the related soil carbon change ratio 
of 0.6 and were also obvious in Figure 7, 
where the soil carbon losses at Ystad were 
larger than the corresponding losses at 

3.6 and 5.5. Ratios for the climatic effect on 
litter- or humus decomposition were much 
lower, resulting in soil carbon change ratios of 
1.9 and 1.5 respectively and furthermore seen 
in Figure 7 as larger soil carbon pools at Ystad 
compared to at Kiruna at the end of the 
simulation. The simulations thus clearly 
showed the larger effect of nitrogen 
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Table 2. The ratio between Ystad and Kiruna 
for nitrogen, carbon and climate variables and 
three different model assumptions: (i) Low 
common N deposition, (ii) differentiated N 
deposition and (iii) differentiated N deposition 
and soil. 

 
 
Variable 

(i) (ii) (iii) 

N-deposition 1.0 8.1 8.1 
N-uptake 2.0 2.3 3.5 
Plant biomass change 2.3 3.6 5.5 
Total litter production 2.4 3.6 5.3 
Soil carbon change 0.6 1.9 1.5 
Growth air temperature 
sum 

2.5 2.5 2.5 

Radiation adsorption 3.0 3.1 3.2 

Climate effect on litter 
decomposition rate (eq. 2 
in II) 

2.8 2.8 2.7 

Climate effect on humus 2.7 2.6 2.5 
Kiruna. Given the present distribution of 
carbon in Swedish forest soils, this pattern 
was not considered to be likely. 
Increased nitrogen availability, through N-
deposition and increased soil organic storage 
by differentiated soils, dramatically increased 
the respective ratios for litter production to 

decomp.  rate (eq. 2 in II) 

KirunaYstad Växjö Falun Åsele

19 2 2 21

Figure 7. Soil carbon pool change during 
simulation period 1962-2042 for three 
different modeling assumptions: (i) Low 
common N deposition, (ii) differentiated N 
deposition and (iii) differentiated N 
deposition and soils. 
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availability on soil carbon pool changes 
compared to the effect of climate. The results 
further indicated that climate alone could not 
explain the present distribution of soil carbon 
pools in Sweden, with higher pools in the 
south compared to the north, without 
considering nitrogen availability. 

CONCLUSIONS 
• Canopy, and the differentiation of the 

canopy into two layers, was shown to 
affect energy-, water- and carbon 
balances in a boreal forest system.  

• A modelling approach where both the 
canopy and soil was considered was 
demonstrated as a more flexible tool 
to describe soil temperatures. 

• The larger effect of nitrogen 
availability on soil carbon pool 
changes compared to the effect of 
climate was clearly shown. The use of 
models as a viable approach for a 
differentiation of the two separate 
factors and related studies on carbon 
pool changes in forest systems were 
also demonstrated. 

• The modelling approach with a 
feedback between abiotic processes 
and the turnover of carbon in the soil-
plant system was successful in 
describing simplified patterns of forest 
stand dynamics. 
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