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a b s t r a c t

A typical feature of the boreal forest landscape is a gradient from dry to wet sites, with
associated increases in the depth of the soil organic layers. In this study, the coupled
ecosystem–soil biogeochemistry model GUESS–ROMUL is used to explore how the spe-
cific features of soil organic matter decomposition and vegetation dynamics account for an
observed difference between the soils formed under contrasting moisture conditions. Two
sites, one mesic and one mesic-to-wet, representative of the natural forest in Northern Swe-
den, are simulated. In addition to the assumptions underlying the GUESS–ROMUL model,
it is assumed that the fire frequency was higher at the mesic site. The model shows that
with a natural fire regime, the soil organic layers at the mesic-to-wet site store 6.0 kg C m−2

compared to 3.1 kg C m−2 at the mesic site. Forty-seven percent of the difference between
the sites in this respect is explained by suppressed decomposition under higher moisture
conditions, 37% by the decreased litter input into the soil (more frequently disturbed ecosys-
tems have lower productivity) and 16% by direct consumption of the forest floor in fires. It
is predicted that due to anthropogenic fire suppression the organic soil layers of mesic sites
will, in the future, sequester carbon at an average rate of 0.0103 kg C m−2 year−1 and have
an equilibrium storage capacity of 5.4 kg C m−2. For the mesic-to-wet site, the model pre-
dicts an extremely slow sequestration rate of 0.0022 kg C m−2 year−1. The effect of increased
precipitation on the carbon storage at the landscape level is also investigated.

© 2007 Elsevier B.V. All rights reserved.

1. Introduction

The soil, which represents a large and dynamic carbon pool,
is a key element that must be considered when discussing
how carbon storage in boreal ecosystems may be influenced
by future climate change. Some fractions of soil carbon, such
as humic substances bound to mineral matrices, have a very
slow turnover rate and therefore changes in carbon storage
capacity should be considered over a long time scale (e.g.
Trumbore and Harden, 1997). However, the soil organic lay-
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ers (O layers) are much more labile and the carbon content in
them can vary considerably, even within a decade (Bormann
et al., 1995; Yu et al., 2002). Among the factors affecting soil C
dynamics, changes in litter production and soil temperature
are most often considered. Following anticipated increases
in atmospheric CO2 levels and temperature, primary produc-
tion is expected to increase, leading to increases in organic
material inputs to the soil. On the other hand, rises in soil
temperature may compensate for, or even overbalance this
effect by increasing respiratory losses from the soil. Currently,
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there is no general agreement regarding how these two forces
are balanced in the boreal region, but soil organic matter mod-
els are widely used in attempts to explore the relationships,
and mechanisms, involved (Liski et al., 1999; Hyvonen et al.,
2002; Ågren and Hyvonen, 2003; Davidson and Janssens, 2006;
Carrasco et al., 2006).

Model simulations typically assume that soil moisture
conditions are average, or optimal, despite the fact that obser-
vations suggest that there is a strong correlation between the
amount of carbon in the O layers and soil moisture content.
A typical boreal landscape can be divided into the following
structural units according to the soil moisture regime: (i) the
driest watershed parts and convex slopes, (ii) mesic sites, sit-
uated mainly on the straight slopes, (iii) the hollows, lower
parts of the catchment adjacent to the streams and the con-
cave slopes with favourable moisture conditions and (iv) mires
with water-logged conditions. The mires store the greatest
amounts of carbon per unit area, but they represent ecosys-
tems with distinct vegetation and hydrological regimes that
are beyond the range of the moisture gradient explored in this
study, so they are not considered here. Instead, we focus on
the gradient encompassing the other three units – from dry
sites, with usually poor O layers (typical mor), to wet sites, on
fully developed humic podzol (rich O layers, hydromor) or peat
soil – that is a basic feature of boreal landscapes where mires
have not developed.

The well-drained and wet soil types are so quantitatively
and qualitatively different that they should be expected to
respond differently to a changing environment. Therefore, in
order to reliably predict the future carbon storage capacity of
the boreal zone, soil organic matter models should be tested
and further developed by incorporating the effects of varia-
tions in moisture conditions.

