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Abstract. There is limited knowledge of the contribution of afforested arable land to mitigation of 
greenhouse effects. In the AFFOREST project we evaluated the rate and magnitude of carbon (C) 
sequestration in biomass and soils following afforestation of cropland. 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.  

Biomass C sequestration ranged between 2.7 and 4.6 Mg C ha-1 yr-1 for stands younger than 45 years 
with no clear influence of different site characteristics. Such effects were probably masked by the soil 
enrichment, which is a legacy of former agriculture. Biomass C sequestration differed more between sites 
after 40-50 years owing to different management, tree species-specific growth patterns and less influence 
of former fertilization. 

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), 
tree species had little 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. 

G.W. Heil et al. (eds.), Environmental Effects of Afforestation in North-Western Europe, 19–51. 
© 2007 Springer. 
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For the afforested ecosystem as a whole, the general contribution of soils to C sequestration (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%, which is not far from reported contributions of soil in similar 
studies. In the short term (30-40 years), total C sequestration was higher in Norway spruce than in oak 
whereas soil type did not clearly influence the rate of C sequestration. 

The work in AFFOREST has improved the knowledge of C sequestration in afforested cropland. The 
new results may help to bridge the gap between existing knowledge and policy demands. 

1. INTRODUCTION 

Sequestration of carbon (C) has recently been recognized as an important 
environmental effect of afforestation, and in a European perspective afforestation 
may provide the greatest potential for C sequestration in agricultural soils (Powlson 
et al. 1998). A new challenge in the context of climate change mitigation is the 
management of terrestrial ecosystems to conserve existing carbon stocks and to 
remove carbon from the atmosphere by increasing the existing stocks (Malhi et al. 
1999). Afforestation of former arable land has been acknowledged under the Kyoto 
Protocol (article 3.3) as an eligible activity that contributes to the mitigation of 
increasing atmospheric CO2 concentrations. As a specific change in land use, 
increases in terrestrial C stocks due to afforestation may serve as one of the 
measures to meet national reduction commitments.  

Forests are generally characterized by a higher density of carbon than arable 
land, mainly due to the presence of perennial vegetation with a high biomass. Soils 
under forest are often considered to contain larger stocks of C than cropland soils, 
but the literature is not consistent (Rodriguez-Murillo 2001; Krogh et al. 2003; 
Lettens et al. 2004). What happens when cropland is converted to forest? Based on 
comparisons of C stocks in forests and arable land afforestation is expected to result 
in significant sequestration of C due to accumulation of woody biomass and further 
accumulation of organic matter in the soil. Already Billings (1938) reported 
quantitative data on soil C sequestration in former arable soils based on a study of 
shortleaf pine (Pinus echinata Mill.) afforestation in North Carolina. It is 
nevertheless still debated whether soil C stocks generally will increase following 
afforestation. For instance, the previous arable land use may be important for 
predicted increases in soil carbon, as soil C differ between permanent pasture, 
annually tilled cropland and no-till management (Römkens et al. 1999; Dick 1983; 
Denef et al. 2004).  

There are, in addition, large uncertainties in terms of the rate of C sequestration 
and also the allocation of carbon to soil and biomass following afforestation. The 
contribution of soils to C sequestration is especially uncertain and it is a significant 
future challenge to quantify the potential soil sinks for CO2 (Smith 1999; Garcia-
Oliva & Masera 2004). In a review Johnson (1992) concluded that the reversion of 
former agricultural land to forest usually results in substantial increases in soil C, 
and Bouwman & Leemans (1995) suggested that 50 Mg C ha-1 would be sequestered 
in afforested tropical soils in 30 years. On the other hand some studies indicate that 
these expectations for soils are far too high (Hamburg 1984; Jug et al. 1999; Richter 
et al. 1999; Paul et al. 2002). The aggrading biomass of forest trees accounts for 
much of the C sequestered after afforestation. However, the relative contributions of 
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biomass and soil are uncertain and must be expected to vary between forest, soil and 
climate types. Few studies included concurrent measurements of soil and biomass C 
sequestration, but these studies suggested that about 25% of the total C can be 
sequestered in the soil (Richter et al. 1999; Hooker & Compton 2003). 

While C stored in forest biomass is strongly influenced by changing forest 
management or by disturbances such as clearcutting and replanting, C stored in 
mineral soils is less susceptible to such changes (Dewar & Cannell 1992). Soils may 
be a more permanent sink for C and the question remains to what extent they 
contribute to the total C sequestration of an afforested ecosystem. The quality of C 
stores with respect to permanency should be considered together with the quantity of 
C. Better quantitative information on C sequestration is needed in several European 
countries in order to evaluate the potential contribution of terrestrial systems and to 
meet the obligations following ratification of the Kyoto Protocol.  

Direct measurements of C sequestration would require flux towers or the 
reassessment of C pools over a considerably long time period to assess changes. In 
order to save time, sampling of paired plots of afforested and arable land has often 
been undertaken. Many of the previous studies on afforestation were done on 
marginal land, on former pastures or on land abandoned before frequent fertilization 
and liming were introduced in agriculture. Such studies may not be representative 
for the intensively managed arable soils afforested today. Also, there is a need for 
studies that provide a basis for reporting and modeling national C sinks in the short-
term, e.g., during the Kyoto commitment period 2008-2012.  

