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Carbon sequestration rates in forest soil can be estimated using the concept of calculable 
stable remains in decomposing litter. In a case study of Swedish forest land we estimated C-
sequestration rates for the two dominant tree species in the forest floor on top of the mineral 
soil. Carbon sequestration rates were upscaled to the forested land of Sweden with 23 × 106 
ha with Scots pine (Pinus sylvestris L.) and Norway spruce (Picea abies (Karst.) L.). Two 
different theoretical approaches, based on limit-value for litter decomposition and N-balance 
for vegetation and SOM gave rates of the same magnitude. For the upscaling, using these 
methods, 17 000 grids of 5 × 5 km were used.

The ‘limit-value approach’ gave a sequestration of 4.8 × 106 tons of C, annually seques-
tered in the forest floor, with an average of 180 kg C ha–1 yr–1 and a range from 40 to 410 kg 
C ha–1 yr–1. The ‘N-balance approach’ gave an average value of c. 96 kg ha–1 yr–1 and a 
range from –60 to 360 kg ha–1 yr–1. A method based on direct measurements of changes in 
humus depth over 40 years, combined with C analyses gave an average rate that was not very 
different from the calculated rates, viz. c. 180 kg ha–1 yr–1 and a range from –20 to 730 kg 
ha–1 yr–1. These values agree with forest floor C sequestration rate based on e.g. sampling of 
chronsequences but differ from CO2 balance measurements.

The three approaches showed different patterns over the country and regions with high and 
low carbon sequestration rates that were not always directly related to climate.
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1 Introduction

A long-term buildup of soil organic matter (SOM) 
takes place in forest ecosystems at undisturbed 
conditions. In a boreal forest, Wardle et al. (1997) 
found that thick mor humus (F+H) layers had 
accumulated for up to almost 3000 years under 
growing trees in undisturbed sites. This buildup of 
SOM based on remains from decomposing plant 
litter formed a C-sink in the order of 65 to 83 kg 
C/ha/yr. In present-day managed forests where 
fires are largely prevented such build ups may 
occur, although it is hard to measure due to soil 
heterogeneity as well as due to the lack of historic 
SOM data, that could form a reference for current 
measurements of soil C stocks.

Methods to quantify and upscale C sequestra-
tion in SOM are needed to better quantify global 
C-budgets as well as for national authorities to 
account for C sequestered in forest soils in the 
reporting of progress towards CO2 reduction 
agreed in the Kyoto-protocol.

One approach to estimate C-sequestration in 
forest floor SOM has been proposed based on 
empirical models for decomposition (Berg et 
al. 2001). During litter decomposition a long-
term stable fraction is formed (Berg et al. 2001, 
Berg and Dise 2004). One way to quantify stable 
remains is thus through studies of litter decom-
position. The accumulated mass loss approaches 
a limit value, the level of which defines the stable 
remains (Berg and Ekbohm 1991, Berg et al. 
1996). These remains mainly consist of lignified 
tissue (cf Berg and Matzner 1997), thus factors 
influencing the microbial lignin degradation such 
as litter N and Mn may control the stability and 
magnitude of the remains. The remaining frac-
tion of stable organic matter is estimated from 
the calculated limit value for decomposition and 
multiplied by foliar litter fall to give the annual 
storage of SOM or C (Berg et al. 2001). This 
‘limit value’ approach has been validated against 
the few existing datasets on forest floor SOM 
accumulation (Berg et al. 2001, Berg and Dise 
2004) and procedures for upscaling have been 
developed and used on the Swedish forested area 
(Akselsson et al. 2005).

A second approach to estimate C sequestration 
was proposed by Gundersen et al. (2006) based 

on a quantification of the forest N balance. From 
the N balance, an estimate of soil N retention is 
derived and multiplied by the SOM C:N ratio to 
derive an estimate of soil C sequestration. For 
this approach upscaling procedures were also 
developed and applied for the Swedish forest area 
(Akselsson et al. 2007).

These two mainly theoretical approaches are, 
however, difficult to validate especially when 
extrapolated to regional or national level. But to 
this end a large Swedish dataset with measure-
ments of forest floor depth from the 1960’s up 
to present day provides a possibility to compare 
calculated build up of organic layers with direct 
measurements of forest floor increase across 
Sweden. The changes in forest floor depth over 
40 years can be converted to C sequestration rates 
and regionalized in an extrapolation procedure. 
Here we present a first summary and analysis of 
these data, which will be analyzed in more detail 
by Berg et al. (ms.).

The aim of this paper is to present and compare 
the above-mentioned three approaches for cal-
culation of C sequestration rates in SOM scaled 
up to the forest area of Sweden. We compare the 
mean national estimates as well as the spatial pat-
terns (on maps) of the three methods. The ‘limit 
value method’ calculates C sequestration rates 
in the forest floor and compares directly with C 
sequestration rates estimated from changes in the 
depth of forest floors, whereas the C sequestration 
rates calculated by the ‘N-balance method’ refer 
to SOM in the whole profile.

2 General Description on 
the Investigated Area

The region encompassed the forested land of the 
entire area of Sweden ranging from about 55ºN 
to 69ºN, with boreal climate north of c. 60ºN 
and a temperate climate from c. 55 to 60ºN. The 
mean annual temperature and precipitation varies 
from c. –2 to c. 8ºC and from 300 to 1100 mm, 
respectively. The gradient in precipitation gener-
ally follows that of the temperature decreasing 
from the south-west to the north. The forested 
area covers in all c. 23 × 106 ha, and the forests 
are mainly comprised of two coniferous tree spe-
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cies, Norway spruce (Picea abies (L.) Karst.) and 
Scots pine (Pinus sylvestris L.). The deciduous 
species birch (silver birch, Betula pendula Roth 
and downy birch, Betula pubescens Ehrh.) is 
of significance whereas common beech (Fagus 
sylvatica L.), trembling aspen (Populus tremu-
loides Michx.) and common oak (Quercus robur 
L.) cover smaller areas. The annual N deposition 
ranges from c. 20 kg ha–1 in the southwest to a 
basic value of c. 2 kg in the northern parts of the 
country according to data from 1998 from the 
MATCH model (Langner et al. 1996).

