
Introduction

The commitment period of the Kyoto Protocol and
the associated reporting requirements are coming
closer, and the need for more knowledge on effects
of land-use change is high on the agenda in most
signatory countries to the protocol. There is a
direct need to report effects on soil C from changes
between forest land, cropland and grassland.
Moreover, there is a need to quantify the potential
of different management options within land uses.
This is needed to document that forest soils are not
a source for greenhouse gases or to even document
monitored changes in soil C and may eventually
enable countries to engage in more advanced
inventories of soil C based on modelling.
Working group 2 of Cost Action 639 will address

the effects of land-use changes and effects of
management within land uses. More specifically,
the working group will aim to synthesize knowl-
edge on changes in soil C and N stocks and their
drivers following land-use change and manage-
ment change in order to support better reporting
of green house gas emissions from soils.
Focus will be on relevant combinations of land

use and management that are expected to be most
conducive to C and N stock changes, e.g. afforesta-
tion of former cropland, cropland-grassland
changes, reduced tillage.
During the recent years, there has been some

effort to review and summarize effects of land-use
change and forest management, partly based on
meta analysis (e.g. Post and Kwon, 2000; Guo and
Gifford, 2002; Paul et al., 2002; Johnson and Curtis,
2001; Jandl et al., 2007a). However, much uncer-
tainty still remains. Especially there appears to be
little knowledge on the influence of significant
interacting factors such as land use history, soil

type, climate, etc. These interacting factors may
currently contribute to the large variability
observed in effects of land use and management
change on soil C stocks. In addition, many studies
rely on soil data that were not designated as a refer-
ence for changes in SOC. Typical shortcomings are
shallow sampling depth that fail to account for
changes occurring also in the deeper soil (e.g.
Mikhailova et al. 2000), or missing measurements
of bulk densities, coarse soil fractions and stones,
and calculations of equivalent soil masses.
This aim of this paper is to highlight some of the

relevant combinations of land use and manage-
ment that are expected to be most conducive to C
stock changes within forestry and agriculture.
Furthermore we will list some of the knowledge
gaps that were identified within the first meeting of
WG2 and during a subsequent questionnaire eval-
uation amongWG2 participants.

Forest-related land-use change: afforestation

Comparison of soil C stocks in land uses forestry
and arable land have generally shown that forest
soils contain most C (e.g. Lettens et al., 2005a).
Based on such land use differences and by observed
decreases in soil C following change from forestry
to agriculture it has been inferred that the reverse
change, e.g. by afforestation of cropland, can
enhance the soil C stock through C sequestration
(Lal, 2005). However, the question remains if the
legacy of contemporary intensive agriculture (e.g.
high N status and liming) will enable recovery of C
stocks after afforestation?
This question was one of the drivers for a study of

afforestation chronosequences on former cropland
in NW Europe (Vesterdal et al., 2007a). The
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AFFOREST project evaluated C sequestration in
biomass and soils following afforestation of crop-
land. Two oak (Quercus robur) and four Norway
spruce (Picea abies) afforestation chronosequences
(age range 1 to 90 years) were studied with respect
to C sequestration in Denmark, Sweden and the
Netherlands. For the total soil compartment
studied, i.e. forest floor and mineral soil 0-25 cm,
afforestation of cropland as a minimum resulted in
unchanged soil C contents and in most cases led to
net C sequestration. Rates of soil C sequestration
ranged from being negligible in two of the Danish
chronosequences to 1.3 Mg C ha-1 yr-1 for the
Dutch chronosequence. The allocation of
sequestered soil C was also quite different among
chronosequences. While forest floor development
consistently led to C sequestration, there was no
general pattern in mineral soil C sequestration. In
the short term (30 years), oak and spruce differed
little in their influence on total soil C sequestration.
Afforestation of nutrient-poor sandy soils seemed
to result in larger C sequestration in forest floors
and the whole soil than afforestation of nutrient-
rich, clayey soils. For the afforested ecosystem as a
whole, the general contribution of soils to C seques-
tration (i.e. to a net gain in C stock) was about one
third of the total C sequestration. The contribution
of soil varied among the chronosequences from
none to 31% of the total C sequestered.
During recent years, global studies of afforesta-

tion effects on soil C has been reviewed and
synthesized by meta-analyses (e.g. Post and Kwon,
2000; Guo and Gifford, 2002; Paul et al., 2002;