A crucial issue is why the O layers of moist forest soils accu-
mulate more C than those of well-drained soils. The accepted
explanation is that decomposition is suppressed under high
moisture conditions. However, there is an alternative hypoth-
esis linking the observed differences to the historical patterns
of fire disturbance (M. Nilsson, pers. commun., 2004). Moist
sections of the boreal forest used to burn less frequently than
dry sections (e.g. Engelmark, 1987). Consequently they tended
to have higher proportions of mature trees (e.g. Wardle et al.,
2003) and, hypothetically, higher long-term average rates of
litter production. The fact that the amount of carbon stored in
the O layers can be as high as 27 kg C m−2 (equivalent to a depth
of ca. 0.5 m) in boreal ecosystems where the disturbance fre-
quency is apparently low provides support for this hypothesis
(Hesselman, 1926; Wardle et al., 2003). These unique soils were
found in old nature reserves, or unmanaged and rarely burned
forests on islands, and were not characterised by high soil
moisture content. For comparison, a mean estimate of the car-
bon storage capacity for the global boreal forest is 3.3 kg C m−2

(Vogt et al., 1986).
It has been reported that as the disturbance frequency

in natural forest is reduced, soil begins to act as a C sink
(Kurz and Apps, 1996; Bhatti et al., 2002). Therefore, we could
speculate that anthropogenic fire suppression could lead to
the increased sequestration of carbon by the O soil layers,
thus reducing the differences between moist and well-drained
soils.

The aim of the study presented here was to use the cou-
pled ecosystem–soil organic matter model GUESS–ROMUL to
examine the effects of two moisture conditions, mesic and
mesic-to-wet, on carbon storage in organic layers of the natu-
ral Northern Sweden boreal forest soils. The model simulates
vegetation dynamics, including the disturbance regime, and
decomposition of various types of organic matter in relation
to soil/litter moisture levels. Analysis of the present situa-
tion and future predictions are made. Some rough calculations
concerning the effect of current changes in precipitation on
carbon storage in the soil are also included in the study, by
changing the relative proportions of sites with different mois-
ture regimes in the simulated landscape.

2. Description of the modelling system

In the present study the general ecosystem simulator GUESS
(Smith et al., 2001) has been fully coupled with the soil organic
matter dynamics model ROMUL (Chertov et al., 2001); the
combined modelling system is called GUESS–ROMUL. It is
important to note that the GUESS model incorporates a formu-
lation of litter and soil biogeochemistry that was not applied
here.

GUESS is a terrestrial ecosystem model that simulates veg-
etation dynamics and carbon and water exchange. The key
processes in the model are vegetation establishment, growth,
mortality and the competition for light among plant individ-
uals, which determines vegetation composition and natural
succession. Each simulated woody individual belongs to a cer-
tain species or plant functional type (PFT) with a specific set
of parameters controlling its potential climatic space, ability
to survive under various stress conditions, scaling factors for
photosynthesis and respiration, allometry and carbon alloca-
tion, phenology, establishment and mortality. GUESS can be
applied to any given ecosystem by specifying these general
parameters rather than by using a direct validation proce-
dure. The driving force is soil texture and climate, provided
as model inputs, therefore there is always a generic connec-
tion between the variability of environmental parameters and
changes in ecosystem structure and functioning (concerning
the latter, changes in productivity are the most frequently
discussed). The model has been recommended for, and suc-
cessfully applied to, landscape-to-regional scale simulations
of various systems, including the Swedish boreal forest (Koca
et al., 2006). For a comprehensive description the reader is
referred to Smith et al. (2001). Here only the features of the
model that are directly linked to the simulation of soil carbon
dynamics (such as litter production, the disturbance regime,
soil temperature and moisture) are outlined.

2.1. Litter production

Net primary production (NPP) is modelled in GUESS by explic-
itly representing photosynthesis and maintenance respiration
(Haxeltine and Prentice, 1996; Haxeltine et al., 1996; Sitch et
al., 2003). At the end of the simulation year, after subtract-
ing the reproduction costs from NPP, the remaining fraction is
partitioned amongst leaf mass, fine root mass and sapwood
using allometric relationships. Leaf and fine root biomass are



e c o l o g i c a l m o d e l l i n g 2 0 4 ( 2 0 0 7 ) 475–484 477

transferred into the litter pool with a given turnover rate. The
mortality of leaves (needles), root and woody biomass also
provides inputs into the litter pool. Mortality in GUESS is a
stochastic process with a background rate related to plant
longevity and growth efficiency.

2.2. Disturbance

GUESS simulates individual plant growth in a number of repli-
cate patches, the patch average representing the forest stand.
For each patch, stochastic generic disturbance is applied with
a prescribed frequency, with disturbed biomass being trans-
ferred to the litter pool. This accounts for disturbances such
as wind or insect damage but does not include fire, which is
modelled explicitly in GUESS as described by Thonicke et al.
(2001). Two basic assumptions are made in the model: (i) a
fire can only occur if the amount of litter stored in a forest
floor exceeds a threshold value, and (ii) soil moisture is a key
environmental variable determining the probability of fire. Fire
resistance prescribed for the PFT or plant species indicates the
percentage of individuals consumed in a fire. A fraction of the
litter is also burned if the fire occurs, and the fire resistance of
the litter is assumed to be the same as for living individuals.
For comparison with historical data and reconstructions the
fire probability estimated in the model can be recalculated as
an average fire return interval.