3 Materials and Methods

In this paper we use the term forest floor for the 
organic layer that develops on top of the mineral 
soil in most forest ecosystems. We calculate the 
forest floor C stock and forest floor C sequestra-
tion for this SOM layer, which is only a fraction 
of SOM-C in the whole soil profile.

3.1 Geographical Data Base

The basis for the calculations of C sequestra-
tion rates with the limit value and the N-balance 
methods was an extensive geographical data-
base for Sweden with data on N deposition, land 
use, forest properties and hydrology. A detailed 
description of the data base has been published 
(Akselsson et al. 2005, 2007).

Four forest classes were used; coniferous forest, 
deciduous forest, mixed forest and clearcuts 
based on a satellite image (IRS WIFS) inter-
pretation (Mahlander et al. 2004). Data about 
forest properties were derived from the SNFI 
(http://www-markinfo.slu.se). sites, managed by 
the Swedish University of Agricultural Sciences. 
Data on tree species composition (e.g. fractions 
of Norway spruce and Scots pine in coniferous 
forest), volume, growth and dry weight of differ-
ent tree parts for coniferous, deciduous and mixed 
forests separately were Kriging interpolated to 
17 000 grids, each of 5 × 5 km in the national 
coordinate system. The fraction of different tree 
species in the forest type classes was used to 
refine the landuse data. Based on these fractions, 

land covered by spruce, pine, and deciduous trees 
were calculated for each grid cell. All subsequent 
calculations were performed on a GIS platform 
with this resolution, which means that they were 
performed for each of the c. 17 000 grid cells of 
5 × 5 km.

Runoff in the database was derived from a map 
from Swedish Meteorological and Hydrological 
Institute (SMHI, http://www.smhi.se), showing 
the annual mean runoff (1961–1990).

For the N-balance method we used additional 
values for modeled N deposition (nitrate plus 
ammonium) in the 5 × 5 km grids, using the dis-
persion model MATCH (Langner et al. 1996), 
which set the framework and resolution of the 
data base.

3.2 Limit Value Method

The limit value approach is based only on foliar 
litter fall since quantitatively correct measure-
ments of non-foliar litter fall, such as woody com-
ponents and cones, are rare. For the same reason 
we did not attempt to include data for root litter. 
Although the decomposition patterns for woody 
components are little known, available data and 
studies suggest that at least in natural boreal 
systems only small amounts of stable SOM are 
formed from them (Mark Harmon pers. comm.). 
We have considered foliar litter fall from mature 
stands only and the calculated values thus repre-
sent a potential for C sequestration of foliar litter 
input. Further, we did not consider the influence 
of a clear-cut phase or other forest management 
practices.

We have used limit values to calculate the stable 
remains (Berg and Ekbohm 1991) of decompos-
ing litter using litter mass loss values. The limit 
value is the asymptotic value where the litter 
mass loss rate is zero or very close to zero. Limit 
values are available for the main litter species in 
Sweden. To calculate C sequestration rates in the 
forest floor over Sweden we used average limit 
values for mass loss of pine, spruce and deciduous 
foliar litter and calculated the remaining fraction 
using the function (100-limit value)/100 (Berg et 
al. 2001, Akselsson et al. 2005). We used three 
functions to predict foliar litter fall (pine, spruce, 
deciduous) as a function of actual evapotranspira-
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tion (AET) and calculated average values for each 
5 × 5 km grid. We used two limit values for mass 
loss, one for Scots pine, Norway spruce and silver 
birch of 78% (a fraction of 0.22 as stable remains) 
and 64% for other deciduous trees, which equals 
a stable fraction of 0.36.

For upscaling we used AET values calculated 
as an average for each 5 × 5 km grid (Thorntwaite 
and Mather 1957) to calculate litter fall for each 
grid and species individually (Akselsson et al. 
2005). The foliar litter fall (kg ha–1 yr–1) was 
multiplied by the corresponding area covered by 
Scots pine, Norway spruce or deciduous trees in 
each grid. The litter fall was divided by the total 
forest area in each grid (including clear-cuts) and 
multiplied by the fraction of stable remains (0.22 
or 0.36) to set the accumulation rate of SOM in 
the forest floor (kg ha–1 yr–1). For further details 
see Akselsson et al. (2005).

3.3 N-balance Method

The N-balance method is based on the concept 
of stable litter remains and makes use of the 
generally close relationship between C and N in 
SOM and the fact that soil N accumulation can 
be estimated through mass balance calculations. 
Assuming that the C sequestration is proportional 
to the N accumulation and that the C:N ratio in 
the accumulating SOM is the same as the current 
C:N ratio in the forest floor, an estimate of the net 
C sequestration rate can be made by multiplying 
the accumulation of N in the soil by the C:N ratio 
of the forest floor, as proposed by Gundersen et 
al. (2006) (Eq 1):

Cseq < Nacc × C:Nforest floor (Eq. 1)

where
Cseq is the amount of C sequestered and  
Nacc the amount of N accumulated in the soil.

