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Abstract The change of current pools of soil C in
Norway spruce ecosystems in Sweden were studied
using a process-based model (CoupModel). Simula-
tions were conducted for four sites representing
different regions covering most of the forested area in
Sweden and representing annual mean temperatures
from 0.7°C to 7.1°C. The development of both tree
layer and field layer (understory) was simulated
during a 100-year period using data on standing stock
volumes from the Swedish Forest Inventory to
calibrate tree growth using different assumptions
regarding N supply to the plants. The model
successfully described the general patterns of forest
stand dynamics along the Swedish climatic transect,
with decreasing tree growth rates and increasing field
layer biomass from south to north. However, the
current tree growth pattern for the northern parts of
Sweden could not be explained without organic N
uptake and/or enhanced mineralisation rates com-
pared to the southern parts. Depending on the
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assumption made regarding N supply to the tree,
different soil C sequestration rates were obtained.
The approach to supply trees with both mineralised N
and organic N, keeping the soil C:N ratio constant
during the simulation period was found to be the most
realistic alternative. With this approach the soils in
the northern region of Sweden lost 5 g C m™2 year ',
the soils in the central region lost 2 g C m~? year ',
and the soils in the two southern regions sequestered
9 and 23 ¢ C m 2 year ', respectively. In addition to
climatic effects, the feedback between C and N
turnover plays an important role that needs to be
more clearly understood to improve estimates of C
sequestration in boreal forest ecosystems.

Keywords Boreal - Carbon - CoupModel -
Climate - Nitrogen - Organic nitrogen uptake

Introduction

Forest ecosystems have attracted increased attention
in efforts to describe the global carbon (C) budget.
Forests of the northern hemisphere in particular
play an important role, as these soils contain around
40% of the total amount of C in world forest
biomes (Dixon et al. 1994), and as a significant
increase in air temperature is expected here (IPCC
2001). The increased temperature could affect the C
balance and, given the large pools, even a
slight change could have large consequences on
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atmospheric CO, levels (Wang and Polglase 1995;
Mahli et al. 1999; Ciais et al. 2005), hence the
importance of studying the soil C dynamics of these
forest ecosystems.

The major processes for the soil C balance are
accumulation through litter production from plants
and losses through soil respiration from decomposi-
tion of soil organic matter. The net change in C
content in forest soils is a fine balance between these
two large fluxes and a small change in either of the
fluxes can obviously have a significant effect on the
soil C balance. Both fluxes are correlated with
climate (Raich and Schlesinger 1992; Bergh et al.
1998) but the extent of this correlation is under
debate. Some findings indicate that soil respiration is
more sensitive to climate variability than net primary
production and thus the input of litter to the soil
(Kirchbaum 2000; Valentini et al. 2000), others that
the difference is less (Liski et al. 1999; Giardina and
Ryan 2000). Nitrogen (N) availability, which affects
net primary production (Tamm 1991; Iivonen et al.
2006; Newman et al. 2006), is affected by decompo-
sition rates (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. In a similar way to climate,
N affects the inflow of C to the soil. Since the present
ecosystems are normally far from N saturation,
increased amounts of N lead to increased tree growth
and hence increased litter production. 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). Carbon stocks in
Swedish forest soils decrease from south to north
(Callesen et al. 2003; Berggren Kleja et al. 2007;
Olsson et al. 2007), which is somewhat contradictory
to the situation in other countries, where the largest
pools of soil C are found at higher latitudes (cf. Kane
et al. 2005). The reason for this difference is unclear,
but larger soil C pools in southern Sweden might
partly be explained by higher N deposition (Olsson
et al. 2007).
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To interpret current soil C pools in forest ecosys-
tems and future trends, it is important to understand
these major regulating processes—both in terms of
contribution to the net C soil changes and possible
interactions between the processes. Studies of plant-
soil interactions in such a complex system as a forest
ecosystem often rely on the use of various process-
orientated models and thus it is essential that the
models describe the difference between above- and
below-ground climate. This was clearly indicated in
some recent studies by Euskirchen et al. (2006) and
Monson et al. (2006), which showed the interactions
between changes in growing season length, soil
thermal dynamics and C dynamics. To enable the
influence of the current climate on both C assimila-
tion 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
needed. Without this aspect, the use of the model
would be restricted to systems where the physical
characteristics are known or independent of the N and
C processes.

The approach reported here is based on a coupled
ecosystem model for heat and mass transport in the
soil-plant-atmosphere system (CoupModel). The
model simulates the response to climate of above-
ground biomass, litter formation and decomposition
of organic matter. Simulations were conducted for
four sites representing four different regions in
Sweden, covering annual average temperatures from
0.7°C to 7.1°C, and were run for a 100-year period.
The simulated systems were thus allowed to develop
from young newly established forests to mature
closed forests and to demonstrate the long-term link
between the N uptake and N storage in the soil.
Both tree- and field (understory) layers were con-
sidered where information on standing tree biomass
in different age classes was used to calibrate the
model.

The main objectives of this study were (i) to
estimate trends in soil C storage in Swedish
Norway spruce ecosystems based on available
regional data on tree growth and C pools; (ii) to
identify key factors determining long-term ecosys-
tem C dynamics; and (iii) to present a newly
developed version of CoupModel including new
assumptions for forest ecosystem applications in the
boreal region.
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Materials and methods
Site description and measurements/data
Climate

Simulations were run for four different regions in
Sweden with climatic data taken from four represen-
tative sites, Lycksele in the north, Mora and Nissjo in
central Sweden and Ljungbyhed in the south (Fig. 1).
For these sites meteorological data, with daily mean
values from 1961 to 1986, were available from the
Swedish Meteorological and Hydrological Institute
(SMHI) (Table 1). The datasets were of high quality
and completeness with respect to all driving variables
(air temperature, air humidity, wind speed, cloudiness
and precipitation). The 25-year climatic data set was
duplicated to cover a 100-year period. Nitrogen
deposition was based on official data from the
Swedish Environmental Research Institute (IVL
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Fig. 1 Swedish gradient. Filled circles = representative sites
for each simulated region; open circles = corresponding
LUSTRA common field sites (Flakaliden, Knottidsen and Asa)

Table 1 General description of climate variables and N
deposition

Lycksele Mora Nissjo  Ljungbyhed

Location 64°59’ N 61°00' N 57°64' N 56°08' N
18°66' E 14°59' E 14°69 E 13°23' E
Altitude 223 161 305 76
(m a.s.l.)
Mean annual air 0.7 3.3 5.2 7.1
temperature
©
Mean annual 613 630 712 838
precipitation
(mm)
Annual N 1.5° 3.5¢ 7.5¢ 12.5°
deposition®
(kg/ha)

% Open field deposition of both NH,; and NO3
> IVL site: ACO2A

© IVL sites: S23A; W90, 92A; Z04A; X05A
4 IVL site: F12A

¢ VL sites: M10A; LO7A; L1 (IVL 2006)

2006). The deposition data for each site were taken
from a regionally representative measuring point or if
several points were available, a mean value was
calculated (Table 1). The N deposition values for
each region were assumed to remain constant during
the whole simulation.

Plant

Measured tree biomass values for the regions were
based on standing stock volume data (Table 2) taken
from the Swedish Forest Inventory (NFI) (Skogsdata
2003). The mean values of standing stocks for age
classes 81-101 years and 101-121 years were
assumed to be representative for a forest stand at
the age of 100 years. The standing stock volumes
were recalculated to dry weight biomass using
expansion factors presented in the Swedish National
Inventory Report (SNV 2005), which in turn were
developed from the functions proposed by Nislund
(1947) and Marklund (1988) (Table 3). These
singletree regression functions for Scots pine,
Norway spruce and birch are assumed to be repre-
sentative for Swedish conditions. Fine root biomass
is not included in these functions, but was approx-
imated to 2% of the standing stock biomass, which is
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Table 2 Standing stock volumes (m® ha™"), distribution of pine/spruce/broadleaved trees/dead trees (%) for different age classes

and different regions (Skogsdata 2003)