2.3. Soil temperature and water balance

Soil temperature is assumed to follow surface temperature
according to a Fourier annual sinusoidal cycle with a damped
oscillation amplitude and a temporal lag. Soil thermal diffu-
sivity is dependent on both the soil texture and water content.

Representation of the soil moisture in GUESS is based
on Haxeltine and Prentice (1996). A two-layer, simple water
balance scheme includes evapotranspiration, snowmelt, per-
colation and runoff. An excess of soil moisture over the
available water holding capacity in the first and second
layers is attributed to surface runoff and drainage to the
ground water, respectively. The percolation coefficient and
field capacity are texture-dependent constants.

It has been demonstrated that LPJ (a global version of the
model, sharing all of the components except the vegetation
dynamics component with GUESS; Smith et al., 2001) accu-
rately reproduces the spatial patterns of soil moisture on a
coarse scale (Wagner et al., 2003), as well as the seasonality
of soil moisture for specific sites (Sitch et al., 2003). Further
details about the hydrological evaluation of the model can be
found in Gerten et al. (2004). Sensitivity analysis of the LPJ
model (Zaehle et al., 2005) has revealed that, in water-limited
regions, parameters controlling the evapotranspiration rate
are of considerable importance for the simulated net pri-
mary production. Wolf et al. (in revision) have studied the
uncertainty of GUESS model simulations arising from the
mathematical formulation of the water balance. The simu-
lations for the region in Northern Russia produced by (i) the
standard model, and (ii) GUESS, driven by the soil moisture
estimates produced by the mechanistic model JULES (Cox et
al., 1999), were compared. It was shown that differences in
soil moisture had a minor influence on the vegetation carbon

fluxes simulated with GUESS, whereas the soil carbon fluxes
were very sensitive to the soil moisture estimates.

ROMUL (Chertov et al., 2001) is a dynamic soil organic
matter model based on the concept of “humus type”. The
model was originally called SOMM (Chertov, 1985; Chertov and
Komarov, 1997) and was developed with data from long-term
laboratory experiments on the decomposition of plant litter in
relation to the chemical composition of the material (nitrogen
and ash content), litter/soil temperature and moisture. The
process of decomposition is treated in the model as sequential
stages of organic matter transformation (humification) per-
formed by different functional groups of soil organisms. The
stages are: L, fresh litter; F, complex of humus substances
with underdecomposed plant debris (CHS); HO, organic layer
humus substances (OLH) in the later stages of decomposition
(visually manifested as peat); HM, humus of the mineral soil
layer or “true humus” closely bound to the mineral matrix. The
mass balance for each of these organic matter types (pools) is
described by the system of linear differential equations with
varying coefficients presented below

∂L

∂t
= LO − (k1 + k3)L, (1)

∂F

∂t
= k3L − (k2 + k4O + k4M + k5)F, (2)

∂HO

∂t
= k4OF − k7HO, (3)

∂HM

∂t
= (k4M + k5)F − k6HM, (4)

where LO is a litter input into the soil per unit time, while
L, F, HO and HM are the current sizes of the respective pools
(kg C m−2).

Coefficients ki (k1, . . ., k7) (day−1) account either for com-
plete mineralization or transformation of the specific organic
matter type into another type. Table 1 describes the processes
included in the ki coefficients and gives some information on
the groups of soil organisms performing these processes. Each
value of ki is presented as a function of the initial N and ash
contents in plant litter, multiplied by the temperature and
moisture response functions:

ki = ki(N, ash)fi(T)gi(W), (10)

The functions fi(T) and gi(W) are empirical and differ for
the different processes, to account for the fact that responses
to environmental parameters are not universal for all types
of organic matter. Here, the dependence of ki on nitrogen and
ash contents and soil/litter moisture were taken from Chertov
et al. (2001), while temperature response curves were updated
according to Chertov et al. (2005). Equations parameterizing
the moisture response curves (5)–(9) are given in Table 1 as
they are used further in the discussion. Different ki coefficients
were used for the above and belowground litter compartments
(omitted from the above equation system for simplicity). Fur-
thermore, in comparison with a published version of ROMUL,
an additional pool OLH (HO) was added to the model (Chertov,
pers. commun., 2004). This accounts for the fact that when
litter quality is poor and/or its acidity is high, the soil Arthro-
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Table 1 – Kinetic coefficients ki (i = 1, . . ., 7) used in the model