This is an upper estimate for the soil C seques-
tration rate since, especially at high N inputs, 
organic matter may accumulate at a lower C:
N ratio than that of the current bulk forest floor 
mass. Further, some of the C is incorporated in 
SOM in the mineral soil where the C:N ratio usu-
ally is lower than in the SOM of the forest floor. 

The estimated C sequestration rates include the 
sequestration in the whole soil profile, thus both in 
forest floor and mineral soil. The forest floor C:N 
ratios used in the upscaling were derived using 
data from SNFI (Hägglund 1985). The regional 
C:N ratios are based on data from stands of dif-
ferent ages, and can thus be seen as averages for 
a forest rotation.

The soil N accumulation (Fig. 1) has been 
estimated through N mass balance calculations 
(Eq. 2) on a regional scale in Sweden (Akselsson 
and Westling 2005).

Nacc = Ndep + Nfix – Nden – Nuptake – Nleach (Eq. 2)

where
Ndep = N deposition,  
Nfix = biological N2 fixation, Nden = N losses through 
denitrification,  
Nuptake = N losses through biomass harvest + N accu-
mulated in vegetation through net growth and  
Nleach = N lost by leaching.

Nitrogen deposition values for different land use 
classes for the 1998 run of the MATCH model 
were used (Fig. 1). N2 fixation was set to a low 
constant value of 1.5 kg ha–1 yr–1 based on a study 
by DeLuca et al. (2002). The denitrification was 
neglected since denitrification fluxes are known 
to be small in well-drained soils (Persson et al. 
2000).

The N uptake (Fig. 1), here defined as the N 
removed from the system through harvest plus 
the N accumulating in the increasing standing 
biomass, was based on growth data. The internal 
circulation through uptake and litter fall was thus 
not included. The harvest intensity was quanti-
fied using province-based estimates of the frac-
tion of the net growth that was harvested during 
the 1990s (Skogliga konsekvensanalyser 1999). 
Traditional forestry in Sweden implies harvest of 
stems only, but during the last decade whole-tree 
harvesting which includes removal of branches, 
tops and needles has become more common and 
increases N removal by harvest. This additional 
removal has not been considered in the present 
calculations. The N uptake thus corresponded to 
the N in the increasing standing biomass minus 
the N in the branches and needles that were left in 
the forest floor after the final felling. The estima-
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tions were based on net growth for the three main 
tree species and N concentrations in different tree 
parts (Akselsson et al. 2007).

Forest soils in Sweden normally have a high 
capacity to retain N (Nilsson et al. 1998) and the 
N leaching from soil under growing forests is 
accordingly low. The calculations of N leaching in 
this study (Fig. 1) were made for southern Sweden 
and central and northern Sweden separately, using 
different methods. The calculation of N leaching 
in central and northern Sweden was based on a 
study that related leaching of nitrate and organic 
N to runoff (Bergstrand et al. 2002, Brandt and 
Ejhed 2003). In southern Sweden where the N 
deposition is relatively high concentrations of 
inorganic N in soil water under clearcuts have 
been related to N deposition (Akselsson et al. 
2004) and we used the positive linear regression 
function to calculate total N concentration in 
soil water under clearcuts in southern Sweden 
(Akselsson and Westling 2005). Nitrogen leach-
ing was estimated by multiplying N concentration 
by water seepage flux.

By use of full rotation estimates for the param-
eters of the N balance (Eq. 2) as well as average 

forest floor C:N ratios (the average over stand 
ages, management differences etc), we include the 
effects of forest management in our estimates of 
C sequestration in SOM from this method.

3.4 Direct Measurement Approach

3.4.1 General Design of the Forest Floor 
Inventory

The changes in the thickness and C content of the 
forest floor layer for the period 1961–2001 were 
calculated using measured values from the Soil 
Survey and the National Survey of Forest Soils 
and Vegetation. We have used data from four 
inventories with annual measurements since 1961 
covering over 40 years (http://www-markinfo.
slu.se).

The basic units for measurements and sam-
plings are sampling plots, which are organized 
in quadratic units, with a side ranging between 
300 and 1800 m. Their frequency is highest in 
the southern parts of the country, with an average 
distance of 4 km, and lowest in the north where 

Fig. 1. Nitrogen dynamics over Sweden. A) N deposition, B) N losses through harvest plus N accumulated in trees 
through net growth, C) N leaching, D) N accumulation in soil from mass balance calculations. Dark shades 
= high values, vague shades = low values. Figure from Akselsson et al. 2007.
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the minimum distance is 8 km. On each side of the 
unit are located four to seven circular sampling 
plots with a diameter ranging from 6.64 to 10 m 
among inventories.

We have used three groups of forest;
i) dominated by Scots pine (>70% pine), 
ii) dominated by Norway spruce (>70% spruce), 
and iii) encompassing all combinations of species. 
The dominance is determined by the basal area in 
a given sampling plot.

Forest floor samples were taken with a 100-mm 
diameter soil corer and at least one core was taken 
from each sampling plot. Forest floor depth was 
measured in the hole, from the upper part of the 
bleached soil to the uppermost part of the F-layer 
in at least five holes around the sampled forest 
floor core. In each inventory between 9000 and 
53 000 determinations of such average values 
were made. We have used 82 513 measurements 
of average forest floor depth, namely those on 
podzols as we limited the analysis to podzols and 
soils in which no B-horizon was formed.

3.4.2 Sample Treatment and Chemical 
Analysis

Each intact humus core was dried at room tem-
perature, weighed, and its bulk density was cal-
culated. In a next step roots were removed, the 
whole sample was homogenized and C analysed 
by dry combustion using an elemental analyser 
(LECO CNS-1000). Dry mass was determined on 
a subsample after drying over night at 105ºC.