Region Age class (year) 3-11 11-21 21-31 3141 41-61 61-81 81-101 101-121
Age (year) 7 16 26 36 51 71 91 111
Visterbotten Volume 8 13 28 59 102 139 137 153
Tree distribution™  45/37/16/2
Tot. biomass® 296 482 1037 2185 3778 5149 5075 5667
Dala upr Volume 11 20 57 103 172 195 215 212
Tree distribution®® 49/40/9/2
Tot. biomass® 403 732 2087 3770 6296 7138 7870 7761
Jkpg Volume 19 30 96 158 213 269 272 281
Tree distribution™®  31/54/13/1
Tot. biomass® 718 1133 3626 5967 8045 10160 10273 10613
Skane Volume 17 55 131 218 236 282 286 296
Tree distribution®® 12/46/41/1
Tot. biomass® 672 2174 5178 8616 9328 11146 11304 11699

Total biomass (g C m—2) calculated with expansion factors according to Table 3

? Pine/spruce/broadleaved/dead trees
® Same tree distribution for all age classes

¢ Includes stem, branch, stump and fine roots

Table 3 Expansion factors for recalculation of standing stock
volumes (m3 ha’l) to dry weight (kg dw m’z) from SNV
(2005)

Dry weight biomass®

Scots pine 660
Norway spruce 770
Broadleaved trees 815
Dead trees 736

? Includes stem, branch and stump

in accordance with measurements (Helmisaari et al.
2002; Berggren Kleja et al. 2007). In the recalcula-
tions to dry weight biomass, the regional distribution
of different tree species (Skogsdata 2003) was
considered. The total dry weight for each age class
was calculated as the sum of the contribution from
the different fractions of pine/spruce/broadleaved
trees/dead trees, according to the distribution in
Table 3 and the expansion factors for each fraction in
Table 2. The same distribution was considered for all
age classes, as this was the only available informa-
tion. C content was assumed to be equal to 0.5 of the
dry weight biomass.
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Model description

The CoupModel (Coupled Model), originating from
the SOIL and SOILN-models (Jansson and Halldin
1979; Johnsson et al. 1987; Eckersten and Jansson
1991), is a coupled ecosystem model based on a
balance between abiotic and biotic processes in the
soil-plant-atmosphere system. The most relevant
parts of the model are described below, with a list
of equations in Appendix 1. A detailed description is
given by Jansson and Karlberg (2004) and a review of
the software has been presented by Jansson and Moon
(2001). In Eckersten et al. (1995) the growth model
routine in SOILN was presented for forest ecosys-
tems in simulations of flows of water, heat, carbon
and nitrogen in a spruce stand in Germany. Reason-
able estimates were simulated for water and heat, but
given too few detailed measurements the carbon and
nitrogen model could not be fully evaluated espe-
cially regarding plant N uptake and N leaching. A
review of the SOIL and SOILN models and how they
have been used to simulate water, heat and N
conditions for arable land and forest in the Nordic
countries was made by Jansson et al. (1999a).
Eckersten and Beier (1998) presented a simulation
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on N dynamics in spruce stands from Denmark and
SW Sweden, implementing organic N uptake. In a
study by Gérdenais et al. (2003) long-term effects on
N balances of coniferous forest stands in Sweden due
to N fertilisation and N deposition using the SOIL
and SOILN models were simulated. In order to
simulate observed tree growth, the simulations
pointed towards the importance of considering plant
organic N uptake. In a recent study by Karlberg et al.
(2006), estimates of carbon fluxes and turnover times
for five different terrestrial ecosystems using the
CoupModel were showed.

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. C 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 atmo-
sphere and the radiation balance at the soil surface.
The only dynamic input data necessary are precipi-
tation, air temperature, wind speed, air humidity and
radiation. As two (or more) plant layers are simu-
lated, the equations (Appendix 1) are calculated for
each plant layer. Competition is enabled between
different plant layers with respect to the interception
of light, uptake of water and N. In the current study,
two plant layers were simulated, where the field layer
represented an understory layer of dwarf shrubs.

Plant growth

In the present application (see Appendix 1 for
equations and Table 4 for a list of parameter values),
input of C to the system was simulated by an
empirical function (Eq. 1) based on the light use
efficiency (Monteith 1977), where rate of photosyn-
thesis is assumed to be proportional to the global
radiation absorbed by the canopy but limited by
unfavourable temperature and water conditions and N
availability—expressed as response functions ranging
between zero and unity (Eqs. 2-4). Assimilated C
was allocated according to pre-specified fractions to
the different components of the vegetation (leaf,
stem, coarse root and fine roots) (Eq. 5). Both growth
respiration and maintenance respiration were ac-
counted for (Eq. 6), with a Q10 temperature response
function for the maintenance respiration (Eq. 7).
Litterfall from leaf, stem, coarse roots and fine roots

was calculated as fractions of standing biomass (Eq.
8). Leaf and stem litter was added to the uppermost
litter compartment of the soil, whereas root litter was
added to all soil litter compartments in proportion to
the distribution of roots.

The plant N uptake (Eq. 9) was driven by the C
assimilation rate and minimum C:N ratios for the
different components of the plant, as proposed by
Ingestad and Agren (1988), i.e., a calculated plant N
demand. Soil N available for plant uptake was
allocated to tree and field layers in relation to their
respective N demands. A specified fraction of the
mineral N in the soil was assumed to be easily
available for plant uptake per day (Eq. 10). Mineral N
was taken up from the nitrate and ammonium pools in
proportion to the relative sizes of the pools. In the
event of N deficiency, i.e., when estimated uptake
was less than the estimated demand, a supplementary
mechanism was assumed by allowing N to be
extracted in organic form (Eckersten and Beier
1998). The organic uptake was assumed to be
proportional to the actual storage of N in humus
(Eq. 11) (B. Lindahl, unpubl. data). Both mineral N
and organic N uptake were functions of root distri-
bution in the soil profile. Consequently the N uptake
rate was dependent on both the mineral N content of
the soil and the amount of organic N storage in the
soil. Allocation of N to plant parts followed in
principle C allocation, but was implemented with the
highest priority for the roots, followed by the stem
and finally the leaves (Eq. 12). Litterfall was
calculated as first order rate processes from all plant
components with an enhanced leaf litter fall rate
assumed at high LAI values. The amount of N in
litterfall was calculated analogously to C in litterfall
(Eq. 13). Simultaneously with litterfall simulation,
specified fractions of both C and N were retained in
the plant in a mobile pool (Egs. 14-15) that was used
in the spring to start the development of new leaves
(Egs. 16-17).

Soil

To account for differences in substrate, the soil organic
material was represented by two pools: Litter with a
high turnover rate and Humus with a low turnover rate.
The decomposition rates of the litter and humus pools
were calculated as first order rate processes (Eq. 18).
The products of litter decomposition were CO,
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Table 4 List of parameter values

Property Value® Unit Comment
Plant biotic processes
Radiation use efficiency:¢;. 8 ¢ Dw MJ™'  Charles-Edwards et al. 1986
Leaf temp. response photosynthesis:
Pmn —4 °C Larcher (2003)
Po1 10 °C Larcher (2003)
Po2 25 °C Larcher (2003)
Pmx 40 °C Larcher (2003)
Leaf C:N ratio response: pen,opt 25 - Wikstrom and Ericsson (1995)
PcN.Th 75/100 - Wikstrom and Ericsson (1995)/Assumed
C allocation: f,q 04 - Assumed
fleat 0.2/0.4 - Assumed
for 0.2 - Assumed
Plant growth and maintenance resp:
Keresp 0.21 dayf' Linder & Troeng (1981)
Kmrespleaf 151073 dayf' Adjusted to LAI in Lycksele
Kmrespstem 1.5-107% dayfl Linder and Troeng (1981); Bossel (1996)
Kumresproot 5.0-1073 day™! Linder and Troeng (1981); Bossel (1996)
Kmresperoot 1.5107* day ! Assumed similar as stem
Air temp response for respiration:
tQio 2 - Penning de Vries and van Laar (1982)
tQ10bas 25 °C Penning de Vries & van Laar (1982)
Litter rate: (leaf) 1y . 4-107%0.055 day7l Based on assumed lifetime
(stem) g 2741075/ day ! Based on assumed lifetime
2.74107*
(croot) Icgre 2741075 dayf' Based on assumed lifetime
2.74107*
(root) Ige 2741073 day™! Majdi and Andersson (2005)
Leaf litter rate enhanced coeff.:ky a1 0.08 - Based on assumed max LAI
Plant N: cnpginroot 40 - Persson and Nilsson (2001)
CNMinCRoot 400/80 - Assumed similar as stem
CNMinStem 400/80 - Assumed
CNMinLeaf 22 - Nilsson et al. (2001)
Fraction of soil mineral N available for plant uptake: 0.12 - Johnsson et al. (1987)
Nupt
Plant uptake of organic nitrogen:
(03 0 dayf' B. Lindahl pers. comm.
Oy 2.2.107- day™' Adjusted (Table 8)
9.0-107°
Carbon retention at leaf litterfall: m,cin 0.2 - Assumed
Reallocation of C and N at leafing: mgpoor 0.1 - Assumed
Soil nitrogen and carbon processes
Decomposition rate litter: k; 0.0136 day™! Developed from Berg et al. (1991)
Decomposition rate humus: ky, 1.1:107%- day™! Adjusted (Table 8)
7.0107*
Decomposition efficiency litter: f, 0.5 - Johnsson et al. (1987)
Decomposition efficiency humus: fe y, 0.5 - Assumed same as litter
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Table 4 continued