This chapter evaluates the general effect of afforestation of former cropland on C 
sequestration in a synthesis of AFFOREST chronosequence experiments in three 
European countries. The results from the AFFOREST project are compared to 
previous studies of afforested cropland. The specific objectives were i) to estimate 
the rates of total C sequestration, ii) to determine the relative contributions to C 
sequestration of the soil and biomass components of the new forest ecosystems, iii) 
to study the possible differences in C sequestration between deciduous (oak) and 
coniferous (Norway spruce) tree species, and iv) to explore C sequestration at 
contrasting soil types. 

2. MATERIALS AND METHODS 

2.1. General approach 

To study the effect on carbon sequestration following afforestation with oak and 
spruce, chronosequences of afforestation stands were selected in Denmark, southern 
Sweden and the Netherlands (Chapter 1). Measurements were conducted in each 
chronosequence stand to assess the changes in C storage. Biomass was measured for 
estimation of above- and belowground biomass C storage, and forest floors and 
mineral soils were sampled to assess soil C storage at different points in time 
following afforestation of former arable land. 



2.2. Study sites 

The study included six chronosequences of which two were differently aged oak 
stands and four were differently aged Norway spruce stands. In Denmark, one oak 
chronosequence and one Norway spruce chronosequence were assessed within the 
same forest with clay-rich and nutrient-rich soil in Vestskoven close to Copenhagen. 
Just outside Vestskoven, a 200-year-old afforested oak stand, Ledøje Plantage, was 
included for comparison. In contrast to all other stands Ledøje Plantage had a multi-
layered stand structure, i.e. with beech and sycamore maple forming a subcanopy. 
Another spruce chronosequence in a contrasting environment was studied on sandy, 
poor soil at Gejlvang west of Vejle in southern Jutland. In the Netherlands, one 
chronosequence of oak and one chronosequence of spruce were studied on similar 
sandy soil close to Sellingen. The last chronosequence of spruce was situated in 
south-western Sweden, at Tönnersjöheden east of Halmstad. A map of the locations 
is found in Chapter 1 (Figure 1.8), and detailed site information is given on the 
AFFOREST web site (www.sl.kvl.dk/afforest). Briefly, annual temperatures ranged 
from 6-7°C in Sweden over 7.7°C in Denmark to 9°C in the Netherlands. Annual 
precipitation ranged from about 640 mm at Vestskoven, Denmark over ca. 800 mm 
in the Netherlands and to ca. 1000 mm at Gejlvang, Denmark and in Sweden. Soil 
types ranged from loamy Hapludalfs at Vestskoven, Denmark, to sandy Spodosols 
in the other chronosequences (Soil Survey Staff 1992). All sites were former 
cropland with annual tillage. The soils are mainly well drained except in the 
Netherlands where groundwater levels may be within 50 cm depth during wet 
periods of the winter. Nitrogen deposition was lowest to the Swedish spruce 
chronosequence (ca. 20 kg ha-1 yr-1) and highest to the Danish spruce 
chronosequence at Gejlvang and the Dutch oak chronosequence (16-33 kg ha-1 yr-1) 
(Chapter 4). 

In all three countries, soil and biomass C stocks were measured once whereas 
rates of litterfall C were measured for 1-2 years. Table 2.1 gives an overview of the 
number of stands in each of the chronosequence for litterfall C and biomass and soil 
C stocks. In Denmark, all chronosequence stands were characterized in terms of 
biomass and soil C stocks, whereas biomass C was only estimated for a subset of the 
Swedish and Dutch stands. In the Swedish and Dutch chronosequences, baseline 
data on soil C data were included from fields still in arable use. Rates of litterfall C 
were only measured in selected chronosequence stands in all three countries. 
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Table 2.1. The number of stands and their range in age with respect to litterfall, biomass and 
soil C measurements in each chronosequence. Age ranges deviate slightly between the C 

pools as they were not assessed in the same year. 

Chronosequence Litterfall C Biomass C Soil C 

 Stands Age 
range, 
(years) 

Stands Age 
range, 
(years) 

Stands Age 
range, 
(years) 

Oak,  
Vestskoven, DK 

 
5 

 
8-31 

 
8 

 
5-28, 
200 

 
8 

 
5-28, 
200 

Norway spruce, 
Vestskoven, DK 

 
4 

 
11-32 

 
7 

 
1-29 

 
7 

 
1-29 

Norway spruce, 
Gejlvang, DK 

 
3 

 
20-41 

 
5 

 
4-41 

 
5 

 
4-41 

Norway spruce, 
Tönnersjöheden, SE 

 
4 

 
20-93 

 
5 

 
19-92 

 
24 (15)* 

 
0-87 

Oak,  
Sellingen, NL 

 
4 

 
4-19 

 
 

 
4-19 

 
12 (10)* 

 
0-29 

Norway spruce, 
Sellingen, NL 

 
- 

 
- 

3 
 

 
9-15 

 
3 

 
9-15 

*In these two chronosequences, data on arable land were obtained from 9 fields (SE) and 2 
fields (NL) within the afforestation area. The number of afforested stands is given in 

 brackets. 

2.3. Biometrics and calculation of carbon stocks in biomass 

In Denmark, stand characteristics at Vestskoven and Gejlvang were assessed in June 
2001 according to the methods used in the Danish National Forest Inventory 
(Johannsen et al. 2004). Briefly, the three circular plots per stand were used as 
inventory plots for stem number, diameter at breast height and tree height. Diameter 
at breast height was measured for all trees within plots of different radii according to 
the diameter of trees, whereas height was measured for a subgroup of these trees 
randomly selected with probability of selection proportional to diameter. Heights of 
single trees were subsequently estimated by diameter-height regressions (Näslund 
1936). Standing volume of merchantable wood (stem and crown wood for oak and 
stem wood for spruce) was estimated using equations developed by Madsen (1987) 
and Madsen & Heusérr (1993). 