3.4.3 Scaling up from Field Measurements 
in Plots to Country Level

Due to the sampling patterns (above) we could 
not follow the development of the forest floor in 
single plots and we applied a scaling up procedure 
based on a modified Kriging interpolation and the 
national coordinate system, using grid cells of 
25 × 25 km as the basic unit (RT90, http://www.
lantmateriet.se). This procedure was similar to 
that for the 5 × 5 km grid cells (above), the only 
difference being that the cells were larger in this 
case.

To investigate for any change in the thickness of 

the forest floor over the 40-year period we calcu-
lated linear relationships between inventory year 
and the average values for forest floor depth for 
each 25 × 25 km grid cell (Fig. 2). This resulted 
in 1795 such relationships and we obtained 552, 
602, and 641 relationships, for spruce-dominated 
and pine-dominated stands and for stands without 
species dominance, respectively.

3.4.4 Transfer of Change in Forest Floor 
Depth to C Sequestration Rate

In the 1993–2001 inventory, each intact core 
was dried at room temperature, weighed, and its 
density was calculated. Roots were then removed, 
the sample was homogenized and C analysed 
by dry combustion using an elemental analyser 
(LECO CNS-1000). Dry mass was determined 
on a subsample after drying over night at 105ºC. 
To relate forest floor depth to amounts of C in the 
forest floor we used the surface of the soil corer 
and the bulk density of the sampled forest floor 
(kg mm–1 ha–1, Fig. 3B) from the 1993–2001 

Fig. 2. Example of a linear relationship between time 
and the average value for humus thickness for one 
grid cell. In the case shown the linear relationship 
indicates an increase in humus-layer thickness from 
7.0 to 9.1 cm in the period 1963–2001. This rela-
tionship calculated for a crossing point between 
grid plots represents a square of 25 × 25 km which 
has its center in the crossing point. We used in all 
1794 such linear relationships
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inventory to calculate the amount of SOM-FF 
stored. We determined forest floor density sepa-
rately for the different tree classes. Finally we 
used the C concentration from the same sampling 
plot to calculate the amount of C stored using the 
C analyses. As we know i) the change in forest 
floor depth (Fig. 3A), ii) the C concentration in the 
forest floor (Fig. 3B) we can calculate iii) the rate 
at which forest floor C sequestration (Fig. 3C).

4 Results and Discussion

4.1 Carbon Sequestration Rates for 
the Three Approaches – Country Scale

The three different approaches gave rather similar 
average values for C sequestration rates. For the 
whole of Sweden the limit value approach gave 
an average of 180 kg C ha–1 yr–1 and a range from 
40 to 410 kg C ha–1 yr–1 (Fig. 4). The N-balance 
approach gave 96 kg C ha–1 yr–1 and a range 
from –60 to 360 kg C ha–1 yr–1 (Fig. 6). Finally, 
the repeated forest floor inventory method gave 
an average rate of 180 kg C ha–1 yr–1 and a range 
from c. 0 to a main upper limit of 420 kg ha–1 yr–1 
(Fig. 3C) with an extreme maximum of 717 kg 
ha–1 yr–1. Thus, three very different approaches 
resulted in average values of which two were 
almost identical and one c. 50% lower. In a mod-
elling approach Liski et al. (2002) estimated C 
sequestration rates in forest soils (forest floor + 
the top 20 cm of the mineral soil) a.o. for Sweden 
and obtained an average value of 90 kg ha–1 yr–1, 
thus at the same level as the estimate based on the 
‘N balance method’.

For the whole country both the limit-value 
approach and direct measurements gave an esti-
mate of 4.8 × 106 tons of C sequestered annually, 
and N balance approach 2.2 × 106 (Fig. 6).

4.2 Patterns and Limitations of the Limit 
Value Method – All Tree Species

The calculations using limit values were based 
on litter fall related to AET, which gives a gradi-
ent in litter fall and thus in C sequestration rates 

with a decrease from the southwestern to the 
northern part of the country. In the southernmost 
part and on the west coast the C sequestration 
rates exceeded 300 kg ha–1 yr–1, in mid-Sweden 
the levels ranged mainly between 150 and 200 
kg ha–1 yr–1 and in the northern parts the annual 
sequestration was lower than 100 kg ha–1 with a 
minimum of 40 kg ha–1 at and north of the Arctic 
Circle.

Foliar litter fall follows AET which thus 
becomes a strong factor for carbon sequestra-
tion rate (Fig. 4). AET spans from 375 mm in 
the northern part of Sweden to 540 mm in the 
southwestern part with higher temperature and 
more precipitation.

The present approach of this method assumes 
mature forests and does not account for clearcuts. 
We may express this so that it gives a potential for 
carbon sequestration from the foliar litter.

4.3 Patterns and Limitations in 
the N-balance Method

4.3.1 Patterns in Carbon Sequestration Rates

The C sequestration rates were highest in the 
south-western part of Sweden (Fig. 6). In the 
northern half of the country, rates were generally 
below 100 kg ha–1 yr–1.

The strong N deposition gradient drives the 
decreasing C sequestration from south to north. 
The estimates obtained with the ‘N balance 
method’ can be regarded as averages of soil C 
sequestration rates on the time-scale of a rotation 
in managed forests, since all stages of a rotation 
are included.