Coefficient Process described Group of the soil organisms
performing it

Dependence on the soil moisture, W
(mass%)

k1 Litter mineralization (L↑) Fungi and micro-fauna
complex

(5) g1 =






0 W ≤ 7, W > 600
0.0435W − 0.304 7 < W ≤ 30
1 30 < W ≤ 300
−0.003W + 2 300 < W ≤ 600

k2 CHSa mineralization (F↑) Fungi and micro-fauna
complex

(6)

g2 =






0 W ≤ 7, W > 1200
0.0233W − 0.163 7 < W ≤ 50
−0.00625W + 1.31 50 < W ≤ 90
−0.00068W + 0.811 90 < W ≤ 1200

k3 Litter to CHS transformation (L → F) Fungi and micro-fauna
complex

g3 = g1

k4O CHS to OLHb transformation (F → HO) Bacteria and Arthropoda (7) g4 =






0.025W W ≤ 40
1 40 < W ≤ 400
−0.0033W + 2.333 400 < W ≤ 700
0 W > 700

k4M CHS to “true humus” transformation
(F → HM)

k5 CHS to “true humus” transformation
(F → HM)

Earthworms (8) g5 =






0 W ≤ 2, W > 120
0.0769W − 0.1538 2 < W ≤ 15
1 15 < W ≤ 70
−0.02W + 2.4 70 < W ≤ 120

k6 “True humus” mineralization (HM↑) Soil bacteria and fungi (9) g6 =

{
0.025W W ≤ 40
1 W > 40

k7 OLH mineralization (HO↑) Soil bacteria and fungi g7 = g2

a Complex of humus substances with underdecomposed plant debris (humified forest floor).
b Organic layer humus substances (peat).

poda do not transport organic material down to the mineral
part of the soil profile, but rather leave it in the organic layer.
The richer is CHS in nitrogen (lower C/N ratio) the higher pro-
portion is going to mineral topsoil (the more active and larger
are Artropoda and Insecta larvae). Therefore, coefficient k4

describing the transformation of CHS can be divided into two
components: the flow to OLH (kO) and the flow to the mineral
soil layer (kM):

k4M = 0, k4O = k4,
C
N

≤ 10, k4M = k4

(
1.4 − 0.02

C
N

)
,

k4O = k4 − k4M, 10 <
C
N

≤ 35, k4O = k4, k4M = 0,
C
N

> 35,

(11)

The mineralization rate for OLH is described by coefficient
k7 = 0.00015f2(T)g2(W) (temperature and moisture response
curves are taken as those for CHS).

The model has been evaluated against long-term exper-
imental observations and provides good results for actual
forest data sets (Chertov et al., 1997)

3. Model set-up

In the present study simulations were performed for a geo-
graphical location representative of the Northern Swedish
boreal forest (64.0◦N, 19.5◦W). Soil texture data were taken
from the FAO data set (Zobler, 1986; FAO, 1991) and average

monthly values for air temperature, precipitation and cloud
cover, for the closest 0.5◦ × 0.5◦ grid square derived from a
meteorological observation network, kindly provided by the
Climate Research Unit (CRU), University of East Anglia (New et
al., 1999, unpublished), were used to run the model. Although
the simulations were extended into the future, neither climate
predictions nor measured data for the period after 1970 were
used since the potential effects of climate change were not
the focus of this study. The series of inter-annually varying
meteorological parameters, detrended in the case of temper-
ature for the period 1901–1970, were repeated to represent
fluctuations about constant long-term climatic parameters.
Simulations with GUESS–ROMUL started from “bare ground”,
but results from the initial period (before the first equilibrium
with respect to vegetation and carbon pool) were not analysed.
Plant species were described explicitly and all model param-
eters were taken from the validated simulations with GUESS
for the Swedish forest (Koca et al., 2006).

Generic disturbance (other than fire) was applied with a
prescribed frequency of 100 years. Plant litter C/N ratios in
above and belowground compartments for the given species
were taken from Berg and McClaugherty (2003). According to
observations (T. Persson, pers. commun., 2004) no earthworms
are found in Swedish forests at the latitude simulated here,
therefore coefficient k5, characterizing the activity of this type
of soil fauna, was set to zero.

The overall dynamics for a stand were derived by simu-
lating a number (in this case 100) of 1000 m2 patches and
averaging the results. Between-patch variability resulted from



e c o l o g i c a l m o d e l l i n g 2 0 4 ( 2 0 0 7 ) 475–484 479

stochastic variation in establishment, mortality, fire, and other
types of disturbance. Due to averaging over a large number of
patches, stand species and age composition were relatively
stable and well mixed, although dependent to a large degree
on the assumed disturbance interval.

The sum of carbon stored in all organic soil layers (L + F + HO)
was analysed; the humus of the mineral layer (HM) was not
included in this study.