In Sweden, stand mensuration was done in the five intensively studied stands of 
the Tönnersjöheden chronosequence in September 2002. Stand data (stem number, 
diameter at breast height and tree height) were gathered on plots of 25 m × 25 m. 
Mean diameter, basal area and stand density were calculated. Diameter at breast 
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height was recorded for all trees whereas height was measured for a subgroup of 
trees selected according to a procedure described by Karlsson (1998). Heights of 
remaining trees were subsequently estimated by diameter-height regressions. 
Standing volume of merchantable wood was estimated using equations developed by 
Brandel (1990). 

In the Netherlands, aboveground biomass of trees was estimated on the 15 m × 
15 m measurement plots in the 4 oak stands and the 3 spruce stands in October 2002. 
In order to save time per monitoring area and to be able to estimate the variability in 
the estimated biomass 3 sections of 7 × 7 m2 were selected within the measurement 
plots. Within each section diameter at breast height (DBH), tree height (H) and stand 
density (N) were measured. DBH and N were measured for each individual tree, 
whereas H was based on an average estimate per 7 m × 7 m plot. The volume per 
tree (V) was calculated by using the equations for oak and Norway spruce in Jansen 
et al. (1996). 

Standing volume of merchantable wood was subsequently expanded to total 
above- and belowground biomass and carbon stock of the total biomass. In Denmark 
this was done using the expansion factors, basic wood densities and carbon content 
used for oak and Norway spruce in annual Danish reports on LUCF to UNFCCC 
(Illerup et al. 2005). Briefly, total biomass was estimated by use of expansion factors 
1.2 and 1.8 for oak and Norway spruce, respectively. The lower expansion factor for 
oak is partly due to inclusion of crown biomass in the Danish volume equations. The 
volume of wood was converted to mass by use of basic densities of 0.56 and 0.38 
Mg m-3 for oak and Norway spruce, respectively. In Sweden, specific biomass 
functions were available for estimating total dry mass (Marklund 1988). In the 
Netherlands, tree volumes were transformed to biomass by using an expansion 
factor of 1.8 and wood densities similar to those used in Denmark. Carbon content 
for stands in all three countries was estimated using a common C concentration of 
500 mg g-1 (IPCC 2003). 

2.4. Litterfall 

Total litterfall was measured for two years in Denmark and for one year only in 
Sweden and the Netherlands. In Denmark, five oak stands and four Norway spruce 
stands were sampled at Vestskoven and three Norway spruce stands were sampled at 
Gejlvang. Five litter traps (diameter 31 cm) per stand were placed 1 m above ground 
in the center and four cardinal points of one circular subplot (10 m radius) per stand. 
Litter from the five traps was collected every month and dried to constant weight (at 
60°C) before weighing the litter produced during each of the two years. A 
subsample of the litter was subsequently ground for chemical analysis. Ground 
samples of litter material were analyzed for total C by dry combustion (Dumas 
method) in a Leco CSN 2000 Analyzer (Matejovic 1993). In Sweden, total litterfall 
was measured in four stands at Tönnersjöheden. Five litter traps (diameter 64 cm) 
were randomly placed within a 25 m × 25 m plot in each stand, and litter was 
collected two times during the sampling period. In other respects the methods were 
similar to those applied in Denmark. In the Netherlands litterfall was measured in 
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four of the oak stands. Three litter traps (100 × 100 cm) were randomly placed 0.3 m 
above ground in each of the stands. Litter was collected bi-monthly from the traps 
and dried to constant weight at 40°C before weighing. A subsample of the litter was 
subsequently ground and analyzed for total C by dry combustion and measurement 
of the CO2  gasses using an IR-cell.  

2.5. Soil sampling and analyses 

Stand sizes were different in the three countries and slightly different sampling 
designs and sampling methods were used for soil C while analyses and calculations 
were performed similarly in the three countries. The sampling design and methods 
are summarized in Table 2.2. More detailed descriptions of the sampling and 
analysis of soils in Denmark and Sweden may be found in Vesterdal et al. (2002) 
and Rosenqvist & Johansson (2005), respectively. 

In Denmark and Sweden, C concentrations in the forest floor and soil were 
determined by dry combustion (Dumas method) in a Leco CSN Analyzer (Matejovic 
1993). The Dutch soil samples were analyzed for C by wet oxidation with potassium 
dichromate (Kurmies 1949). 

Carbon sequestration is reported as the relationship between C contents and 
stand age. Forest floor C contents were calculated by multiplying C concentrations 
with forest floor mass. For the mineral soil C contents for the fraction > 2mm (small 
stones and gravel) were neglected (McNabb et al. 1986; Homann et al. 1995), and 
soil organic carbon (SOC) contents in [Mg ha-1] for each of the three soil layers were 
calculated via 

 SOCi=ρi •  (1 – (δi, 2mm/100)) • di
  •  Ci

 (1) 

where ρi is the bulk density of the < 2 mm fraction in g cm-3, δi, 2 mm is the relative 
volume of the fraction  > 2 mm (%), di denotes the thickness of layer i in cm, and Ci 
denotes the C concentration of layer i.  
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Table 2.2. Summary of soil sampling designs for estimation of C stocks. 