4.3.2 Assumptions, Uncertainties and 
Limitations of the Method

The calculations are not valid for ditched organic 
forest soils, corresponding to 7% of the man-
aged forest area of Sweden (Hånell 1990). Thus, 
the total annual C sequestration may be some-
what overestimated, since organic forest soils 
after ditching become aerated, C mineralization 
starts and the soil layers may turn from sinks to 
sources.
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Fig. 3. A) Annual growth of humus layers, B) Amount of carbon per mm humus layer and hectare 
(carbon bulk density). C) Annual rate for carbon sequestration in the humus layer in Swedish 
forests in the period 1961 until 2001. The subdivision of the country into the three regions, North, 
Middle and South from north to the south is the same as shown in Fig. 7.
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Fig. 4. A) Actual evapotranspiration in Sweden, based on a Kriging interpolation on 95 
sites with modeled AET, using the Thornthwaithe and Mather (1957) water balance 
procedures. B) Carbon sequestration rates in the organic layers of forest soils in 
Sweden according to the limit-value method. Figure from Akselsson et al. 2005.

Fig. 5. Annual carbon sequestration rates in monocultural stands of Norway spruce, 
Scots pine, and birch spp. in different regions of Sweden. The sequestration rate 
was calculated using the limit-value method. The grid cell values are only valid for 
the specific tree species. Figure from Akselsson et al. 2005.
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Different harvesting intensities as well as other 
forest management strategies can have a consider-
able effect on the C sequestration rates in forest 
soils (Liski et al. 1998, Ågren and Hyvönen 
2003, Ericsson 2003). The calculation with the 
‘N balance method’ in this study was based on 
conventional stem harvesting.

The overall uncertainty in the C sequestration 
calculations using this method is a result of the 
uncertainties in the estimated N accumulation 
and the assumption that the C:N ratio in the accu-
mulating organic matter is the same as the C:N 
ratio in the existing organic layer in the soil. A 
rough approximation of the uncertainty in the N 
accumulation rate of ±1 kg ha–1 yr–1 gives a range 
in calculated C sequestration rates of ±20 kg ha–1 
yr–1 in areas with low C:N ratios and ±40 kg ha–1 
yr–1 in areas with high C:N ratios.

The assumption of the same C:N ratio in the 
accumulating organic matter as in the existing 
forest floor leads to uncertainties for two main 
reasons. Firstly, some of the C is accumulating 
in the mineral soil, which has a lower C:N ratio 
than the forest floor. The effect of this is, how-
ever, small, since most of the C is sequestered 
in the forest floor and the difference between 
the C:N ratio in the forest floor and the upper 
mineral soil is small. Secondly it is likely that the 
forest floor C:N ratio decreases with increasing 
N deposition, as indicated by several N fertiliza-
tion studies (Nohrstedt et al. 2000, Prietzel et al. 
2004). The close relationship between C and N 
in organic matter implies, however, that large 
and rapid changes of the C:N ratios are unlikely 
under prevailing N input conditions. Nohrstedt et 
al. (2000) evaluated the effects of N fertilization 
over a period of 28 years with dosages reaching 
up to as much as 86 kg ha–1 yr–1. The C:N ratio 
decreased significantly from 25 to 20 in the SOM 
of the forest floor with increasing N dosage. The 
long-term effects of N fertilization in Denmark 
were estimated by Beier and Eckersten (1998) 
using the SOILN model. With a dose of 35 kg 
N ha–1 yr–1 the C:N ratio decreased, from 31 
to 28 over a 30-year period. The assumption of 
constant C:N ratios under increasing N deposition 
may be questionable, however, field studies have 
indicated that relatively large N input rates are 
needed to significantly decrease C:N ratios.

Fig. 6 Carbon sequestration rates in Sweden (kg ha–1 
yr–1) calculated using the ‘N-balance method’. 
Figure from Akselsson et al. 2007.

4.4 Repeated Inventory of Forest Floor 
Depth – a Validation?

4.4.1 Change in Forest Floor Depth with 
Time

As a first step we calculated linear relationships 
between inventory year and depth of the forest 
floor SOM for each 25 × 25km grid plot (Fig. 
2). Within a dominant part of the country the 
linear relationships were significantly positive 
and practically all of the linear relationships for 
increasing forest floor depth showed a significant 
rate of increase (p < 0.05) (Table 1). For the 
spruce-dominated forest types, 531 of the 552 
relationships were positive and 21 were negative. 
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between the two averages, indicating a general 
tendency, the increasing is better distinguished 
when comparing data for three climatically dif-
ferent regions (North, Middle and South, Figs. 
3A and 7). Using these regions which are taken 
arbitrarily in a first approach we may illustrate 
a general tendency, that the forest floors were 
deeper in the southern third of the country (9.4 
cm) and the middle part with 6.9 cm as compared 
to the north with 6.45 cm already before the 
measurements started. The average forest floor 
depths were significantly different among the 
three regions.

After 40 years the humus layers had increased 
to an average of 10.8 cm in the south, which is 
significantly higher than in the first inventory. In 
the middle part the increase was significant (to 
8.5 cm) as it was in the northern part (to 7.87 
cm) (Fig. 7).

For the pine-dominated forest types 594 of the 602 
relationships were positive and only 8 negative. 
Finally, for all species, 604 of the 641 relationships 
were positive and 35 were negative.

The reason for lack of significant relationships 
may vary on a very local basis. In northern Sweden 
part of the reason may be a methodological prob-
lem due to a too thin grid of sampling plots. In 
southern Sweden areas with a non-significant rate 
of increase included large afforested areas previ-
ously used for agriculture. Part of these areas were 
afforested with mainly Norway spruce after the 
first (1961–72) inventory adding sampling plots 
with either no or just thin forest floors which 
were registered in the following measurements 
and thus influencing the calculations. The slope 
of the relationship (Fig. 2) gave the increase rate 
in depth for the SOM-FF layer. We have used 
all 1794 relationships to produce a map for the 
increase rates in the SOM-FF layer thickness 
(Fig. 3A).