Jandl et al., 2007a). The average rate of soil C
sequestration following afforestation was 0.3 t
C/ha/yr (range 0-3 t C/ha/yr) across different
climatic zones (Post & Kwon, 2000). On average
afforestation increases total soil C stocks by 18%
over a variable number of years (Guo and Gifford,
2002). The initial soil C accumulation occurs in the
forest floor, and its thickness and chemical proper-
ties vary with tree species (Vesterdal and Raulund-
Rasmussen, 1998). A contribution of soils of
between 15 and 20% of total ecosystem C seques-
tration appears to be a common picture for
afforestation of former cropland (Vesterdal et al.,
2007a). However, some of the chronosequences
reported in literature had lower relative total soil
contribution because there were no changes or
even a decrease in mineral soil C stock.
Fig. 1 shows a compilation of 15 afforestation

chronosequence studies from temperate regions,
mainly on former cropland (studies compiled by
Vesterdal et al., 2007a and Jandl et al., 2007b).
There is quite substantial variability in rates of C
sequestration following afforestation (Fig. 1a).
Estimated rates of C sequestration may vary
between studies due to different extent of
chronosequences. For instance very few chronose-
quence data are available for estimation of C
sequestration over a full forest rotation following
afforestation. For these 15 chronosequences, there
was no clear pattern in C sequestration rate related
to the extent of the chronosequence.
The large variation between studies may also be

due to different allocation of sequestered C within

Figure 1.
Variability in a) soil C sequestration rates and b) rates of C sequestration in forest floor, mineral soil and the
two compartments combined (total soil) based on 15 different afforestation chronosequences in a tempe-
rate climate. Bars indicate SEM. Studies compiled by Vesterdal et al. (2007a) and Jandl et al. (2007b).



the soil profile. Carbon sequestration rates in the
forest floor are fairly similar among many
chronosequences (0.3-0.4 Mg C ha-1 yr-1, Fig. 1b).
The contribution of the mineral soil to total soil C
sequestration varies tremendously among the
studied chronosequences and in some cases
mineral soils even lost C after afforestation (Fig.
1b). The relative contribution of soils and also the
partitioning of C between forest floor and mineral
soil are probably strongly influenced by interacting
factors such as climate, soil type, tree species,
former agricultural land use, length of the
chronosequence, and sampling methodology.
These factors vary between most of the 15
chronosequences.

Effects of forest management

Effects of forest management on soil C stocks are
generally not well known. Changes in soil C stocks
following from management of forests that existed
prior to 1990 will be accounted for under art. 3.4 of
the Kyoto Protocol. A few attempts have recently
been done to synthesize effects of various forest
management actions on soil C (Johnson and
Curtis, 2001; Jandl et al., 2007a). This paper lists
forest management parameters which are expected
to be most conducive to changes in soil C stocks.
European forest management is characterized by

extensive use of introduced tree species, especially
in the western and southern regions. Selection of
tree species is therefore often an integrated part of
management options, whereas forestry in other
regions to a greater extent relies on native species.
In these regions there may also be an effect of the
current trend of converting coniferous forests back
to the more site-adapted deciduous forest types
(Jandl et al., 2007b). It is well known that tree
species strongly influence the forest floor in terms
of C stock and chemistry (Binkley, 1995; Vesterdal
and Raulund-Rasmussen, 1998), but the effect of
tree species on mineral soils or the whole soil
profile remains inconclusive (Jandl et al., 2007a).
Most conclusions regarding tree species effects on
soil C is therefore based on studies of forest floor C
accumulation. However, results of recent studies
(Oostra et al., 2006; Vesterdal et al., 2007b) lead to
the question if the soil C stock does in fact differ
under different tree species or if the C stock just
tends to be differently distributed between forest
floor and mineral soil. In the latter two studies,

there was an opposite trend between C stocks in
the forest floor and mineral soil, which might be
attributed to differences in downwards transporta-
tion or rhizodeposition of C.
Thinning intensity as reflected by the level of