 Denmark Sweden The Netherlands 
 
Time of sampling 

 
Vestskoven: Sept. 1998  
Gejlvang: June 2001 
 

 
Sept. 1998 

 
May 2003 

No. of sampling plots 
per stand 

3 circular plots of  
10 m ∅ 
 

1 plot 25 × 25 m  1 plot 15 × 20 m 

Sampling points per 
stand 

12 (4 cardinal points × 3 
plots) 

In grid intersections 
Soil: 20  
Forest floor: 16 
 

In grid intersections 
Soil: 20  
Forest floor: 10 

Forest floor sampling 
area 

25 × 25 cm  Auger ∅ 10 cm or 
25 × 25 cm 

10 × 10 cm 

Mineral soil sampling 
method and depth 

Auger (50 mm ∅) to 25 
cm (Westman 1995) 
 

Auger (44 mm ∅)  
to bottom of Ap  
(ca. 25 cm) 
 

Auger (44 mm ∅)  to 
30 cm 

Subdivisions of  
mineral soil for  
analysis 

0-5, 5-15, 15-25 cm  0-5 cm, 5 cm -
bottom of Ap 
 

0-10, 10-30 cm 

Bulk density  
(< 2 mm fraction) 

Measured, 6 cores per 
stand 

Measured on 
composite sample of 
16 subsamples 

Estimated from 
equations by Hoekstra 
& Poelman (1982) 

2.6. Calculations and statistics 

Soil C stocks were assessed for the forest floor and upper 25 cm of the mineral soil 
in all chronosequences. Relationships between stand age and soil, biomass and 
ecosystem C contents were explored by simple linear regression while the influence 
of tree species in Denmark was tested by analysis of covariance. No transformations 
were necessary to fulfil the requirements regarding normally distributed residuals 
and homogeneity of variances. All statistical tests were carried out using the 
procedure GLM in SAS (SAS Institute 1993). The significant regression models 
were used to calculate the changes in soil C stores for the time span of the 
chronosequence. The 200-yr old stand in Denmark was not included in regressions, 
but was included in figures for comparison. 

3. RESULTS 

3.1. Carbon in biomass 

The basic data for estimation of carbon sequestration in biomass was the 
accumulated biomass measured as the volume of merchantable wood. Thus, 
measured heights, stem diameters and stand densities (stem number per ha) 
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determine the amount of carbon sequestered after afforestation. The development in 
stand height with age was surprisingly similar across all chronosequences (Figure 
2.1a). The low mean height of the ca. 200-year-old Ledøje Plantage is due to multi-
layered structure, i.e. with beech and sycamore maple forming a subcanopy. The 
heights of dominant oak trees were within 25-30 m at Ledøje Plantage.  

Stand densities were more variable in the younger stands reflecting different 
planting densities and different thinning intensities (Figure 2.1b). Especially the 
Dutch oak stands and the Danish spruce stands at Gejlvang had high densities, the 
latter because they were planted for Christmas tree production. 
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Figure 2.1. a) Stand height and b) number of trees per hectare as a function of age in 
chronosequence stands. 
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relationship with age, and the rates of biomass C sequestration for different 
chronosequences were quite similar for the first 40-50 years following afforestation 
(Table 2.3). For all stands younger than 45 years, the rate of C sequestration was 
about 3.7 Mg C ha-1 yr-1. However, the Swedish chronosequence, which included 
older stands, had a clearly lower rate of biomass C sequestration that was not quite 
significantly different from 0 (Table 2.3). The older Swedish stands have a relatively 
lower C storage and do not continue the rate of C sequestration depicted by the 
Swedish stands younger than age 40. Oak stands in Denmark also tended to have a 
lower rate of biomass C sequestration, and differed from spruce at the same site. As 
indicated by stand heights, there was little difference in rate of C sequestration 
between stands of spruce on contrasting soil types within Denmark. Spruce stands at 
the nutrient-rich Vestskoven site sequestered carbon only at a slightly higher rate 
than at the sandy, nutrient-poor Gejlvang site (Table 2.3). The few spruce stands in 
the Netherlands prevent a general comparison between species. 
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Figure 2.2. Carbon content in above- and belowground biomass in the chronosequence 
stands. The general regression for all stands younger than 45 years is shown. 

The C content of the total biomass is shown in Figure 2.2. There was a strong 
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Table 2.3. Rates of biomass C sequestration (SE of regression slope) in the AFFOREST 
chronosequences. 

Chronosequence Rate (Mg C ha-1 yr-1) P* 
Oak, Vestskoven, DK 2.72 (0.53) 0.004 
Norway spruce, Vestskoven, DK 4.61 (0.82 ) 0.002 
Norway spruce, Gejlvang, DK 3.76 (0.31) 0.001 
Norway spruce, SE 1.20 (0.47) 0.082 
Oak/Norway spruce, NL 4.55 (0.56) <0.001 
All stands <45 years 3.65 (0.34) <0.001 

*P values < 0.05 indicate whether slopes of regressions (y = ax + b) are significantly 
different from 0. 

3.2. Aboveground input of C to soils with litterfall 

The carbon in annual litterfall represents the aboveground input of C to the soil. 
Litterfall is the source of organic matter for development of forest floors following 
afforestation. There was no clear relationship between stand age and the rate of 
litterfall C over the age span of the chronosequences. However, especially for the 
Danish stands there were increasing rates of litterfall C during the first 20 years until 
the annual C content of litterfall appear to level off. Litterfall tended to be higher in 
oak than in spruce stands in Denmark, and Dutch oak stands had comparable 
litterfall C contents to Danish oak stands. However, litterfall C contents 
representative of closed stands were reached at a younger age than in Denmark. In 
the oldest Swedish stands, litterfall C contents appear to decrease.  