Property Value® Unit Comment
Humification fraction litter: fy 0.2 - Johnsson et al. (1987)
C:N ratio microbes: cn,, 20 - Assumed
DO rate coefficient litter: dpor 5.107% day™! Based on data from Berggren Kleja et al.
(2007)
DO rate coefficient humus: dpoy 1-107* day™! Based on data from Berggren Kleja et al.
(2007)
Fixation rate of DOC: dpop 0.5 dayfl Based on data from Berggren Kleja et al.
(2007)
Temperature max value Ratkowsky function: t;,.x 25 °C Seyferth (1998)
Temperature min value Ratkowsky function: ty;, -8 °C Seyferth (1998)
Saturation activity: Pgsacact 0.6 - Johnsson et al. (1987)
Optimum soil moisture content lower value 13 vol % Johnsson et al. (1987)
coefficient: pgpow
Optimum soil moisture content upper value 8 vol % Johnsson et al. (1987)
coefficient: poupp
Plant abiotic processes
Specific leaf mass: p g 100/35 gC m~2 Bossel (1996)/ Foster and Brooks (2005)
Extinction coefficient: k, 0.5 - Model default
Surface canopy cover: pemax 1 m? m? Assumed
Pek 0.5/10 - Assumed
Plant albedo: a, 10/20 % Assumed
Stomatal conductance: g5 11.23 MJ m~2 Jansson et al. (1999b)
day™!
Smax 0.01 ms! Based on Alavi and Jansson (1995)
Evpd 359 Pa Jansson et al. (1999b)
Root flexibility degree for water uptake: finov 0.6 - Model default
Max plant height: ppmax 30/0.3 m Assumed
Max root depth: p,roo0r —-0.7/-0.2 m Assumed
Max leaf lifetime: ljjg 772 year Assumed

% When two values are given, the first corresponds to the tree layer and the second to the field layer

® The CoupModel uses absorbed incident solar radiation. All units of quantum efficiency have been transferred to this unit according

to Sinclair and Muchow (1999) Bonhomme (2000)

(respiration), humus and conceptually, since the
microbes were implicitly included in the litter pool,
microbial biomass and metabolites (Eq. 19) (Fig. 2),
which thus constituted internal cycling. The only flow
from the humus pool was the respiratory losses (Eq.
20). The associated flux of N when C was decomposed
from litter to humus was calculated from a C:N ratio
representing the microbes (Eq. 21), with the minerali-
sation/immobilisation of N dependent on the C:N ratio
in the source pool (Eq. 22).

Organic matter in the soil organic pools described
above was considered to be vertically immobile, but
dissolved organic matter (DOM) was generated from

the immobile pools. The flux from the litter pool to
the DOM pool was determined by a rate parameter
and common response functions for temperature and
soil moisture (Eq. 23). The flux between the DOM
pool and the humus pool was calculated slightly
differently, as DOM could be both released and fixed
to the humus pool (Eq. 24). The organic solutes were
transported vertically by convection through the
vertical water flow (Eq. 25) and also as flows
associated with the calculated water drainage flow
out of the soil profile. The same equations used for
dissolved organic C were used analogously for the
corresponding N fluxes.
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Fig. 2 The conceptual partitioning of internal turnover, losses
to atmosphere and humification of C during decomposition in
the CoupModel

Common response functions

Two response functions were used in multiple
processes. The response function to account for soil
temperature (Eq. 26) was based on a function by
Ratkowsky et al. (1982). The soil moisture response
function was a simple function related to three
different regions of the soil moisture retention curve.
Microbial activity is reduced, on either side of an
optimal level, by both too low and too high water
contents. The minimum water content for process
activity is determined by the wilting point whereas a
fixed degree of activity is specified when saturation is
reached (Eq. 27).

Physical processes and feedback

The simulations of soil temperature, soil moisture
conditions and the soil water flows were based on
the basic Darcy and Fourier laws. The most
important interaction between the C turnover and
the physical conditions was governed by the leaf
area index (LAI) and the ratio between actual and
potential transpiration. Both in turn influenced the
input of C to the system and both were strongly
correlated with the temperature and the moisture.
Leaf area index was estimated directly in proportion
to the simulated amount of biomass of the leaf
compartment (Eq. 28). The LAI in turn determined
both the amount of radiation that was adsorbed for
possible C assimilation (Eq. 29), the potential
canopy resistance (Eqgs. 30-31) and the amount of
net radiation that was available for estimating the
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potential transpiration. To estimate the partitioning
of intercepted radiation between the two plant
layers, canopy surface cover was calculated (Eq.
32).

Potential transpiration was calculated from Pen-
man’s combination equation (1953) in the form given
by Monteith (1965) (Eq. 33). Actual transpiration was
calculated as the integrated result of possible stresses,
given as response functions for soil water potential
and soil temperature, at each soil depth (Eq. 34).
These functions were used according to previously
defined default values for the model. A compensatory
uptake of water by roots in layers with no water stress
and in accordance with the relative fraction of the
roots in these layers was also considered (Eq. 35).

Modelling approach and parameterisation

The development of a managed Norway spruce
ecosystem with both tree and field layers was
simulated. The simulations were run during a 100-
year period, enabling the simulated system to develop
from a young newly established forest to a mature
closed forest. The trends of current soil C pools were
simulated based on available data of the current
conditions (management, tree growth, soil C and N
pools). Some selected unknown parameters were
estimated by forcing values so that the simulated tree
growth (closed forest) agreed with observations. A
focus on the main regulating factors for tree growth
(climate and N) and thus the inflow of C to the soil
was hence taken. An important principle followed
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. By
this approach the difficulty of how to describe e.g.,
management and N dynamics at a historical scale
(>1000 years), was circumvented.

Patterns of field layer vegetation dynamics in
managed spruce forest ecosystems are poorly de-
scribed in the literature. Therefore, to simulate a
reasonable development of the field layer, and
dynamics in relation to the tree layer, some assump-
tions were made: (i) competition for radiation results
in a lesser field layer in southern regions of Sweden,
where the forest canopy is more closed; and (ii) the
different light regimes in respective plant layers
result in different allocation patterns. Otherwise, the
field layer was only allowed to differ from the tree
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layer with respect to obvious differences in shape-
related parameters (e.g., height). The field layer
biomass values presented in Berggren Kleja et al.
(2007) were used as guideline values in the model
calibration. Minimum C:N ratios for stem (c74i,,5t0m)
and coarse roots (CHugincroor) Were assumed to be
similar and at a level that resulted in reasonable
simulated C:N ratios. It was further assumed that the
C:N ratio for these plant parts in the field layer was
significantly lower than that for the corresponding
plant parts in the tree layer. Maintenance respiration
for stem and coarse roots was also assumed to be
similar and based on literature values (Table 4). Leaf
maintenance respiration was correlated with LAI so
that the simulated LAI in Lycksele roughly corre-
sponded to the LAI at the LUSTRA site Flakaliden,
as measured in 2003 (M. Svensson, unpubl. data).
The same parameter value was then used for all
regions.

General guidelines from the Swedish Forest
Agency (2005) regarding forest management were
used in the simulations, i.e., one cleaning after
10 years, followed by the first thinning after 40 years
and the second and last thinning after 80 years. These
management practices were only applied to the tree
layer. On the cleaning occasion, a relatively large
proportion of the standing tree biomass (60%) was
cut down and left as Litter. This approach was based
on the assumption that the cleaning not only repre-
sented a removal of the managed tree species
(Norway spruce) but also of other (broadleaved)
trees and bushes that are commonly known to appear
in managed forests during early stages after a clear-
cut. On both thinning occasions, 20% of the stem
biomass was assumed to be removed from the system
and 5% turned into Litter. For the other parts of the
tree (coarse roots, roots and leaves) nothing was
removed and hence 25% was turned into Litter.