4.4.2 General Patterns in Forest Floor Depth 
Change – All Tree Species

There is a general tendency for the average depth 
of the forest floor to increase with time. From an 
average of 7.47 mm (SD 8.52) in 1961 for the 
whole country (53 146 observations), the forest 
floor depth became 9.03 mm (SD 6.41) in 2001 
(9305 observations) and the rates of change of 
forest floors ranged from c. 0.1 mm yr–1 to > 1.2 
mm yr–1. Although there is a significant difference 

Table 1. Numbers of significant linear relationships 
between humus depth and time. Three types of 
forest are identified based on dominant species. 
Dominance was determined using percentage of 
the total basal area as a measure. The number of 
linear relationships as well as positive and negative 
ones are given.

Forest type Fraction  Linear relationships
 of the basal Total Positive Negative 
 area number

Spruce-dominated >70% 552 531 21
Pine-dominated >70% 602 594 8
All species1) – 641 604 35

1) Includes Scots pine, Norway spruce and deciduous trees

Fig. 7. Average humus-layer thickness in the four differ-
ent inventories for three main regions of Sweden. 
Different capital letters indicate significant differ-
rences (p < 0.05) between the three regions for a 
given inventory. Different small letters indicate 
differences between inventories within the same 
region. The three regions are the same as those 
given in Fig. 3.
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4.4.3 Bulk Density of the Forest Floor, 
Expressed as Carbon

As a second step we calculated the bulk density 
of the forest floor, expressed as carbon (C bulk 
density), thus using a new concept. Defined as 
the amount of C per mm forest floor and hectare, 
we converted the increases in forest floor depth 
(Section 4.4.1) to C sequestration rates. When 
combining all forest types we found that the C 
bulk density varies over the country with a factor 
of c. 2. Considering all species, the highest den-
sity class was found in the southwestern parts of 
the country with > 431 kg C mm–1 ha–1 in an area 
with a high rainfall and a generally high N depo-
sition. The least dense forest floors were found 
in the northern half of the country with < 280 kg  
C mm–1 ha–1 (Fig. 3B).

4.4.4 Carbon Sequestration Rates and Some 
Patterns

As a third step we calculated annual carbon 
sequestration. Using changes in forest floor depth 
(Fig. 3A) and C bulk density (Fig. 3B) we con-
verted the depth change of the humus layer to 
annual C sequestraton for the 25 × 25 km grid 
plots. Using significant linear relationships (cf.
Fig. 2) we obtained C sequestration rates ranging 
mainly between 140 and 420 kg C ha–1 yr–1 and 
with the average rate of 180 kg C ha–1 yr–1. The 

rate of C sequestration did not show any clear 
pattern over the country. Thus, in the northern 
parts we found areas with both low (< 140 kg C 
ha–1 yr–1) and relatively high (281–420 kg C ha–1 
yr–1) C sequestration rates (Fig. 3C).

In three main areas carbon is lost, two in the 
southern parts of the country, both being affor-
ested after use as farmland.

4.5 Comparison to Long-term 
Measurements Made in Single Stands

4.5.1 Detailed Measurements in 
Sequestration Rates

The high C sequestration rates for southern 
Sweden based on the N balance method and 
the limit value method may be supported by the 
direct measurements of Vesterdal and Raulund-
Rasmussen (1998) and Vesterdal et al. (2002). For 
different sites they found C accumulation rates 
that ranged from c. 170 to ca 530 kg ha–1 yr–1. 
The climate in Denmark is very similar to that in 
southernmost Sweden and the data are therefore 
comparable. Although those experiments also 
included a changed land use it may still be used 
for a comparison.

For northern and central Sweden detailed meas-
urements have given C sequestration rates of a 
magnitude of 65 to 83 kg C ha–1 yr–1 (Staaf and 
Berg 1977, Wardle et al. 1997), the former value 

Table 2. Comparison of ranges and average values for three approaches in the present investigation with traditionally 
measured increase rates for C in soil organic matter, using e.g chronosequences and long-term measurements 
for specific plots on podzolic soils.

Location Sequestration rate (kg ha–1yr–1) Comment Literature
 Present investigation Other investigations  reference

Central Swedish Lapland 141-280 77 Mixed stands (1, 3)
Central SwedenA) 141-280 64 Scots pine (1, 4)
South Finland  47 Norway spruce/Scots pine (5)
Southwest SwedenC, B) 280-420 650 Norway spruce (7)
Southwest Sweden/
DenmarkB 141-280 170-530 Mixed stands (2)
West Denmark (Jutland)  350 Norway spruce (7)
East Denmark (Sealand)  80 Common oak (6)

A) Extremely nutrient-poor stand. B) Carbon sequestration rates in mainly deciduous forests in the southernmost part of Sweden are compared 
to values from Denmark using about the same latitude and considering a very similar climate. C) A coast-near site (called Tönnersjöheden)
(1) Berg et al. 2001, (2) Vesterdal and Raulund-Rasmussen 1998, (3) Wardle et al. 1997, (4) Staaf and Berg 1977, (5) Peltoniemi et al. 2004, 
(6) Vesterdal et al. 2002, (7) Vesterdal et al. 2007
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originating from an extremely nutrient-poor pine 
forest in central Sweden, the latter from a richer 
mixed forest in Swedish Lapland.