 

0 10 20 30 40 50 60 70 80 90 10
S

0
tand age (years)

0

1000

2000

3000

4000

Li
tte

rf
al

l c
ar

bo
n 

(k
g 

ha
-1

 y
r-1

)

Oak, Vestskoven DK
Norway spruce, Vestskoven DK
Norway spruce, Gejlvang DK
Oak, Sellingen NL
Norway spruce, Tönnersjöheden SE

 

Figure 2.3. Rates of litterfall C measured over two years in Denmark and for one year in 
Sweden and the Netherlands. 
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3.3. Carbon in soils 

The forest floor is the layer of dead organic matter, i.e. leaves, needles, twigs, 
branches and fruits, that blankets the mineral soil of a forest. Immediately after 
afforestation there is no forest floor present, but it developed rapidly (Figure 2.4) 
when the input of C from litterfall increases concurrently with canopy closure 
(Figure 2.3). The development in forest floor C sequestration was at a first glance 
quite similar between tree species and sites. However, this similarity is probably an 
artefact of the different age spans represented by the chronosequences. For instance 
oak stands in Denmark are in the low range of forest floor C storage at 25-30 years, 
and the carbon storage in forest floors of the 200-year-old Ledøje Plantage is 
comparable to that of the 25-30-year-old oak stands. Rates of C sequestration ranged 
from 0.08 (oak at Vestskoven, DK) to 0.65 Mg C ha-1 yr-1 (spruce in Sweden, Table 
2.4.). Oak stands in Denmark had significantly lower (P=0.005) rate of C 
sequestration than spruce at the same site. Danish spruce stands and Dutch oak and 
spruce stands were quite comparable in forest floor C sequestration rate (0.34-0.4 
Mg C ha-1 yr-1, Figure 2.4 and Table 2.4). 
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Figure 2.4. The C content of forest floors in the chronosequence stands. 

In the mineral soil, i.e. the former plow layer 0-25 cm, the pattern was more 
diverse and the relative change less dramatic than for forest floors. The different 
chronosequence sites were clearly showed different behaviour with respect to the 
initial level of soil C and its development with age since afforestation (Figure 2.5a).  
There was no difference between the Danish spruce and oak chronosequences at 
Vestskoven, so all data from Vestskoven were combined in the analysis of soil C 
sequestration rates (Vesterdal et al. 2002). Similarly the few Dutch spruce stands did 
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not differ from the pattern of the oak chronosequence and these data were 
consequently combined. Dutch sites had the highest C contents in the mineral soil 
and the Danish site Gejlvang was lowest in mineral soil C content. Only in the 
Dutch oak chronosequence and to some extent also the Danish Gejlvang 
chronosequence did the mineral soil C contents increase significantly with 
increasing stand age. For the studied soil compartments as a whole, i.e. the forest 
floor and the plow layer, there was a general pattern of constant or increasing soil C 
stores over 30-90 years after afforestation (Figure 2.5b).  

The allocation of sequestered soil C was quite different for the studied 
chronosequences (compare Figures 2.5a-b). For the Swedish spruce chronosequence 
and the Danish spruce and oak chronosequences on fertile soils, the change in C was 
solely due to development of forest floors on top of the mineral soil. The amount of 
C in the mineral soil was unchanged (SE) or even decreased slightly (Vestskoven, 
DK). However, in the Danish spruce chronosequence on poor soil in Gejlvang the 
former plow layer also increased significantly in C content. The allocation of 
sequestered C within the soil was again different for the Dutch oak chronosequence. 
Here the plow layer sequestered almost four times more C than the forest floor.  
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The rates of soil C sequestration based on linear relationships are given in Table 
2.4. For the mineral soil, rates varied from a significant loss of 0.5 Mg C ha-1 yr-1 in 
the Danish chronosequences on rich soil to a gain of 1.1 Mg C ha-1 yr-1 in the Dutch 
chronosequence (Table 2.4). There was also a significantly positive rate of mineral 
soil C sequestration in the Danish spruce chronosequence on poor soil but this was 
not the case in the Swedish spruce chronosequence.  

Rates of C sequestration were higher for both former plow layer and forest floor 
and were not significantly different from 0 in the Danish oak and spruce 
chronosequence at Vestskoven. The highest rates were 1.3 Mg C ha-1 yr-1 in the 
Dutch chronosequence. The chronosequences with a significant positive change in 
soil C were all situated on relatively poor, sandy soils. The Danish spruce 
chronosequence on poor soil was quite similar to the Dutch chronosequence in C 
sequestration rate while the Swedish spruce chronosequence indicated a lower rate 
as C was only sequestered in the forest floor. It is notable that there was quite large 
variation in the Swedish chronosequence and no net C sequestration would have 
been detectable within 30-40 years as in Denmark and the Netherlands. 
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Figure 2.5. a) Mineral soil C content in the former plow layer (0-25 cm). b) Total soil C 
content (forest floor + former plow layer). 
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adjacent to one or two afforested stands. Under the assumption that the cropland soil 
C stocks of today represent conditions prior to afforestation we conducted an 
analysis of pairwise differences between cropland plots and afforested stands. The 
paired plot design reduces spatial variability attributable to differences in soil 
properties. Such spatial variability may possibly mask the influence of changed land 
use when using the chronosequence approach. The differences in soil C stocks at 
different stand ages are shown in Figure 2.6 for mineral soils alone and for mineral 
soils + forest floors. Differences in soil C stocks between afforested and cropland 
plots were quite variable, and differences (forest minus cropland) were in some 
cases negative for the plow layer. In line with the similar absolute mineral soil C 
stocks found along the Swedish chronosequence, there was no significant relative 
change in mineral soil C stocks along the chronosequence (P=0.732). When forest 
floor C was included there was always most soil C in afforested plots after about 30 
years, and differences in soil carbon significantly increased with increasing age of 
the afforested stand (P=0.009) 
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Figure 2.6. The differences in soil C pools between paired plots of afforested stands and 
cropland (forest C minus cropland C) in the Swedish afforestation chronosequence. 