Soil moisture in mass% was calculated separately for the
organic and mineral soil layers. Bulk density and wilting point
data for the mineral layer were taken from the DAAC database
(Global Soil Data Task Group, 2000). For the organic layer, rough
estimates of bulk density of 0.05 g cm−3 were derived from the
regression of organic layer depth on relative mass presented
by Chertov (1981).

Two contrasting soil moisture regimes, mesic and mesic-to-
wet, were considered to investigate the effect of soil moisture
on organic soil layer accumulation. The Swedish National
Forest inventory divides the soils in the country according
to the water table depth (WT) in the following classes: dry
(WT > 2 m), mesic (1 < WT < 2), mesic-to-wet, wet and water-
logged (for the last three WT < 1 m). Beldring et al. (1999) report
a regression linking an average water table depth with soil
moisture, which was developed using data for the Swedish
boreal forest. According to water moisture values produced
by GUESS–ROMUL the simulation site falls into the category
mesic. That is in accordance with the model soil hydrology
formulation, which assumes free drainage (Section 2). To sim-
ulate mesic-to-wet sites, soil moisture for the mesic site was
simply multiplied by the scaling factor so that WT = 0.6 m. This
implies that annual variability is the same for sites with dif-
ferent levels of soil moisture, which is not strictly true, but is
realistic as shown by Beldring et al. (1999). The climatic aver-
age of the modelled O soil layer moisture (mass%) is 220% and
440% for the mesic and mesic-to-wet sites, respectively.

It is important to point out that soil moisture influences not
only the process of decomposition but also the occurrence of
forest fires, which in turn influences vegetation dynamics. To
assess the effect of fire frequency on the size of the O layers,
different fire return intervals were applied for the mesic and
mesic-to-wet sites. First, the results from a model fire rou-
tine were examined but the fire return intervals of 360 years
for mesic, and 1000 years for mesic-to-wet sites appeared to
be overestimated. Therefore, estimates found in the literature
for the pre-industrial frequency of fire in the simulation area
were used instead. Fire frequency was taken as 50 years for
the mesic, and 300 years for the mesic-to-wet sites, based on
estimates made by examining records of fire scarring on trees
in a relatively dry pine forest area (Niklasson and Granström,
2000) and a variety of forest types (Engelmark, 1987) in North-
ern Sweden. The data from the latter study support the idea
that the fire return interval varies (from 48 to 270 years) and
correlates with forest type, while on mires traces of fire are
very rare or absent. A study on Russian forests with natural
fire disturbance regimes (Wirth et al., 2002) found that, on aver-
age, 50% of the carbon in the O soil layers is consumed by fire,
which was integrated into the model. After the year 1870 all
fires are assumed to be suppressed (Niklasson and Granström,
2000). However, the effects of other forest management prac-
tices were not included in this study.

The analyses presented below are based on the following
model runs:

• Run I. Natural fire frequency. Simulations continue 2000
years from the time when the C pool in the O layers reaches
a steady state.

• Run II. No fire disturbance. “Other” types of disturbance with
a prescribed frequency of 100 years are included. Simula-
tions continue from 1870 until the C pool in the O layers
reaches a new steady state.

4. Results and discussion

4.1. Comparison of mesic and mesic-to-wet sites
under natural fire conditions (model run I)

A mixed stand of spruce, pine and birch was predicted as the
natural vegetation for both the mesic, and for the mesic-to-
wet sites. However, the average contribution of birch biomass
in a stand varied by 7% on the mesic site but only by 3% on the
mesic-to-wet site. Birch is an early successional species so its
contribution increases with increases in fire frequency. For the
mesic-to-wet site, the long-term average annual aboveground
litter production was 0.06 kg C m−2 year−1. This is consistent
with an estimate obtained from empirical regressions for
spruce and pine litter fall as a function of actual evapotran-
spiration, in mature forest (Akselsson et al., 2005). Soils in the
more frequently disturbed forest at the mesic site had a much
lower average litter input of 0.045 kg C m−2 year−1 due to the
fact that the productivity of the young forest was lower than
that of the mature one. The model results agree with empir-
ical observations (Mälkönen, 1974; Berg and McClaugherty,
2003) showing that litter production is a function of tree age,
generally increasing and reaching a steady state as the stand
matures. Fine root litter in the model was assumed to be equal
to the leaf litter.

At the beginning of the simulation, the slowest-developing
O soil layers (HO) reached an approximate steady state (with
oscillations due to disturbance) after about 200 years in the
mesic site and 500 years in the mesic-to-wet site. Simulations
from the following 2000 years were used to investigate the
fluctuations of the pool sizes around the steady state due to
disturbance of particular patches. We calculated average car-
bon storage at the steady state to be 3.1 and 6.0 kg C m−2 for
the mesic and mesic-to-wet stands, respectively (see Fig. 1a, in
which the distribution of the pool sizes within the 2000-year
time series is also shown). This difference in carbon storage
capacity could be explained by:

• Organic matter decomposition being suppressed with
increasing soil moisture.