Schulze et al. (2000) estimated the C sequestra-
tion rates in the soil at a forest stand in northern 
Sweden (Åheden, lat. c. 64ºN) and one in south-
ern Sweden (Skogaby, lat. 56ºN). The estimated 
rates were 400–1400 kg ha–1 yr–1 and 1700–3000 
kg ha–1 yr–1, respectively. Although these values 
are much higher than those reported in the present 
paper and by Vesterdal and Raulund-Rasmus-
sen (1998), we cannot exclude that these esti-
mates may be valid for the specific measurement 
years.

It deserves to be pointed out that in an area 
with high measured sequestration rates (> 421 
kg C ha–1 yr–1) observed for all tree species and 
for Scots pine-dominated stands (Fig. 3C) it was 
reported from CO2 balance calculations based on 
the whole soil column that the soil was a C source 
(Valentini et al. 2000). Our results, which in 
part are contradictory to these are well supported 
by all three approaches. Thus Akselsson et al. 
(2005) calculated for the same area a potential 
sequestration rate of 200–250 kg C ha–1 yr–1 for 
all species combined. Spruce is the dominant 
species in that area and the measured values 
for spruce-dominated forest ranged between 280 
and 420 kg carbon ha–1 yr–1. Using the direct 
measurements, we found high sequestration rates 
(>420 kg C ha–1 yr–1). A reasonable explanation 
may be that there may be an extremely high 
carbon release from the lower part of the soil 
column that compensates for a high sequestration 
in the SOM-FF layer.

4.5.2 Support for Long-term Stability

Several measurements of forest floors in chron-
osequences and repeated samplings in growing 
stands indicate a linear increase with time for 
periods up to less than 100 years (e.g. Oving-
ton 1957, 1959). Further, using published data 
(Wardle et al. 1997, Berg et al. 2001) we obtained 
a statistically significant linear relationship (p 
< 0.01,n = 4) between accumulated forest floor 
C and time for a period between 120 and 2984 
years, suggesting that the C sequestration rate was 
rather constant. This also means that no steady 

state was indicated below 3000 years or below a 
total carbon accumulation of 250 000 kg C ha–1 
in the organic layer, further supporting a stable 
increase. These observations were made in forests 
with undisturbed soils. The sequestered amounts 
of carbon were reconstructed by Berg et al. (2001) 
and by Berg and Dise (2004) using the limit-value 
concept in which a recalcitrant fraction is calcu-
lated using actual litter decomposition data.

Using this information we may speculate that 
the undisturbed forest floor under a growing 
forest may have a certain long-term stability. 
That the humus layers grow and reach such a 
high amount of sequestered carbon as 250 000 kg 
ha–1 is in clear contrast to the concept of steady 
state for forest floors, often used in critical load 
calculations for example by Schulze et al. (1989) 
who claimed that there would be no significant 
growth of forest floors over Sweden.

The concept humus may encompass carbon of 
different decomposability. We may use a subdivi-
sion of FH-layer humus presented by Couteaux 
et al. (1998), which is functional from the point 
of view of degradability. They divided the humus 
into three fractions based on degradation rate, 
namely labile, intermediate and resistant. The 
latter part encompassed ca 91% of the H-layer 
humus and had a decomposition rate of 1% mass 
loss in 30 to 300 years, whereas the labile part 
made up ca 0.00% of the same layer and the inter-
mediate fraction only 9.8% and had a degradation 
rate ca 100 times higher than the resistant part. 
This study thus supports that a main part of the 
forest floor may be long-term recalcitrant.

The method based on direct measurements of 
humus depth presented in this paper covers both 
undisturbed areas and areas affected by forest 
management, such as site preparation. Thus the 
results include both undisturbed and heavily dis-
turbed areas. Still the carbon sequestration rate 
as determined in the present study has an aver-
age value that is very close to that obtained by 
Akselsson et al. (2005), namely 180 kg C ha–1 
yr–1, a value calculated as a potential, assuming 
only mature undisturbed stands.
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4.6 Comparison of the Three Methods

4.6.1 Comparisons of All Tree Species 
Combined

Validations of regional estimations are difficult 
to perform with any accuracy. The uncertainties 
in the different calculation steps can be quanti-
fied and discussed to some extent, as described 
above. For a more satisfactory validation the 
final results should be compared to estimations 
of C sequestration obtained by other methods 
and we have applied three methods, of which 
two can be considered as theoretical and one in 
which we used direct measurements of SOM-FF 
layer depth.

The two theoretical calculations of C sequestra-
tion, based on entirely different methods, showed 
the same main gradient with decreasing C seques-
tration rates from the southwestern to the northern 
part of the country (Figs. 2 and 6). Carbon seques-
tration in the forest floor layer, calculated with the 
‘limit value method’, spanned from 40 to 410 kg 
ha–1 yr–1 (Fig. 2). This approach does not give 
negative values and we may consider it to show a 
potential sequestration rate, let be that so far only 
foliar litter fall is used. The corresponding interval 
for C sequestration rates using the ‘N balance 
method’ was –60 to 350 kg ha–1 yr–1 (Fig. 6) and 
for the repeated inventory approach, mainly 0 to 
420 kg ha–1 yr–1. Some single extremes deviate 
from the main pattern. Still the values obtained 
with the three different methods close to those for 
careful, long-term measurements in single stands 
and chronosequences.

For the southwestern part of the country, both 
theoretical estimations showed clear similarities, 
both with high C sequestration rates with 410 and 
350 kg C ha–1 yr–1 for the limit value method and 
the N-balance method, respectively. The direct 
measurements gave somewhat lower values in 
the range 141–280 kg C ha–1 yr–1 and for some 
areas with the range 281–420 kg C ha–1 yr–1. For 
northern Sweden the ‘N balance method’ ranged 
from –60 to 110 kg ha–1 yr–1 and the limit value 
method from 40 to 200 kg ha–1 yr–1, whereas the 
direct measurements gave about equal areas with 
0–140 and 141–280 kg C ha–1 yr–1.