Fine root litter rates were based on a study by
Majdi and Andersson (2005) and stem, coarse roots
and leaf litter rates on assumed lifetimes where stem
and coarse roots were assumed to be similar. The
field layer was assumed to shed leaves in autumn and
the tree layer all year around. The LAI Enhance
parameter was chosen to give an approximate max-
imum LAI of 6 for the tree layer at the site in the
south (Ljungbyhed). The same parameter value was
then used for all regions. The different calculated
canopy cover values for respective plant layers were

based on the assumptions that the field layer covered
the soil surface relatively quickly (i.e., at low LAI)
but that canopy closure for the tree layer occurred at
higher LAIL

Final values of the simulated tree biomass (i.e., at
100 years) were adjusted in order to agree with
measured standing stock volumes at the respective
sites using three different approaches (I-1II), all with
the main focus of supplying the growing trees with
sufficient N. Two model parameters were varied to
achieve this—the humus decomposition rate (k) and
the rate of plant organic N uptake (Op):

L A fixed k;, at all sites and a variable Oy;

II. A variable k;, and no organic N uptake (Opy
equal to zero) and

III. A variable k;, and variable Oy. In this approach
we assumed soil C:N ratio to be in steady-state
during the 100-year simulations.

Approach I, which was successfully used in a recent
study by Gérdenis et al. (2003) for simulating tree
growth and N leaching for Swedish conditions, was
hypothesized as the most reasonable approach of N
supply. To our knowledge, no studies have used
variable decomposition rate coefficients, and empir-
ical findings supports mycorrhizae mediated organic
N uptake in boreal forest ecosystems (Ndsholm et al.
1998; Wallenda et al. 2000). Mycorrhizae play an
important role in nutrient uptake by plants. In
addition to increasing the adsorptive area of plants
roots, and thus increasing nutrient uptake, the
mycorrhizae hyphae also have the ability to exudate
proteases which release amino acids from SOM and
make them available for uptake (Smith and Read
1997). It has further been shown that the main part of
tree root tips in boreal forests is associated with
ectomycorrhizae (Taylor et al. 2000). Approach II
was chosen as a classical model (cf Schimel and
Bennet 2004), leaving out organic N uptake.
Approach III was later added as a compromise
between the two other approaches when the results
from these simulations regarding the soil C:N ratio
dynamics was analysed (see below).

In approach I, the value of k, found in the
simulations for the most southern region (Ljung-
byhed) was used in the further simulations in the
other regions as this value represented the lowest
value along the transect. To establish the decompo-
sition rate for Litter (kpi), a separate calibration
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exercise was performed. Norway spruce needle litter
decomposition data (Berg et al. 1991) from three sites
on a north—south transect through Sweden (Norrliden,
Jadraas, and Malilla) were used in this exercise. Since
no differences were found for kj i, the mean value
(0.0136 day ') was used in the regional simulations
(Table 5). Rate coefficients for DOC were adjusted
against measurements of DOC concentrations at the
three LUSTRA sites (Berggren Kleja et al. 2007).

Initial soil C stocks were based on preliminary
evaluation of the Swedish National Forest Soil
Inventory database, giving the following relationship
between soil C stock (0-50 cm) and latitude (M.
Olsson, pers. comm.):

y = —0.3879x + 31.372

where x denotes latitude and y is soil organic content
(kg C m~?). This equation differs slightly, but not
significantly, from that given by Olsson et al. (2007).
Since the dataset only included soil C pools to a depth

Table 5 Summary of separate calibration of parameter Ay e,
using datasets from Norrliden, Jidraas and Malilla from Berg
et al. (1991)

Site n* Kiiver (day™)

Average Stdev
Norrliden 6 0.0155 0.0022
Jadraas 0.0114 0.0021
Malilla 5 0.0132 0.0031
All 15 0.0136 0.0029

Value in bold (0.0136) was used in all simulations for forest
stand development over 100 years

* Number of datasets

of 50 cm, extra C had to be added for the 50—-100 cm
soil layers. Based on data presented in Berggren
Kleja et al. (2007), we assumed that this amount
constituted 10.9% of the total soil C pool (Table 6).
Initial soil N was calculated based on initial soil C
and C:N ratios at the LUSTRA sites (Berggren Kleja
et al. 2007) and at Skanes Virsjo (M. Olsson, pers.
comm.). Initial soil C and N pools were assumed to
be equally partitioned between Humus (95%) and
Litter (5%) at the respective site, and distributed in
the soil profile so as to decrease exponentially with
depth. The C:N ratio of the internally represented
microbes (cn,,) in the model, conceptually viewed as
a well humified material, was set to 20 corresponding
to the mean value (n = 1591) of the C:N ratio in the B
horizon for Swedish forest podzols (E. Karltun, pers.
comm.).

An 11.3 m deep soil profile of 20 layers, with
increasing thickness from 5 cm in the uppermost
layer to 100 cm in the bottom layer, was simulated.
The rather deep soil profile was chosen based on prior
experience of simulations of soil temperature dynam-
ics with frost conditions, in order to generate
reasonable lower boundary conditions. The soil
physical properties used in the simulations were
based on mean values from measurements of soil
texture in 37 soil profiles from different forest sites
located in northern, central and southern Sweden
(CoupModel database 2006). The same soil physical
properties were used in all simulations and dry and
mesic conditions were simulated through a drainage
level of 1.5 m. Parameter values describing hydrol-
ogy, radiation and snow were taken from previous
simulations made in similar environments, i.e., a
Norway spruce forest on sandy silty till (Alavi and
Jansson 1995; Gustafsson et al. 2004).

Table 6 Initial values of soil C (Olsson et al. 2007), C:N ratio (Berggren Klejal et al. 2007) and calculated N

Site C Soil* C Humus” C Litter® N Soil N Humus® N Litter® C:N ratio
(gCm™) (gCm™) (gCm™) gNm™) (gNm™) (gNm™)

Lycksele 7006 6655 350 223 212 11 31.5

Mora 8567 8139 428 295 280 15 29.1

Nissjo 9995 9495 500 367 349 18 27.2

Ljungbyhed 10666 10133 533 539 512 27 19.8

?10.9% C added for 50-100 cm soil layers
® assumed to 95% of total pool

¢ assumed to 5% of total pool
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Results
Plant dynamics and climate

For all the N supply approaches used, simulated tree
biomass dynamics during 100 years generally agreed
well with measured standing stocks, exemplified by
approach I in Fig. 3. A noteworthy discrepancy
between model and measurement was an overesti-
mated growth in the young stand (~ 15-30 years) in
the north (Lycksele) and for about the same period an
underestimated growth in the south (Ljungbyhed).
The LAI for the tree layer had equal dynamics for all
sites ( Fig. 4), with a levelling off at around 30 years,
but with an average value of around 3 in the north and
6 in the south. Simulated field layer biomass showed
different development in the north compared with the
south (Fig. 4). In the south, the field layer built up a
large biomass in the first years of the simulation,
followed by an almost exponential decrease, leaving
only a minor field layer at later stages. The field layer
in the north did not show a major build up phase in
the beginning, but instead had a more stable devel-
opment with roughly the same biomass during the
whole simulation period. The contribution from the
field layer to totally adsorbed global radiation in
the simulated ecosystem also varied along the north—
south transect (Table 7). In the north the field layer
was responsible for 17% of adsorbed radiation,
whereas in the south the corresponding figure was
only 5%.

Mean annual gross primary production (GPP)
varied along the transect from 626 g C m ~ year '
in the north to 1275 g C m~? year ' in the south, with
the central sites Mora (892 g C m™? year ') and
Nissjo (1139 g C m > yearfl) intermediate (Table 7).
Net primary productivity (NPP), defined as GPP
minus respiratory losses, showed related differences
with the highest value in the south (463 g C
m 2 year ') and the lowest in the north (265 g C
m 2 year '). The NPP:GPP ratio was 0.42 in
Lycksele, 0.40 in Mora, 0.38 in Nissjo and 0.36 in
Ljungbyhed (Table 7), which demonstrated larger
respiratory losses in the south because of higher mean
biomass pools during the long common turnover time
of the simulated trees.