• The higher fire frequency in the mesic sites causing a sig-
nificant proportion of the soil carbon to be burned.

• The overall litter input into the soil being lower at the mesic
site. The higher fire frequency would cause young forest,
which is less productive than mature stands, to dominate.
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Fig. 1 – Modelled carbon storage in forest soil O layers
under mesic (MES) and mesic-to-wet (MTW) moisture
conditions and a natural fire regime. (a) Box plot
characterizing the distribution of the total stand C stored in
soil O layers. The boxes have lines at the lower, median
(bold), and upper quartiles and the whiskers show the
lowest and highest values. Statistics are based on a
2000-year time series with climate and
disturbance-induced fluctuations around the steady state.
(b) The relative contribution of peat (HO) and the other O
layers (L + F), where L is fresh litter and F is the humified
forest floor.

Model tests have shown that 47% (95% confidence inter-
val, CI, 45–49%), 16% (CI = 11–21%) and 37% (CI = 33–41%) of the
difference can be explained by the first, second and third rea-
sons, respectively. Therefore, it is suggested that soil moisture
modulates carbon storage in O layers, not only by its direct
effect on organic matter decomposition but also, and equally
importantly, by determining the frequency of the disturbance
events (fires).

The relative ratio of the peat pool (HO) and other soil O layer
pools (L + F) in the mesic-to-wet site is about twice as high as
in the mesic site (Fig. 1b).

4.2. Sensitivity of C storage to the frequency of fire
disturbance

An estimate of the fire return interval in the mesic-to-wet for-
est contains a large level of uncertainty, therefore the model
sensitivity to this parameter was tested. The results, pre-
sented in Fig. 2 show that increasing the fire return interval
from 100 to 300 years had a statistically significant effect on C
storage (the medians of the two groups differ at the 5% signif-
icance level if the inner bounds of the boxes do not overlap),
while the difference in the values between 300 and 500 years
was not significant.

Fig. 2 – Relationship between fire return interval and C
storage in O soil layers in the mesic-to-wet site. The boxes
have lines at the lower, median (bold), and upper quartiles
and the whiskers show the lowest and highest values.
Statistics are based on a 2000-year time series with climate
and disturbance-induced fluctuations around the steady
state.

There was no direct effect of increased water content on
gross primary production according to the GUESS–ROMUL
model, presumably because there was no water stress in the
area. Changing the relative contribution of different plant
species in a stand had a negligible effect on the C dynamics of
the O layers.

Increases in the amount of carbon (or organic matter) in soil
O horizons with increases in stand age have been observed in
various locations within the boreal region (e.g. Bormann et al.,
1995; Yu et al., 2002). Berg and McClaugherty (2003) argue that
such an accumulation can continue for up to a millennium
in undisturbed ecosystems. Furthermore, Wardle et al. (2003)
speculates that forest fires are the main factors responsible for
reductions in the depth of the organic soil layer in the boreal
region.

The present model study shows that the lower fire fre-
quency in temporarily water-logged soils may be one of the
main reasons for the larger C accumulation in the past.

4.3. Comparison of mesic and mesic-to-wet sites
under the conditions of anthropogenic fire suppression
(model run II)

The model predicts that O layers have accumulated carbon
from the time fire began to be suppressed (in 1870), and will
continue to accumulate it until approximately 2100. However,
whilst this increase is expected to be large for the mesic site,
it should be almost negligible for the mesic-to-wet site. One
explanation for this difference is that the O layers of the soil
at the mesic site are further from steady state than those
at the mesic-to-wet site due to past disturbance. Values for
the prospective equilibrium size of O layers and estimated
sequestration rates are given in Table 2. The sequestration
rate for the mesic site corresponds well with an estimate pro-
vided by the limit value concept (Akselsson et al., 2005) for the
given geographical location. Peltoniemi et al. (2004) developed
a modelling method, validated with empirical data, which
allowed changes in soil organic layer C storage following stand
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Table 2 – Changes in carbon storage in O soil layers due to fire suppression from 1870 to 2100 per year and as a
proportion of the initial storage ((O1870 − O2100)/O1870)

Site Increase in O layers C for the period 1870–2100 Steady-state O layer C
storage O2100 (kg C m−2)

kg C m−2 year−1 O2100 − O1870/O1870 (%)

Mesic 0.0103 77.8 5.4 (4.7–6.1)
Mesic-to-wet 0.0022 8.4 6.5 (6.0–7.2)

The end of the period indicates new steady state in respect to O soil layers. The size of a new equilibrium pool is given in the third column. O1870:
stand C storage in O soil layers in 1870 representing the pre-industrial steady state. O2100: stand C storage in O soil layers in 2100 representing
the steady state under the conditions of anthropogenic fire suppression.

disturbance (harvesting) in southern Finland to be predicted.
According to their estimate, an average annual increase of
5.8 ± 1.0 g m−2 year−1 in the O soil layers should be expected
for a stand greater than 20 years of age. However, those results
and the model estimate presented here should not be com-
pared directly, not only because initial C storage and actual
litter production differ, but also because GUESS–ROMUL was
used to simulate the average response over a number of forest
patches.