stem basal area has been reported to influence
forest floor C stocks in European Norway spruce
stands (Vesterdal et al., 1995; Slodicak et al., 2005;
Jonard et al., 2006). Carbon stocks are largest in
weakly thinned stands, but the influence of thin-
ning intensity appears somewhat limited compared
to site-related differences (Vesterdal et al., 1995).
The decrease in forest floor C has been attributed
partially to faster decomposition of needle litter as
the microclimate is more favourable in heavily
thinned stands, i.e. higher temperatures and higher
soil moisture (Aussenac, 1987). The effect of thin-
ning intensity has also been attributed to
decreasing production of needle litter with
increasing thinning grade (Slodicak et al., 2005). In
contrast to the forest floor C pool, there is
currently little evidence of changes in the mineral
soil with different thinning regime (Skovsgaard et
al., 2006). More than one stand rotation may be
required to substantially influence the mineral soil
C pool by reduced thinning intensity. The effect of
thinning intensity on more stable C fractions
therefore appears limited within the time perspec-
tive of a forest stand.
During the last decades, forestry in several Euro-

pean countries has initiated a change in harvesting
system of deciduous forests toward nature-based or
continuous cover forestry (Pommerening and
Murphy, 2004). This management form is inspired
by natural temperate deciduous forests where
disturbance occurs down to the single tree level, i.e.
there is almost continuous crown cover over time.
There is currently little knowledge of the influence
of this change in management on soil C stocks. An
important characteristic in nature-based forestry is
the more continuous canopy cover or at least the
smaller and less long-lasting openings in the forest
canopy associated with the regeneration phase.
The input of organic matter to soils will be more
continuous compared to traditional clearcutting/
replanting systems. As forest climate is better
maintained, less C is probably also lost from soils
by decomposition compared to the clearcutting
system, where the soil C stock decreases in the
period following clearcutting and replanting
(Covington, 1981; Yanai, 2000; Heinsdorf , 2002).
Elongation of the rotation period within the
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clearcutting system may also have a positive influ-
ence on soil C. Soils will be prone to less frequent
disturbances, thereby possibly conserving larger C
stocks than in traditionally managed forests.
The drainage regime of large forest areas is

currently changed by ditching in order to facilitate
the growth of tree species that require more well-
drained soil conditions. Today, there is less focus
on keeping up wood production in small swamps
while there is increasing focus on maintenance of
habitat diversity in forests. This has resulted in
passive or active restoration of natural hydrology.
A change in drainage regime toward wetter condi-
tions may be the most significant management
action in terms of soil C sequestration. Decompo-
sition of organic matter proceeds slowly under
anoxic conditions, and soil C stocks may therefore
differ by several hundred tonnes per ha between
well-drained and wet soils (Krogh et al., 2003). It is
therefore likely to expect that wetland restoration
would enhance the soil C stock through C seque-
stration. The more wet conditions can enhance C
stocks in the soil compartment, thus increasing the
CO2 mitigation potential of forest soils. However,
emissions of other greenhouse gases like N2O and
methane (CH4) are also enhanced in wet soils, and
the risk of pollution swapping, i.e. forests
becoming a source for other greenhouse gases,
could be a threat to the mitigation effect. There is a
strong need for quantification of net greenhouse
gas emissions following restored hydrology and to
refine management in order to mitigate emissions
of N2O and CH4.
Management actions other than those discussed

above may also influence soil C stocks, e.g. rotation
period and fertilization. Table 1 provides a
summary of different management actions and the
specific actions expected to enhance soil C stocks.

Agriculturally related land-use change

Conversion from grassland to cropland
Grasslands typically store higher amounts of SOC
than croplands under otherwise similar site condi-
tions because of i) higher residue inputs and ii)
reduced turnover. In addition, more favourable
conditions for soil biota under grassland enhance
the soils structural stability and thus the physical
protection of SOM even when the cropland is
manured (Blair et al., 2006). Conversion of crop-
land to grassland is thus regarded as a SOC seques-
tration measure (Post and Kwon, 2000). However,
the net effect depends much on the specific
management, and crop rotations with high residue
returns and long periods of soil coverage may
outperform extensively used grasslands with low
productivity. For example, conversion from a
seven-year crop rotation to a non-fertilized hay
meadow did not result in a net C uptake of the
temperate grassland within the first few years
(Ammann et al., 2007). Because the conversion
effect is determined by the difference in SOC
stocks between the two land-use types, and
because C stocks are strongly climate-and soil
dependent, stock change rates matching the
regional climate and soil conditions are superior to
default values in terms of accuracy and reliability.