Available data (Section 4.5.2) suggest a real 
long-term stability and even question the con-

cept ‘steady state’. If we consider that possibil-
ity we may speculate why a method based on 
foliar litter fall only, gives C sequestration rates 
similar to a method based on all litter inflows, 
namely the repeated inventory method. Would the 
foliar litter fraction be dominant from the point 
of view of carbon sequestration irrespective of 
litter inflows from roots and woody litter fall? 
Alternatively – would forest management which 
is not addressed by the limit value method, but 
in the direct measurements’ method have such a 
high negative effect on carbon sequestration thus 
decreasing it so it becomes comparable to what is 
calculated from only foliar litter using the limit-
value method?

We have emphasized that the methods are 
clearly different. Still two have given about 
identical values and the third a value about 50% 
lower. Further, a difference in about 90 kg C/ha/yr 
indicates that the sequestration values we have 
calculated are in the correct range.

4.6.2 Different Carbon Sequestration Rates 
among Tree Species

The different approaches gave somewhat differ-
ent patterns in sequestration rates that could be 
related to forest type and tree species.

In the limit-value approach foliar litter fall 
was an influential factor and foliar litter fall is 
generally higher in spruce than in pine forests 
(Akselsson et al. 2005), which in our approach 
results in a higher annual mean C sequestration 
in spruce than in pine forests with averages of 200 
kg ha–1 and 150 kg ha–1, respectively. The mean 
C sequestration rate in birch forests is the same 
as for pine, but the gradient over Sweden is more 
emphasized in pine forests with a wider range (60 
to 260 kg ha–1 yr–1) than for birch (150 to 260 kg 
ha–1 yr–1) (Fig. 5).

Akselsson et al. (2005) used a common limit 
value for Scots pine, Norway spruce and birch 
spp with 78% and thus a stable fraction of 0.22. 
The litter class with ‘other deciduous trees’ was 
limited to the southern part of Sweden and has 
the lowest limit value with 64% and thus a stable 
fraction of 0.36, which has given a C sequestra-
tion rate of about 400 kg ha–1 yr–1, which was 
higher than for spruce, pine and birch litter with 
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a smaller stable fraction. This effect can be seen 
in parts of southernmost Sweden (Fig. 1) where 
forests of common beech and common oak make 
up a significant fraction of the forested area, or 
22% of the standing volume in the southernmost 
province (Statistical yearbook of forestry 2003).

Using the direct measurements’ method we 
obtained clear differences among forest types. 
Thus for spruce-dominated forests the rate was on 
the average 178 kg C ha–1 yr–1 (SD = 123), and 
for pine-dominated it was 263 kg C ha–1 yr–1 (SD 
= 141). For all species the rate was 176 kg C ha–1 
yr–1 (SD = 110). The difference of 84 kg C ha–1 
yr–1 between pine and spruce forests was highly 
significant and calculated using 506 grid plots that 
allowed a more precise comparison.

The maximum C sequestration rates were 717, 
714 and 561, respectively for spruce, pine and 
mixed forests. Areas with high rates were clearly 
more frequent in pine-dominated as compared to 
spruce-dominated forests. Pine-dominated forests 
in the southwestern parts showed a very high 
increase rate for sequestered carbon with >430 
kg C ha–1 yr–1. Also in pine forests in the eastern 
parts of mid-Sweden the increase rate was high 
with 290 to 430 kg C ha–1 yr–1.

Spruce-dominated forests showed a very 
different pattern as compared to pine and we 
found only some small areas with sequestration 
rates higher than 421 kg C ha–1 yr–1, located in 
eastern mid-Sweden.

We may compare the averages using the two 
methods. The limit value approach was strongly 
related to foliar litter fall which is generally 
higher in Norway spruce than in Scots pine for-
ests (Akselsson et al. 2005), resulting in a higher 
annual mean C sequestration in spruce than in 
pine forests with 200 kg ha–1 and 150 kg ha–1, 
respectively (Fig. 5). We may speculate that the 
moss and lower shrubs may be of importance 
in the more open pine forests giving significant 
additions to the litter input. Norway spruce forests 
generally have a denser canopy cover than those 
with pine, often without moss and with less shrubs 
such as cowberry, bilberry and heather, which 
in part may explain the difference. The carbon 
sequestration rates for spruce forest were 178 kg 
ha–1 yr–1 in the direct measurements’ approach 
and 200 kg ha–1 yr–1 for the limit value approach 
giving a difference of 22 kg. For pine forests the 

rates were 263 and 150 kg ha–1 yr–1, respectively, 
and the larger difference of 113 kg C may give a 
support for such an extra source of litter.

5 Conclusions

The amount of carbon sequestered in humus 
increases in forests and it appears that the aver-
age rate for Sweden is of the magnitude 100 to 
200 kg C ha–1 yr–1. The similarities in general 
sequestration rates between three very different 
methods is a good support for this. Combining 
the information from the limit value approach and 
the humus-depth measurements we may speculate 
in that the potential accumulation may be higher 
than suggested by the present studies.

The clearly higher measured total sequestration 
rates in Scots pine forests indicates that the reason 
to the difference between Scots pine and Norway 
spruce stands should be further investigated. Fur-
ther, the similarity in sequestration rates between 
the limit value method, which gives a potential, 
using only foliar litter and the method based on 
changing humus depth, considering litter produc-
tion and all management effects indicates the 
necessity to investigate what litter components 
that really produce stable remains.
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