Total mean annual plant litter production ranged
from 200 g¢ C m 2 year ' in the north to 326 g C
m 2 year_1 in the south (Table 7), with somewhat
more than 50% coming from root litter. The contri-
bution from the field layer to litter production varied
from 28% in the north to 14% in the south for above-
ground plant litter, while the corresponding figures
for root litter were 12% and 5%.

The mean annual air temperature was reflected in
the growth air temperature sum (based on daily mean
air temperature above 5°C) with the highest values in
the south (1525°C day) and the lowest in the north
(901°C day) (Table 7). A comparison of annual mean
soil temperatures at a depth of 10 cm in the simulated
profile revealed differences that were markedly less
pronounced than the corresponding air temperature
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Fig. 4 (a) Simulated tree
layer leaf area index (LAI)
and (b) field layer biomass
(gC m~?) during 100 years
in Lycksele (thin line) and
Ljungbyhed (thick line)

differences. The mean annual soil temperature at
10 cm depth in the simulated soil profile at the
northern site was 3.0°C compared to a mean annual
air temperature of 0.7°C. Corresponding figures for
the southern site were 6.5°C in the soil and 7.1°C in
the air. Differences in soil climate were apparent
in the combined response to soil temperature and soil
moisture of SOC decomposition, exemplified by the
10 cm depth in the soil profile. The mean value
during the simulation period was 0.12, 0.15, 0.17 and
0.21 in Lycksele, Mora, Nissjo and Ljungbyhed,
respectively (Table 7), i.e., the mean annual decom-
position rate increased from 12% to 21% of the
optimal conditions for the respective sites. Decom-
position rates were mainly limited by temperature,
the retarding effect of soil moisture being 0.84 in
Lycksele, 0.88 in Mora, 0.96 in Nissjo and 0.97 in
Ljungbyhed.

Soil C and N
Decomposition rate coefficients (k;) for SOC and

corresponding rates for organic N plant uptake (Oy)
varied widely along the transect as a consequence of
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the different N supply assumptions (Table 8). Ap-
proach I, with the same relatively low value
(1.1 - 107* day ") for ky, resulted in organic uptake
rates with increasing values from south to north, i.e.,
from Nissjo to Lycksele (Table 8). Organic N plant
uptake in Ljungbyhed was not considered, as a k;, of
1.1-10* day ' was adequate to meet measured tree
biomass, hence only approach I was simulated at this
site. The different values of Oy in this approach
resulted in an increased degree of organic N uptake
from south to north, ranging from 39% in Nissjo to
62% in Lycksele. In approach II, with variable k;, and
no organic N plant uptake, k;, in the north had to be
6.4 times higher than that in the south (Table 8) in
order to explain measured standing stocks at 100 years
(Table 2). Approach III, with a soil C:N ratio in
steady-state, gave intermediate values of kj; and Oy
compared to the other two approaches (Table 8).
The different N supply assumptions resulted in
substantial differences regarding soil C:N ratios
(Fig. 5, Table 2). With the variable organic N uptake
and fixed k;,, the C:N ratio in Lycksele increased from
the initial value of 31.4 to a final value of 44.5 after
100 years, as a weighted average for the whole soil
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Table 7 Summary of plant- and climate-related variables of simulated ecosystem

Unit Lycksele 1 Mora I Nissjo 1 Ljungbyhed 1
Plant
GPP g Cm~> year™! 626 892 1139 1275
NPP g Cm~> year! 265 356 435 463
NPP/GPP - 0.42 0.40 0.38 0.36
Change in tree layer g C m~? year ™! 53 77 104 113
Change in field layer g C m 2 year 2 1 0 0
Harvest g Cm 2 year' 14 20 26 27
Tot Plant Litter production g Cm 2 year™! 200 261 308 326
Litter prod. (tot above) g Cm~> year™! 92 116 131 143
Litter prod. (tot below) g C m~2 year™! 108 146 177 184
Litter prod. (% field above) % 28 22 11 14
Litter prod. (% field below) % 12 9 4 5
Climate
Growth Air Temp Sum °C day 901 1162 1302 1525
LAI Tot - 39 49 55 59
LAI field layer - 0.9 0.9 0.5 0.7
Adsorbed Rad Total MJ m™? day ™" 5.6 6.7 7.5 7.7
Adsorbed Rad Field (of Tot) % 17 11 5 6
Air Temp °C 0.7 33 5.2 7.1
Mean Soil Temp 10 cm °C 3.0 4.1 5.0 6.5
Temp Theta Response 10 cm® - 0.12 0.15 0.17 0.21

The different variables are represented by average annual values for the 100-year simulation period. For the different calibration
approaches the plant- and climate-related variables were similar and for simplicity the relationships found in approach I are presented

Scaling factor for soil climate effect on decomposition rate for SOM

profile. The increase was less pronounced in the
south. A variable k;, and no organic N uptake resulted
in the opposite trend, with decreasing C:N ratio with
time in Lycksele from 31.4 to 22.9, in Mora from
29.0 to 22.7 and in Nissjo from 27.2 to 22.8.

The different approaches also gave considerably
different results regarding soil C dynamics (Fig. 6;
Table 8). With a low &, and variable organic N uptake,
large amounts of C were sequestered in all soils along
the transect, ranging between 23 ¢ C m > year ' and
29 ¢ C m 2 year '. A variable k;, and no organic N
uptake gave the opposite picture, with losses of soil C,
especially in the northern part of the transect (Fig. 6;
Table 8). Finally, the C:N ratio steady-state approach
resulted in soil C changes where the northern ecosys-
tems were almost in a steady-state situation regarding
SOC and the southern systems were sequestering C in
the soil: Lycksele —5 g C m~2 year '; Mora —2 g C
m > year ', Nissj6 +9 ¢ C m 2 year ' and
Ljungbyhed +23 g C m~ year .

Respiratory losses from the soil in the simulated
ecosystems varied both in relation to the transect and
in relation to the different N supply assumptions
(Table 8). Mean annual soil respiration for Lycksele
varied between 352 ¢ C m * year ' and 397 g C
m~? year ', with the higher values for approach I and
the lower for approach II. Similar changes occurred
for the other regions. The ratio between soil respi-
ration and total ecosystem respiration showed rela-
tively similar values along the transect, with the
highest value in Lycksele (0.69) for approach II and
the lowest value in Ljungbyhed (0.63) for approach I.
The heterotrophic part of soil respiration resembled
the results regarding total soil respiration, though the
difference between north and south was more
pronounced. The highest ratio between heterotrophic
soil respiration and total soil respiration was again in
Lycksele with approach II using a variable &, and no
organic N uptake (0.56) and the lowest in Ljung-
byhed (0.43).
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Table 8 Summary of soil carbon and nitrogen variables of
simulated ecosystem for three different modelling approaches
are presented: I = fixed k;, and variable organic N uptake;

II = variable k;,, and no organic N uptake and III = soil C:N
ratio in steady-state

Unit Lycksele Lycksele Lycksele Mora Mora Mora Nissjo Nissjo Nissjo Ljungbyhed
I 1I I I 1I I I 1I 111 1
Soil C
Change in soil gCm™? 23 -25 =5 28 -22 =2 29 -10 9 23
year‘1
Decomposition Rate ~ day ™' 1.1E-04 7.0E-04 3.7E-04 1.1E- 4.5E- 28E- 1.1E- 3.0E- 19E- 1.1E-04
(kn) 04 04 04 04 04 04
Total Soil Respiration g C m™> 352 397 383 495 523 521 624 653 635 704
yealrf1
Tot Soil Resp/Tot - 0.66 0.69 0.68 064 067 066 0.64 0.65 0.64 0.63
Resp
Soil Heterotrophic gCm? 174 222 205 232 271 260 278 316 294 302
Resp. yealr’1
Soil Het Resp/Tot - 0.49 0.56 0.53 047 052 05 045 048 046 0.43
Soil Resp
Soil N
Leaching gNm? 0.12 0.20 0.14 0.13 021 0.15 0.09 017 0.11 0.23
year‘1
Mineral plant uptake g N m~? 1.17 3.08 1.75 1.84 383 263 287 468 354 4.8
yealr’1
Total plant uptake gNm™? 3.09 3.08 3.13 4.04 383 397 471 468 4.63 4.8
yealr’1
Organic uptake (of %o 62 44 54 34 39 24
total)
Organic uptake rate day’1 9.0E-05 6.5E-05 6.5E- 4.0E- 3.7E- 2.2E-
(On) 05 05 05 05
Change in soil gNm? —0.13 —0.26 —0.17 —-0.02 —-0.14 —-0.06 037 026 034 0.71
year’1
Soil C:N ratio (initial) — 31.4 314 31.4 29 29 29 272 2712 272 19.8
Soil C:N ratio (final) - 44.5 229 31.6 387 227 29 319 228 271 21.2