The Swedish chronosequence included nine cropland plots. Each cropland plot was 
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3.4. Carbon in the afforested ecosystem 

The change in ecosystem C storage, i.e. in C contents of soil plus biomass, and the 
allocation of C to woody biomass and soil, respectively, is shown in Figure 2.7a for 
all chronosequences. It must be noted that while all Danish stands had data for both 
soil C and biomass C, biomass C was only assessed in the intensively studied stands 
in the Netherlands and in Sweden (Table 2.1). As a result, the data set for analysis of 
biomass and total ecosystem C sequestration did not cover all stands in these two 
countries.  

There was a good relationship between C storage and age across all 
chronosequences with a general rate of C sequestration of about 2.8 Mg ha-1 yr-1 
(Figure 2.7a) The relationship with age indicated sequestration of 250 Mg C ha-1 
over the chronosequence of 90 years as a general result for all tree species and sites. 
The rate of C sequestration is expected to level off as stands mature as also indicated 
by the 200-year-old oak stand.  Nevertheless, there was no basis for non-linear 
relationships. The age distribution of stands was skewed towards the age 0-30 years, 
so there is a better picture of the variability in C content within this age span. 

The change in ecosystem C content was primarily caused by the growth of trees, 
but soils also contributed significantly. A general assessment based on regression 
slopes indicates that about 70% of the total C sequestered was allocated to biomass 
following afforestation, and the remaining 30% was sequestered in soils. As already 
reported for soils (Figure 2.7) there were different levels of soil C at the 
chronosequence sites. Therefore the general relationship between soil C and stand 
age was weak (Figure 2.7a). However, when the more wet Dutch sites with 
relatively high C contents were excluded, the relationship between soil C and age 
clearly improved (Figure 2.7b). Among individual chronosequences, the 
contribution of soils ranged from none at Vestskoven over ca. 20% in the 
Netherlands and at Gejlvang to 31% in Sweden. 
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Figure 2.7. Changes in total ecosystem C storage with time since afforestation. The graphs 
show the relative contribution of soils and vegetation to total ecosystem C sequestration 
following afforestation. The difference between the regression lines indicates the relative 

contribution of biomass C sequestration. a) all chronosequence sites in Denmark, the 
Netherlands and Sweden. b) chronosequence sites without the more wet Dutch sites. 

36 L. VESTERDAL ET AL. 



 

4. DISCUSSION 

4.1. Biomass carbon 

Rates of biomass carbon sequestration were estimated at 3.7 (range 2.7-4.6) Mg C 
ha-1 yr-1 for AFFOREST stands younger than 45 years. This range is fairly well in 
line with the median sequestration rate of 4.1 Mg C ha-1 yr-1  reported in a review of 
potential C storage in temperate regions over 25 years (Winjum & Schroeder 1997). 
The AFFOREST chronosequence studies only included three stands in Sweden and 
one stand in Denmark older than 40 years. Thus, there is little basis for conclusions 
regarding biomass C sequestration over a full rotation. However, from an age of 40-
50 years there appears to be some differentiation between stands of different species 
and locations. The Swedish stands older than 45 years had sequestered less C than 
would be expected from the trajectories of the other chronosequences.  This is 
mainly attributable to the fact that the Swedish chronosequence cover almost a full 
rotation, and current rates of increment and thus C sequestration decrease when trees 
mature. The sequestration rate in the Swedish chronosequence covering 90 years is 
well in line with the modelled sequestration rates (0.8-1.2 Mg C ha-1 yr-1) reported 
by Nabuurs & Mohren (1995) for the first 100-year rotation of afforested Norway 
spruce in boreo-nemoral climate. Another reason for differences between 
chronosequences is an increasing effect of different management practices (e.g. 
thinning) as stands grow older. Information on thinned volumes for the older stands 
would have provided a more complete picture of C sequestration in biomass, but 
unfortunately such data were not available. Furthermore, old stands probably have a 
different legacy of former agriculture than the younger stands. Afforestation more 
than 50 years ago was carried out on soils that had not been subject to the intensive 
farming practices of today which include frequent liming and fertilization. The 
fertilized soils abandoned for afforestation today would probably also lead to higher 
rates of C sequestration, at least in the first decades until the organic nitrogen pool is 
in steady state in the forest ecosystem. 

It was expected to find lower rates of C sequestration in biomass in the same tree 
species at poor soil compared to nutrient-rich soil. But there was little difference in 
the rate of C sequestration between stands of spruce on contrasting soil types within 
Denmark. Spruce stands at Vestskoven sequestered carbon at a slightly higher rate 
than at Gejlvang. Within Denmark, a difference between oak and Norway spruce 
was more evident with rates of C sequestration of 2.7 and 4.6 Mg C ha-1 yr-1, 
respectively. This is consistent with the generally higher growth rates in spruce than 
in oak. 