Peatland drainage and cultivation
Between 56 and 65% of the wetlands in North
America and Europe, many of them peatlands,
have been drained for intensive agriculture
(OECD, 1996). Peatlands in Europe underwent
extensive drainage and cultivation since medieval
times. As a consequence of drainage, subsidence
caused by peat shrinkage and oxidation has shaped
many landscapes mainly in northern Europe. The

Table 1.
A summary of some relevant management parameters and the specific actions expected to promote
C sequestration in soils.

Management parameter How to increase soil C stocks?

Tree species selection Difficult to generalize for the whole soil profile

Thinning intensity Low intensity

Drainage regime Wet - but beware of N2O and CH4

Harvesting - clearcutting vs. continuous cover Continuous cover

Rotation period Extended -longer period with less disturbance

Fertilization N fertilization



corresponding losses of CO2, but also N2O, are
large compared to those found in mineral soils and
depend much on land-use and tillage (Kasimir-
Klemedtsson et al., 1997). Though methane emis-
sions are eliminated when the peat becomes oxic,
the full GHG balance of a drained peatland is often
likely to be negative (i.e. a source) even in the
longer term (Leifeld, 2006). The ability to restore
degraded peatlands not only hydrological but also
in terms of their C sink capacity is a major current
challenge.

Effects of agricultural management

Soil tillage
Soil tillage and periods of bare soil increase the
aeration and change the climate (temperature,
moisture) of the topsoil and thus often accelerate
SOM decomposition rates (Balesdent et al., 2000).
Conservation or no-till is thus considered as a
measure to sequester C (eg. Holland, 2004; Paus-
tian et al., 1997) and many experiments have
proven an increase in SOC in the topsoil. On the
other hand, there is experimental evidence that no
till does not change the total soil C stock quantita-
tively but rather its distribution with depth (e.g.
Powlson and Jenkinson, 1981; Angers et al., 1997).
Based on these contradictory findings it has been
argued that soil sampling deeper than the
commonly applied 20 to 30 cm is necessary to
capture the overall effect on soil C (Baker et al.,
2007). Revisiting the current paradigm of no-till by
using more field data with deeper sampling is an
urgent need to gain a better understanding of the
net effect of tillage on soil C for different climatic
zones and soil types. Carbon sequestration is only
one out of many relevant topics related to soil
tillage. Others include erosion control and soil
structure, emissions of N2O, energy consumption
for tillage, weed control, or moisture retention.

Inputs from crop residues and organic fertilizers
Organic matter input and turnover rates are the
drivers for the soils carbon stock. The major crops
in Europe differ largely in their yield and corre-
spondingly also in the amount of residues and the
extent of soil coverage they provide. Increases in
soil carbon stocks were shown for the introduction
of leys (Smith et al., 1997) or for rotations
including winter cover crops that provide addi-

tional residue inputs and at the same time serve as
a protection against erosion (Lal et al., 1999). Not
only crop rotation, but also the management of
crop residues is prone to continuous adaptation.
For example, burning of crop residues on the field
has been common practice in many countries after
the Second World War, but has been dropped
during recent times. Another factor of utmost
importance is the systematic increase in produc-
tivity during the last decades along with the
increased use of mineral fertilizers and improved
tillage practices, pest control, irrigation, and the
continuous introduction of new varieties. In a
remarkable long-term study from Missouri, USA,
Buyanovsky and Wagner (1998) showed that the
total net annual production of winter wheat and
maize increased by a factor of two to three during
the last century. The corresponding amounts of
carbon returned annually to the soil even increased
by a factor of around three for wheat and five to six
for maize, switching the system from a SOC source
during the first decades of the field trial to a sink
since 1950. They also proved that the total amount
of SOC (0-100 cm) was linearly related to the
amount of carbon applied during the duration of
the experiment (100 years).
Numerous studies have shown the beneficial