The different variables are represented with average annual values for the 100-year simulation period

Discussion

General and specific patterns of forest ecosystem
dynamics

Simulated GPP along the transect was consistent with
values reported from other studies in similar systems
(e.g., Williams et al. 1997), but on average 74%
lower than values reported from the LUSTRA sites
(Lindroth et al. 2007, Table 4). This difference could
be due to the simulation representing a mean value
from 100 years, whereas LUSTRA represented
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measurements in a 40-year-old forest, which is likely
to be in a productive phase. The simulated NPP/GPP
ratio of between 0.36 and 0.42 (Table 7) was the
same as the values reported from the two most
northern LUSTRA sites (Lindroth et al. 2007,
Table 4), whereas the southern LUSTRA site Asa
showed a higher value (0.46) compared to the
corresponding site Néssjo (0.38). The reason for this
difference was not clarified. The simulated ratios
were lower than the values reported by Waring et al.
(1998), but lower ratios have been reported from
boreal forests (Ryan et al. 1997).
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Measured standing stock in a 100-year-old forest
in the respective region (Table 2) was the only
information that was used to adjust simulated tree

biomass. Apart from this, the simulated tree growth
was the result of independently chosen parameters
regarding plant properties (Table 4) and forest
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management strategies. The agreement between
model and measurement was good, but tree growth
was overestimated in the early stages in the north,
while it was underestimated in the south. Several
possible aspects could explain this discrepancy. One
contributing factor could be that the simulations
performed in the study 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 characteristics, e.g., allocation pat-
terns, should perhaps have been more site-specific or
preferably region-specific. Another aspect that was
not considered was the timing and intensity of forest
management practices, which are performed at a later
stage in the north and less biomass is removed during
e.g., thinning compared with the south (Swedish
Forest Agency 2005). In the simulations, an average
timing and average level of intensity were assumed.
Competition between the field layer and tree seed-
lings in the early phases, damage to growing trees as
a consequence of cold weather, parasites or grazing
animals are other factors that probably vary along the
gradient. However, the difference in dynamics
between simulated biomass and measured standing
stocks during the rotation period was not of a
magnitude to significantly affect the forest C balance
during the simulation period. The size of the biomass
pools, and thus the amounts of litter produced
(Table 7), was considered to be more important than
the timing of the litter production. The simulated
mean annual litter production and the relative con-
tribution from above- and below-ground plant parts
were similar to findings reported in other studies
(Berg and Meentemyer 2001; Berggren Kleja et al.
2007) and were hence considered reasonable.

The relationship between tree layer and field layer
in terms of competition for radiation was clearly
demonstrated (Fig. 4). As the tree LAI in the
ecosystem in the south of Sweden increased and
levelled off at around 6, the field layer showed a
simultaneous decrease. This development was not the
case in the north, where the field layer was stable
through the entire simulation period, and the tree LAI
had a maximum of around 3. The different field layer
dynamics described for north and south were also
reflected in the LAI of the field layer and hence the
amount of adsorbed radiation, since the field layer in
the north adsorbed 17% of total adsorbed global
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radiation in the ecosystem compared to only 6% in
the south (Table 7). This could be compared to the
NPP of 21-29% estimated by Milkonen (1974) in the
field layer of Scots pine stands in Finland and also to
the results in a recent study by Kolari et al. (2000),
who demonstrated the importance of forest floor
vegetation for photosynthetic production in boreal
forests. The importance of the field layer for the C
balance was indicated by its contribution to the total
litter production of the ecosystem, which amounted to
19% in the north compared to 9% in the south
(Table 7).

The differences in mean air temperatures along the
transect with an equal gradient in air temperature
sums reflected the differences in growing season.
This difference in aboveground climate, which
affects plant growth, was not equally pronounced in
the belowground climate, which affects SOC decom-
position (Table 7). In the north, the difference
between mean soil temperature at 10 cm depth and
mean air temperature was +2.3°C, while the corre-
sponding figure for the south was —0.6°C. Hence, in
the northern ecosystem the model had accounted for a
major insulating factor in the plant-soil system that
was not apparent in the southern ecosystem. The
main explanation for this insulation was the effect of
snow, but the denser field layer in the north could also
have a contributing effect. The modelled difference
of +2.3°C is in accordance with values found by
Beskow (1935). The site in the southern part of
Sweden showed the opposite effect, with the mean
soil temperature being less than the mean air
temperature. A reasonable explanation for this tem-
perature difference, apart from generally snow-free
conditions during wintertime, was the denser tree
canopy (Fig. 4) insulating the below-canopy envi-
ronment from radiation.

Trends in soil C storage

The described differences in soil climate were
evident in the differing response of SOC decompo-
sition rate, with less effect in the south compared to
the harsher soil climate in the north (Table 7). The
contribution from total soil respiration (autotrophic
plus heterotrophic) to total ecosystem respiration
(63-69%) and the contribution from heterotrophic
soil respiration to total soil respiration (43-56%) did
not differ from what has been reported in the
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literature (Hogberg et al. 2001; Schuur and Trumbore
2006). Hence, none of the simulated soil respiratory
losses could be used to assess the different calibration
approaches. For example in Lycksele, where &k,
varied by a factor of 6.4, the difference in total soil
respiration only varied by a factor of 1.1, indicating
the difficulty of using soil respiration measurements
to estimate kj,. The main explanation for this behav-
iour was that the major proportion of soil heterotro-
phic respiration (~80%) originated from the litter
fraction. On the other hand, varying k, greatly
influenced soil C pool changes during the 100-year
simulations.

Approach I, with a low k;, and variable Oy,
resulted in substantial sequestration of C in the soil
(Table 8), with roughly equal amounts along the
Swedish transect. The increase in the SOC pool in
both Lycksele (+33%) and Ljungbyhed (+21%) over
only a 100-year period could not be considered
reasonable. In a recent study, Peltoniemi et al.
(2004) 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 in organic C pools in the O horizon with
increasing stand age, on average 5 g C m ~ year ',
with no detectable change in the mineral soil. This
should be compared with the simulated average
rates of 28 ¢ C m~2 year ' and 23 g C m ™2 year '
for the Mora and Lycksele regions, which are
located at the same latitudes as the sites in the
Finnish study. The organic N uptake along the
gradient, from 62% of total plant N uptake in
Lycksele to 39% in Néssjo, was not unreasonable
(T. Nésholm pers. comm.) and the increasing
reliance on organic N uptake at increasing latitudes
was also in correspondence to newly presented
theory (Schimel and Bennet 2004). However, the
high organic N uptake caused the soil C:N ratio to
change from 31.4 to 44.5 in Lycksele, with similar
but less pronounced patterns in the other regions
(Fig. 5; Table 8). This development over only
100 years was considered to be unlikely. Few
measurements of C:N ratio dynamics in soils over
longer time periods are available, but Dodd et al.
(1994) reported a relatively constant C:N ratio in a
study covering more than 100 years. Furthermore,
the concept of constant soil C:N ratio was used by
de Vries et al. (2006) when estimating C sequestra-
tion in European forests and forest soils.

Approach II, with variable k;, and no organic N
uptake, gave completely different results, i.e., the
soils lost large amounts of C except in the south. In
the north, 35% of the current SOC pool was lost
during 100 years. At the same time the soil C:N ratio
changed from the initial 31.4 to 22.9. Both these
trends were considered to be equally unlikely, based
on the findings in Peltoniemi et al. (2004) and the
discussion on the C:N ratio above. Furthermore, there
is experimental evidence showing that organic N
uptake by plants does occur in boreal forest ecosys-
tems (Nidsholm et al. 1998).