4.4. Changes due to precipitation

According to the Swedish National Forest Inventory about 59%
of the forest in the country can be characterised as mesic
and about 31% as mesic-to-wet. Therefore, mesic-to-wet soils,
which differ from mesic soils, both in the amount of car-
bon stored and their ability to sequester carbon in the future,
should not be disregarded. An interesting question there-
fore, is whether the proportion of wet soil in a landscape
remains constant or whether it may be altered by changing
environmental parameters. Analysis of data from the mete-
orological observation network presented in Lindström and
Alexandersson (2004) has shown that there was an 8% increase
in precipitation in the boreal region of Northern Sweden from
1901–1950 to 1950–2000. At the same time no significant trend
was observed in temperature.

To assess roughly how this affected water input into the soil
could change the relative proportion of wet soils in a land-
scape, a very simplified approach has been applied (Ivanov,
1981). The method was previously used to obtain a dynamic
estimate of the wetland area in river catchments and provided
good results. It is assumed that the elevation y of a free ground
water surface above the impermeable bed at a given point x
along the topography transect in a catchment can be described
by the parabolic equation (m):

y =

√
p̄

k
(2ax − x2) + h2, (12)

where p̄ = P − E (cm year−1) is the climatic average excess of
precipitation over evapotranspiration, k (cm year−1) the infil-
tration coefficient, which is dependent on the soil physical
properties, h (m) the depth from the river water surface to the
impermeable bed, and a (m) is the width of the catchment
from the border of the river to the watershed divide. Variables
used in (12) are illustrated in Fig. 3.

Water table depth is calculated as the difference between
the actual topography elevation and the height of the free
ground water surface (y).

The topographical profile used here was derived from a
national topographical map (Lantmäteriet, 2002) of the same
area as the modelled sites. The depth of the impermeable soil
horizon was fixed at 3 m. Although the filtration coefficient
k has a physical meaning it is rather empirical and here the
value was tuned to produce reasonable values of the water
table depth. The fact that k chosen in that way falls within
the range of observed values shows that the approach was
valid.

Two calculations of the water table depth were made:
the first with an average precipitation value for the period
1901–1950 (P1, Fig. 3) and the second with an 8% increase
in precipitation (P2, Fig. 3). In both cases the same value for
evapotranspiration produced by the GUESS model was used,
assuming no trends in temperature. The areas of the catch-
ment where the water table were below and above 1 m were
calculated. With enhanced precipitation the proportion of the
catchment area with a WT < 1 m increased from 18% to 29%. By
assigning sectors with a WT < 1 m as mesic-to-wet and those
with a WT > 1 m as mesic, the data from Table 2, combined
with the initial C storage in O layers estimated from run I,
can be used to calculate an average C sequestration value
for the whole catchment. If the proportion of mesic-to-wet
areas remains constant at 18%, the C sequestration rate will

Fig. 3 – Catchment characteristics used for the water table
depth calculations (Eq. (12)). Dashed lines illustrate two free
ground water surface positions (x, y) assuming an average
precipitation for 1901–1950 (P1) and an 8% increase in
precipitation (P2). h is the depth from the river water surface
to the impermeable bed and a is the width of the catchment
from the border of the river to the watershed divide.
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be 0.0089 kg C m−2 year−1, while an increase up to 29% of the
area will result in a higher rate of 0.0094 kg C m−2 year−1.