effect of organic residues such as manure on the
soils’ carbon content (e.g. Smith et al., 1997) and
that such an accumulation may be long-lasting
(Jenkinson, 1988). In contrast it has been argued,
that there is no net sequestration effect from
manuring because spreading organic residues
simply means a re-distribution of resources or, in
simple words, the non-manured soil will become
depleted over time (Schlesinger, 1999).While there
seems to be pros and cons for the positive effect of
manure, the discussion so far highlights the need
for a clear definition of the system border. For agri-
culture, where re-distribution of organic matter in
the form of crop residue, organic fertilizer, or as
imported fodder or concentrate is an integral part
of the management, net effects on SOC cannot be
claimed without consideration of the fluxes into
and out of the system (i.e., field, farm, or region).
Data from Belgium (Lettens et al. 2005b) indicated
that changes in the amount and allocation of
manure had pronounced effects on the C stocks in
northern Belgium over the last 40 years or so and
that, among others, legal restriction on manure
application was one of the key drivers.
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Grassland management
Grasslands vary widely in their carbon content,
and type (haying, grazing) and intensity of grass-
land use both exert influence on the soils C stock.
Grazing influences SOC stocks via changes in plant
productivity, root allocation of plant C, changes in
species composition and changes in physical soil
properties. Grazing has been reported to produce
positive effects on grassland soil C (Mestdagh et al.,
2006). Increases in SOC levels under grazing, as
compared with mowing, can be attributed to i) a
higher return of ingested nutrients to the pasture
as excreta (60 -95%, Schnabel et al., 2001), ii)
enhanced physical breakdown and soil incorpora-
tion of plant materials, which accumulate in
ungrazed exclosures as standing dead and surface
litter (Manley et al., 1995) and iii) a more rapid
annual shoot turnover (Reeder and Schuman,
2002). Heavier foot traffic results in enhanced
breakdown of aboveground litter and its incorpo-
ration into the soil (Schuman et al., 2001).
However, overgrazing will result in damage to the
vegetation cover, leading to C losses from soil
erosion. Although grazing tends to increase SOC
stocks compared with types of management that
do not involve livestock, the results are far from
being consistent, and several studies indicate
carbon losses due to grazing (Potter et al., 2001).
Improved grassland productivity is expected to

increase soil C stocks because of higher inputs. Lal
et al. (1997) reported a higher NPP for fertilised
than for unfertilised grassland, leading to a higher
residue input. This effect was more pronounced in
the presence of grasses than with legumes. Nyborg
et al. (1997) reported increases in SOC due to a
higher NPP with increasing N and S fertilisation.
They also showed that the light organic fraction
was much more responsive to different mineral
fertiliser application rates than total SOC. In a
review of 115 studies, Conant et al. (2001) showed
that conversion of native to cultivated grassland led
to a mean relative annual increase in SOC. Using
13C pulse-labelling, Crawford et al. (1997) found
that grass cutting resulted in lower above-ground
NPP compared with the uncut control, but in a
higher allocation of assimilated C to roots. This
may lead to higher soil C stocks in the long term.
As for other land-use andmanagement options, the
effects of grasslandmanagement on SOC cannot be

evaluated without consideration of other underly-
ing drivers such as land-use history, soil texture, or
hydrology (Mestdagh et al., 2006).

Data and knowledge gaps - as reflected by
discussions and a questionnaire within
Working Group 2

Data gaps:
1. What is the land-use history of the site and

what are the effects of land-use history on
current C-dynamics?

2. Area information on the extent of land-use
and management change incl. drainage of
peatlands and depth of peat exploitation

3. Pedotransfer functions to calculate stocks from
concentration data for different land-use types

4. Matter fluxes (residues, manure) at the farm
scale

5. Initialization of SOC models: What are the
starting conditions; not enough data for
residue and organic fertilizer input

6. Interaction between changing C- and N-stocks
and fluxes of other GHGs

7. Lack of data in particular on Mediterranean
and high-elevation soils

Knowledge gaps:
1. Influence of site factors interacting with land-

use change
2. Time to reach new steady state in SOC; is the

concept of a steady-state for SOC valid at all?
3. How do the different soil carbon fractions

contribute to the source-sink function?
4. What is the role of black carbon as a deposit

for recalcitrant C?
5. Mediterranean region: Will land after aban-

donment degrade or accumulate C? Dynamic
of CaCO3 in agriculture is unknown during
degradation and succession of vegetation.

6. Effect of energy crops on soil properties incl.
SOC

7. Effect of soil sealing on SOC
8. Effect of climate change on carbon stocks in

mountain regions: Both data and process
understanding are scarce

9. N2O and CH4 fluxes - is pollution swapping
following restoration of wetlands a threat?
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