Approach III, with an assumption of soil C:N ratio
being stable during the simulation period, resulted in
small losses of C from the soils in Lycksele and Mora
(-5 g Cm?year ' and —2 g C m * year )
whereas the sites in the south of Sweden at the same
time sequestered 9 ¢ C m > year ' and 23 g C
m 2 year . The simulated soil C losses in the north
could be related to the N balance, which showed that
Lycksele lost 0.17 and Mora 0.06 g N m? yearfl.
DeLuca et al. (2002) reported that boreal forests of
northern Scandinavia take up 0.15 ¢ N m ™2 year ' to
0.2 g N'm 2 year ' through fixation by mosses. An N
uptake of that magnitude in Lycksele and Mora
would help close the N balance and thus put less
demand on N mineralisation to meet measured
regional tree growth in the simulations. This would
result in less soil C losses and hence the simulated
losses of C from northern soils could be an overes-
timation and the SOC pools could be even closer to
steady-state.

Even though the calibration approach III, with
variable k;, and organic N uptake, seems to give the
most reliable and consistent pattern regarding soil C
and N dynamics, the extent to which the different
approaches would apply to the different regions is
still an open question. For example, the boreal forest
ecosystems in Sweden could have a relatively high
organic plant N uptake and related increases in C:N
ratio compared to the temperate coniferous forests in
the south, where the organic plant N uptake could be
less or not apparent at all, and where the soil C:N
ratio might be balanced or even decreasing. Earlier
simulations using the SOIL-N model demonstrated
the difficulty of using data on decomposition rates
from laboratory incubations in order to parameterise
the model to meet measurements of tree growth and
N leaching (Eckersten and Beier 1998). As a
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consequence, the possibility of a supplementary
organic N uptake was implemented. The current
study supports the conclusion of earlier studies with
the SOIL-N model that the simulated forest ecosys-
tems need a supplementary mechanism, in addition to
what can be supplied from N mineralisation, in order
to agree with measured standing stocks.

Long term ecosystem C dynamics—key factors

To analyse the factors affecting current soil C pools, a
ratio between variables for the most southern region
in the transect (Ljungbyhed) and the corresponding
region in the northern part of the transect (Lycksele)
was constructed (Table 9).

The ratio of plant growth was 2.05, which was
significantly larger than the production of litter (1.63).
Two main factors could explain this - the contribution
of the field layer to the total litter production in the
north, where a relatively small part of the total
biomass (~5%) contributed to 19% of the total litter
production (Table 7); and the lower NPP/GPP ratio of
the southern ecosystem, which indicated larger plant
respiratory losses here compared to in the north,
leaving less biomass to be transferred into litter.

As indicated in Table 9, the current soil C pool in
the Ljungbyhed region was 1.52 larger than in the
northern (Lycksele) region. This figure is similar to
the relationship between total litter production (1.63),
so if decomposition rates had been the same in the
north and south, the different litter input rates would
have explained the current difference in soil C pools.
However, the simulated climatic effect on the SOC
decomposition rate was 1.78. As discussed above,

Table 9 The ratio Ljungbyhed:Lycksele for plant and climate
variables based on values in Table 7 and soil C from Table 6

Variable Ratio

Plant and climate

Air temperature 10.14
Growth air temperature sum 1.69
Plant growth 2.05
Total litter production 1.63
Soil temperature 10cm 2.16
Climate effect on SOC decomposition rate 1.78
Soil C

Soil carbon pool (current value) 1.52

@ Springer

this effect was largely related to the lower soil
temperatures in the north. In other words, these
results indicated that had long-term simulations been
performed using the same values of k;, for all regions,
as in approach I, the simulated soil C pools in the
northern regions would have been larger than the soil
C pools in the southern regions, which is the opposite
pattern of the observed data.

In the calibration approach III, where both k;, and
Oy were allowed to vary along the climatic transect,
both parameters increased from south to north
(Table 8). The k; parameter needed to be set 3.36
times higher in the north (Lycksele) than in the south
(Ljungbyhed) in order to match tree growth, keeping
the C:N ratio at a constant value and changes in soil C
pools at reasonable rates (cf. Peltoniemi et al. 2004).
The reason for the suggested lower decomposition
rate coefficient in the south compared to the north is
not clear. One possible explanation could be high
levels of available N through deposition hampering
decomposition, since there is experimental evidence
to indicate that decomposition of SOC proceeds at a
slower rate in N-rich environments. In a recent field
experiment performed at Flakaliden, Olsson et al.
(2005) found that heterotrophic respiration was
significantly lower in N-fertilised plots than in
untreated plots. Furthermore Schimel and Bennet
(2004), suggested a new model where N mineralisa-
tion is conceptualised as gross mineralisation com-
bined with a competition between microbes and
plants over mineralised N. Given a system limited by
N the competition could force the microbes to
enhance the decomposition. Still, it is unclear to
what degree this could explain the higher decompo-
sition rate coefficients in the north compared to the
south. Another possible explanation could be a
different temperature sensitivity for SOC decompo-
sition than that used in the simulations. SOC decom-
position in the north was reduced by a factor of 1.78
compared with in the south, mainly due to lower soil
temperatures. However, at the same time the decom-
position rate coefficient (k;,) was 3.36 times higher in
the north, indicating that even if no response function
for soil temperature had been considered at all, which
has been proposed (e.g., Giardina and Ryan 2000),
the decomposition rate of the humus pool in the north
would still have been higher.

The 1.69 ratio for the growing season (air temper-
ature sums) clearly showed the importance of climate in
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explaining the larger tree growth in the south compared
to the north. However, this ratio was significantly lower
than the corresponding ratio for plant growth (2.05),
indicating yet another regulating factor. The explanation
for this enhanced growth over and above the contribu-
tion from the prolonged growing season was most likely
the larger N availability in the southern ecosystem
(Table 1; Table 6), which highlights the importance of
considering N supply when simulating spruce forest
ecosystems and/or making predictions of climate
change on soil C dynamics.

Conclusions

The modelling approach with feedback between
abiotic processes and turnover of C and N in the soil-
plant system was successful in describing general
patterns in managed forest stands during a period long
enough to be relevant for C sequestration issues. We
believe this is a viable approach for the necessary
differentiation between the combined effects of cli-
mate and N on C pool dynamics in forest ecosystems.

Appendix 1 List of equations

The tree growth pattern observed along a transect
covering the main forested areas in Sweden could not
be explained without organic N uptake and/or
enhanced mineralisation rates for the northern regions
of the country, compared to the southern regions.

The difficulty of using measurements for estimat-
ing decomposition rates for SOC with a low turnover
rate (k;) was clearly indicated. A modelling approach
where both k;, and organic N uptake were allowed to
vary along the climatic transect while soil C:N ratio
was assumed to be in steady-state produced the most
consistent results in terms of long-term trends
(100 years) in soil C and N pools. Applying this
approach, forest soils in the south of Sweden were
sequestering C (10-20 g C m 2 year '), whereas
forest soils in the centre and north of the country were
close to steady-state.
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Equation Definition No.
Plant biotic processes
Cam—a = erf (T))f (CN))f (Eta/Ep )Ry pi Rate of photosynthesis (g C m™> day™") €))
where ¢; is a parameter representing the radiation use

efficiency.

0 Tl <Pmn
(Tl 7pmn)/(pal - pmn) Pmn S TI Spal
() = 1 Po1 <Ti1<po2 Response function for leaf temperature (—) 2)
1- (TI - poZ)/(me - [702) Po2 ST <Py
0 Tl > Dmx
where p,.., Do, Poz and p,,, are parameters.
1 CNiear <Pcn,Opt
f(CN) =1+ % Pen,opt < CNieas < Pen.i Response function for leaf C:N ratio (—) 3)
'N,Opt °N,Th s
CNieaf > PON,Th

where pey,opr and pen, i, are parameters and CNp is the

C:N ratio in the leaf.
f (E,a / E,p) = % Response function for soil moisture (—) 4)

»

CaﬂRaut :fmat : CA?W!“U
C Teaf = . C _,

a—teaf = Jieaf - Caim—a Carbon allocation to root, leaf, stem and coarse root @)

Co—Stem = ((l — froor 7fleaf) : CArmﬂa) . (1 7.]‘27)

Ca—CRoot = ((1 — froot _ﬁeaf) : CAtha) “Jer
Where fyor fieqr and f., are parameters.

respectively (g C m™2 day™")
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Appendix 1 continued

Equation

Definition

No.