5. Suggestions for the extension of the
model to broader applications

A logical continuation of this work would be to model car-
bon storage in the O layers of the boreal landscape across the
whole gradient, from the dry upland to wet forest. Soil mois-
ture can be estimated by means of hydrological modelling on
a catchment scale, or by indirect observations, for example,
based on ground vegetation type. However, an attempt to test
the model for the whole range of soil moisture conditions has
revealed some limitations. Fig. 4 shows the moisture response
functions gi(W) (Eqs. (5)–(9) in Table 1) for the kinetic coef-
ficients, ki. As mentioned in an original SOMM formulation
(Chertov, 1985), no data were found to parameterise g3 (trans-
formation of plant litter into CHS, regulated by moisture) and
an assumption was made that g3 = g1. Moisture response func-
tions for the mineralization of litter (g1) and CHS (g2) are both
based on data from long-term laboratory experiments and an
interesting observation is that the range of optimum moisture
differs: with a rather broad interval (30–300%) for the litter
and a single peak (50%) for the CHS. The same finding, that
low levels (<100%) of moisture decrease decomposition rates
in the CHS, was also reported by Douglas and Tedrow (1959).
Another important feature, seen in Fig. 4, is that g1 decreases
to zero as the litter moisture approaches 600% (around com-
plete water saturation). Therefore, for soil that is saturated for
long periods, the GUESS–ROMUL model erroneously predicts
an infinite accumulation of organic matter.

The literature was searched for measured rates of lit-
ter decomposition in the range of soil moisture that would
encompass complete saturation, but with little success. In a
synthesis paper, Walse et al. (1998), reviewing experimental
data on organic matter decomposition with respect to mois-
ture, included no data for moisture levels above field capacity,
mainly due to a lack of such information in the original pub-
lications. The curves presented in Fig. 5 were derived from
Flanagan and Veum (1974), summarising weight loss and res-
piration experiments performed at tundra field sites. Large
differences between the curves can be explained by varia-
tions in litter quality and temperature. However, in most cases,

Fig. 4 – Moisture response curves for the mineralization of
plant litter (g1), and CHS (g2), transformation of litter to CHS
(g3), and CHS to OLH (g4) used in the model. W is litter/soil
moisture expressed in mass%, CHS is a complex of humus
substances with underdecomposed plant debris, and OLH
is organic layer humus substances.

Fig. 5 – Observed moisture response curves for plant litter
mineralization derived from various experimental sites at
different temperatures (Flanagan and Veum, 1974). W is
litter/soil moisture expressed in mass%. Complete water
saturation for plant litter is around 600%.

no dramatic reductions in litter decomposition near satura-
tion and even far above it were observed. In comparison with
optimum conditions a relative mineralization rate at W = 600%
varied from 0.1 to 1.

Trettin et al. (2001) evaluated 12 commonly used soil
organic matter models and found that they did not describe
anaerobic conditions adequately. Here the question was,
how does decomposition change when the soil approaches
water saturation? None of the models, except CENTURY
(Parton et al., 1987) and Wetland–DNDC (Zhang et al., 2002),
extrapolate their simulations across the full range of soil
moisture conditions. However, this was done in the original
SOMM for the moisture level above field capacity (30 < W < 600,
g1 = g3 = 1) and the results it provided are probably valid first
approximations. Alternatively a linear function similar to
that presented in the Wetland–DNDC model with g1 = 0.75 at
saturation, could be used.

The model test has shown that for two moisture regimes
(mesic and mesic-to-wet) compared in this paper, long-term
carbon accumulation in the O layers is not sensitive to g1 or g3

and is determined only by g2. The results presented here will
therefore also be valid with a new g1 parameterisation.

6. Concluding remarks

The importance of soil moisture for the simulation of soil
organic matter dynamics was shown in this study and should
not be neglected when climate change issues are considered.
The GUESS–ROMUL model is applicable for further investi-
gation in this area and coupling with catchment hydrology
models appears to be promising. However, the model requires
some improvement concerning the dependence of the kinetic
coefficients ki on soil moisture levels.
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egenskaper och beroende av skogsvården. Stockholm, 552 pp.
(in Swedish).
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Lantmäteriet, 2002. Terrängkartan, 21J NO Vindeln, 1:50000.
Lindström, G., Alexandersson, H., 2004. Recent mild and wet

years in relation to long observation records and future
climate change in Sweden. AMBIO 33 (4/5), 183–186.

Liski, J., Ilvesniemi, H., Makela, A., Westman, C.-J., 1999. CO2

emissions from soil in response to climatic warming are
overestimated—the decomposition of old soil organic matter
is tolerant of temperature. AMBIO 28 (2), 171–174.

Mälkönen, E., 1974. Annual primary production and nutrient
cycle in some Scots pine stands. Commun. Instit. For. Fenn. 84
(5), 1–87.

New, M., Hulme, M., Jones, P.D., 1999. Representing twentieth
century space-time climate variability. Part 2. Development of
1901–1996 monthly grids of terrestrial surface climate,
unpublished data.

Niklasson, M., Granström, A., 2000. Number and sizes of fires:
long-term spatially explicit fire history in a Swedish boreal
landscape. Ecology 81 (6), 1484–1499.

Parton, W.J., Stewart, J.W.B., Cole, C.V., 1987. Dynamics of C, N, S,
and P in grassland soils: a model. Biogeochemistry 5, 109–131.
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