Changes in biomass C were mainly estimated for comparison with concurrent 
changes in soil C. As in national reporting under United Nations Framework 
Convention on Climate Change (e.g. Illerup et al. 2005), there are uncertainties with 
regard to conversion of biomass to C stock in the total biomass. These uncertainties 
may in part influence differences between chronosequences. However, the estimated 
sequestration rates are fairly conservative as we only considered on site C stocks. If 
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thinned tree biomass and resulting storage in wood products were included, the 
contribution of biomass would potentially be higher in the longer chronosequences. 

4.2. Forest floor carbon 

When cropland is afforested, soils experience a marked reduction in management 
intensity. Tillage of the upper 20-30 cm ceases, as does also the application of lime 
and fertilizers. In addition, the vegetation changes from annual to perennial, thus 
accumulating a large amount of biomass C. This may change the production of dead 
organic matter and its quality in terms of decay. Such differences between the two 
types of land use would result in a phase of net accumulation of soil C until a new 
equilibrium level of soil C is established according to the rates of input and 
decomposition in a forest.  

The most visible change in soil C stock at the AFFOREST sites was caused by 
development of a forest floor on top of the mineral soil. At a first sight, forest floors 
showed a quite similar development over time (Figure 2.4). Rates of C sequestration 
were most comparable for Danish and Dutch spruce stands and the Dutch oak stands 
(Table 2.4). However, as mentioned before this apparent general pattern is probably 
an artefact of the different age spans represented by the chronosequences. The low 
amount of C in the forest floor of the 200-year-old stand strongly suggests that more 
mature oak stands will differ from spruce stands in forest floor C storage. The 
Danish oak chronosequence also had a much lower rate of C sequestration (0.08 Mg 
C ha-1 yr-1, Table 2.4) than that of other chronosequences. This difference in forest 
floor C between oak and spruce is in line with general observations in Denmark 
(Vesterdal & Raulund-Rasmussen 1998) and a study of litter decomposition rates in 
the two species (Dziadowiec 1987). In the Netherlands, however, there was no clear 
difference between oak and spruce, but comparison is limited by the low number of 
relatively young spruce stands.  

The Swedish spruce stands have sequestered quite high amounts of C in forest 
floors, and this development may possibly be representative also for Danish and 
Dutch spruce stands on poor sandy soils. However, forest floor C contents rarely 
exceed 40 Mg ha-1 in Denmark (Vejre et al. 2003).  

In contrast to forests with a longer history, soil type did not seem to affect forest 
floor development in the first decades after afforestation. Sequestration of forest 
floor C differed little between the Danish Gejlvang and Vestskoven sites in spite of 
very contrasting mineral soils. Sandy, podsolized soils usually develop thick more-
like forest floors (Vesterdal & Raulund-Rasmussen 1998; Vejre et al. 2003) because 
of slow decomposition and presence of few macrofauna species. The similar rates of 
C sequestration at the two Danish sites may be attributed to the high pH and nutrient 
availability in recently abandoned cropland soils. The legacy of cropland 
management in terms of liming and fertilization can probably maintain an active 
microflora and fauna in both soil types during the first decades. For instance, Jussy 
et al. (2002) and Compton & Boone (2000) found high rates of N mineralization 
several decades after agricultural abandonment and afforestation. This legacy of 
agriculture probably offsets the differences in forest floor accumulation that would 
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otherwise have developed at sites with such difference in parent materials (Vesterdal 
& Raulund-Rasmussen 1998). 

The afforestation literature confirms that forest floor development contributes 
most to sequestration of C during the first decades . Up to 38 Mg C ha-1 was 
sequestered over 40 years (0.94 Mg C ha-1 yr-1) in Pinus taeda forest floors in warm-
temperate climate (Richter et al. 1999). Comparable amounts of C accumulated 
(rates about 0.48 Mg C ha-1 yr-1) in cooler temperate regions under Norway spruce 
and mixed broadleaves following 60-80 years of stand development (Hamburg 
1984; Leth & Breuning-Madsen 1992).    

The rate of forest floor development partly depends on aboveground litterfall. In 
the AFFOREST chronosequences, annual litterfall C content increased over the first 
decades following afforestation (Figure 2.3), and the development in litterfall C is 
consistent with canopy closure usually being complete after 20 years. After canopy 
closure, foliar litterfall tends to be constant, and foliar litterfall constitutes about 
90% of total litterfall in young stands (Pedersen & Bille-Hansen 1999). Litterfall 
tended to be higher in oak than in spruce stands in Denmark, and Dutch oak stands 
had comparable litterfall C contents to Danish oak stands. However, rates of litterfall 
C representative of closed stands were reached at an earlier age than in Denmark. 
The much higher stand densities used in oak stands in the Netherlands (Fig. 1b) may 
explain this, as canopy closure is attained at an earlier age. In the oldest Swedish 
stands, litterfall C contents are relatively low which partly may be attributed to 
reduced production in these mature stands.  

Afforested stands reached a relatively constant level of aboveground carbon 
input to the soil after about 20 years. However, the composition of litterfall may 
change with age, e.g. there may be more woody litter (branches and twigs) as stands 
mature. Another important source of carbon to soils is root litter. This source of 
carbon may be especially important for the C pool of the mineral soil. An 
assessment of root litter C was not included in the project, but in cool temperate 
forests, root litter was estimated to contribute between 20 and 77% of the total 
organic matter input to forest floors (Vogt et al. 1986). 