CLeafA»Resp = Kmrespleaf f(Ta) : Cleuf + kgresp ) CaﬂLeuf

Where Ky, espieqr is the maintenance respiration coefficient for leaves, kg, is
the growth respiration coefficient, and f{7,) is the temperature response.
The equation calculates respiration from stem, roots and coarse roots by
exchanging kespiear 10 Krespstems Kmresproots kmresperoor» and using the

corresponding storage pools.
(Tu_/QIObnx)/lo

F(Ta) = tyyo

where 19 and tg;0pqs are parameters.

Creaf—tier = lie * Creqr - €4%141)

where /. is a rate parameter, A; the LAI and k; 4, the LAI Enhanced
Coefficient parameter. Stem, coarse roots and fine roots are calculated

analogously using Ig., [cg. and Ig. , except for the exponential function for
enhanced leaf litterfall.

Cos Cu—sCRoo CasStem Ca—Lea
Npemand = < akoot y Camcroor y Camstem | Za—l l/> _NMohileRealloalzaf

CNMinRoot CRMinCRoot CNMinStem CNMinLeaf

where caginroon ClatinCRoos ClMinstem A0 Clygingeqr are parameters and
Nuovitereatio 18 €qual to the nitrogen content in the mobile nitrogen pool at
that time-step.
Nutinerat—piant = fnupr - (NNo, + Nyg, ) where fupt 1s a parameter.
NLineroL
NLilterOL + NHumus()H)
NHumusoH

(NLitteroL + NHumusoH)
where o, and oy are parameters for maximum uptake rates.

NOrganic—>Plam = NLitteroL - (

+ NHumusoH :

. CuﬂRuot
NaHRaot = mln(Nm
ClMinRoot
. a—CRoot
_ Ca—cr
Nﬂ*?CROOT - mln(Na - Na~>Rnot7 -
CNMinCRoot
. CaHStem
Na—>Slem - mln(Na - Na—>Rool - Na—>Cert-,
CRMinStem
. CuHLeaf
NaﬂLeaf - mln(Na - NaﬂRoat - NuHCRa[)t - NaﬂStem7
CNMinLeaf

where cnsinroors CMinCRoots CMinstem aNd CgipLeqr aT€ parameters.

Ark
NLeafA»Litter - ch . NLeuf : e( k)
CLeafﬂMobile = CLeafﬂLitterSmface * Myetain
where 1,4, 1S a parameter.

Leaf —Mobile = “ Leaf —Mobile MinLeq
N, bill C bile | CN. :
where chyginzeqr 1S @ parameter.
Chobite—Leaf = ChMobile * Mshoor
where mg,,,, iS a parameter.

NMobileHLeaf = Nuobite * Mshoot

Soil nitrogen and carbon processes

CDecompL = klf (T)f (9) CLitter

where k; is a parameter. Decomposition of the humus pool is calculated
analogously using the parameter kj,.

CLitterHCOz = (1 _fe‘,l) . CDepompL

CLinerHHumu: = f ‘e,lﬁl?l CDecompL

ClLiter—Litter :fe,[(l _fh,l) . CDecomp

where f,; and f},; are parameters.

Plant growth and maintenance respiration from
leaves (g C m~? day™h

Air temperature response function for respiration
=)

Leaf litter rate carbon (day")

Plant nitrogen demand (g N m~>2 day’l)

Plant uptake of mineral nitrogen (g N m 2

day ™)

Plant uptake of organic nitrogen (g N m~2 day ™)

Nitrogen allocation to root, coarse root, stem and
leaf respectively (g N m™2 day™")

Leaf litter rate nitrogen (day™")

Carbon retention at leaf litterfall (g C m2 day_l)

Nitrogen retention at leaf litterfall (g N m~>2
day ™)

Reallocation of carbon from mobile pool to

leaves at leafing (g C m ™2 day ')

Reallocation of nitrogen from mobile pool to
leaves at leafing (g N m~2 day ).

Decomposition of litter, carbon (g C m~2 day ')

Decomposition products from litter (g C m~>

day )

6)

@)

®

(&)

10)

(Y

12)

(13)
14)

15)

16)

a7

18)

19
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Appendix 1 continued

Equation

Definition

No.

CHumuxHCOZ = (1 7feh) . CDecumpH
where f, , parameter is a parameter.

NLI‘[[EY*?HMVNMS = CLirterHHumus/Cnm

where cn,, is a parameter representing the C:N ratio of the microbes.

_ 1 Jeu
NLitter—»NH4 - CDecompL (CNL,-W, - C:Lm>

Mineralisation / immobilisation of nitrogen from humus is calculated analogously.
A negative value of the flux means that a net immobilisation takes place.

Cliteri—po = dpor1f (T)f (0)CLiser1

where d poy is a rate parameter and f{7) and f(0) are the common response
functions for temperature and soil moisture. The equation is used analogously to
calculate the flux of nitrogen from litter to the dissolved organic nitrogen pool.

Chiumus—po = f(T)f (0) - (dpor Crimus — dpon(z)Cpo)

where dpoy 1s the rate parameter for formation of dissolved organic C, dpop is the
rate parameter for the fixation of dissolved organic C, f{T) and f{6) are the
common response functions for temperature and soil moisture, 6(z) is the soil
moisture content and Az is the depth of the soil horizon. The equation is used
analogously to calculate the flux of nitrogen from humus to the dissolved organic

nitrogen pool.

4poc = 5552 v

where g, is the vertical water flow. The equation is used analogously to calculate
the flux of dissolved organic nitrogen.

Fr) =1
51y = (Eem)’
F() =0

where t,,;, and 1,,,, are parameters.
f(()(z)) = Posatact
(HX —0(z)

Poupp

f(@(z)) = min <0(Z) _ 0wilt>m”}
POLow

f(0)=0

where Pggaacts Poupps PoLow and pgp are parameters and the variables, 0,0, and 0
are the soil moisture content at saturation, at wilting point and at the actual soil

moisture content respectively.
Plant abiotic processes

A; = Creqr * Pisp

where p; , is a parameter for the specific leaf mass.

Ryp = <1 - e—m;j—{) Soe (1= ap)Rsg

where k,,, is the light use extinction coefficient given as a single parameter common
for all plants, f.. the surface canopy cover and a,,; the plant albedo.

Py =
S 7" max(A; g,0.001)

where g; is the stomatal conductance.

— Ris 8max
81 = Rutgm 11—

Supd

d
where g5, gmax and g,,4 are parameter.

toin < T < tpax

Pop
) (1 - p().rataz‘t) + Posatact s
Owire < 0(z) < 0,

Decomposition products from humus
(gCm™?day™h

Decomposition of litter, nitrogen (g N m~2

day ")

Mineralisation/immobilisation of nitrogen

(gNm?day ")

Flux from litter to dissolved organic
carbon (g C m~? day ")

Flux from humus to dissolved organic

carbon (g C m~2 day ')

Vertical redistribution of dissolved organic

carbon (gC m™> day™")

Response function for soil temperature

(Ratkowsky function) (-)

Response function for soil moisture (-)

Leaf area index (m> m™2)

Plant interception of global radiation
MJ m~2 dayfl)

Stomatal resistance (s m~ ")

Stomatal conductance per leaf area
ms™h)

(20)

2y

(22)

(23)

(24

(25)

(26)

(X))

(28)

(29)

(30)

(€29}
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Appendix 1 continued

Equation Definition No.
fre = Pemax (1 — e7Padt) Surface canopy cover (m*> m™?) (32)
where pemax and( Peg are parameters .

L,E, = AR HPuy Potential transpiration (mm dayfl) (33)

Aty(142)

where R, is net radiation available for transpiration, e, is the vapour pressure at
saturation, e is the actual vapour pressure, p, is air density, c,, is the specific heat of
air at constant pressure, L, is the latent heat of vaporisation, 4 is the slope of
saturated vapour pressure versus temperature curve, y is the psychrometric
“constant”, ry is an “effective” surface resistance and r, is the aerodynamic

resistange.

E, =E, [fy(fr(2)r(z)

where 7( zz)' is the relative root density distribution, z, is root depth and f}, and fr are
response functions for soil water potential and soil temperature.

E,a = E;; +ﬁmmv . (E;;; - E:zz)

Actual transpiration before (34)
compensatory uptake (mm dayfl)

Actual transpiration (mm day’l) (35)

where f,,.,» 1s the degree of compensation, E,, is the uptake without any account of
compensatory uptake and E;, is the potential transpiration with eventual reduction

due to interception evaporation.
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