4.3. Mineral soil carbon 

The obvious accumulation of C in forest floors may well lead to expectations of 
increases in the mineral soil too. Nevertheless, there was no general pattern in 
change in mineral soil C stocks in the AFFOREST chronosequences (Figure 2.5a). 
In fact, there was a slight net C loss in mineral soils in chronosequences (30 years) 
at Vestskoven in Denmark, and not even the Swedish chronosequence covering 90 
years exhibited a change. For the Swedish chronosequence it was also possible to do 
a paired plot analysis (Figure 2.6) to see if spatial variability possibly masked the 
influence of changed land use when using the chronosequence approach. However, 
there was still no net change detectable when comparing adjacent arable and forest 
soils along the chronosequence. This result for Sweden suggests that there is little 
reason to expect mineral soil C sequestration at all sites, even over a full rotation. At 
Vestskoven in Denmark the soil C contents in Ledøje Plantation (200-years-old) 
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nevertheless indicate that the mineral soil may start to sequester C on a net basis in 
later stages following afforestation (Figure 2.5a). There was also evidence that soil 
C had started to build up in the 0-5 cm of the mineral soil at Vestskoven, however, 
not enough to compensate a decrease in soil C in 5-25 cm (Vesterdal et al. 2002). 

On the other hand, mineral soil C storage increased with age in the Netherlands 
and at Gejlvang, Denmark already within 30-40 years. The mechanisms behind the 
site-dependent response to afforestation remain elusive, but high decomposition 
rates in the nutrient-rich soil at Vestskoven could be responsible for the small rate of 
C sequestration. Furthermore the allocation of the dead organic matter in soil 
profiles probably differ due to different activities of macrofauna species that mix 
forest floor material into the mineral soil. The large forest floor C sequestration rate 
and lack of C allocation to mineral soils in the Swedish chronosequence (Figures 5 
and 6) could be a result of limited macrofauna activity. 

Other chronosequence studies also show mixed evidence of mineral soil net C 
sequestration. In a recent review of soil C sequestration following afforestation by 
Post & Kwon (2000), most studies indicated net sequestration of C in mineral soils. 
Post & Kwon (2000) found an average rate of 0.34 Mg C ha-1 yr-1 for all studies 
regardless of climate, which is fairly similar to the rates estimated for 
chronosequences in the Netherlands and Gejlvang, Denmark (Table 2.4.). A meta-
analysis by Guo & Gifford (2002) revealed that mineral soil C stocks increased by 
18% following afforestation of former cropland. In other studies, however, the 
mineral soil did not function as a C sink, at least initially. In a review of global data 
on soil C sequestration after afforestation, Paul et al. (2002) found that soil C in 0-30 
cm decreased during the first three decades and finally recovered to the pre-
afforestation level by age 30. The dynamics in soil C at the Danish Vestskoven site 
might conform to a comparable pattern where it takes longer for mineral soil C to 
build up. Within a time perspective of a few decades losses of C derived from 
agriculture may possibly more than make up for the beginning accretion of forest-
derived C (Bashkin & Binkley 1998; Binkley & Resh 1999; Paul et al. 2002; 
Vesterdal et al. 2002). In many cases there appears to be a transient period of 
decreasing soil C stores following afforestation. This period is characterized by 
redistribution of C within the soil profile rather than a net accretion in C stores. Such 
a pattern was found at Vestskoven, where there was a positive change in C in 0-5 cm 
and a negative change in 5-25 cm (Vesterdal et al. 2002). The reason for this initial 
development may be the placement of produced organic matter (Post & Kwon 
2000). Compared to arable land use, inputs of C to the lower parts of the plow layer 
are reduced due to ceased tillage. At the same time the legacy of organic material 
from agriculture may decompose fast in the homogenized plow layer. In the very 
beginning of afforestation, litter input may also be quite small to the upper soil 
layers, thereby contributing to a temporal decline in mineral soil C (Romanya et al. 
2000). 

The former agricultural land use in the AFFOREST chronosequences was 
mainly cropland (cereals, potatoes) or rotation between cropping and pasture phases. 
This is important in comparisons with reviews where data were compiled from both 
afforested pastures and cropland. Pastures are known to have higher mineral soil C 
contents than cropland (Post & Kwon 2000). Consistently with this, Paul et al. 
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(2002) and Guo & Gifford (2002) both found in reviews that afforestation of former 
cropland resulted in mineral soil C sequestration while afforestation of pastures 
resulted in unchanged or decreasing C stocks. The mineral soil C sequestration 
found at Gejlvang, Denmark is in line with that for former cropland reported by Paul 
et al. (2002), whereas the rates for the other chronosequences are both lower 
(Vestskoven, DK and SE) and higher (NL). Obviously, other factors than former 
agricultural land-use such as soil type, climate and site preparation may influence 
the magnitude of change in soil C. 

4.4. Total soil carbon 

For the total soil compartment studied, i.e. forest floor and mineral soil 0-25 cm, we 
found that afforestation as a minimum resulted in unchanged soil C contents and in 
most cases led to net C sequestration (Figure 2.5b, Table 2.4). The review of global 
data by Paul et al. (2002) included 34 sites at which changes in C were measured in 

mean rate of C sequestration of 0.46 Mg C ha-1 yr-1 for 0-30 cm. In the AFFOREST 
study from cool temperate climate all chronosequences but one indicated C 
sequestration rates that were 1.3 to 2.7 times higher for the total soil compartment 
studied.  

The rate of input of tree litter and the rate of decomposition of the litter together 
determine the C content of the soil. The organic matter input to arable soils is often 
said to be lower than to forest soils because a greater amount of the produced 
biomass is harvested (Bouwman & Leemans 1995). However, in conventional 
Danish cropland (barley and wheat) the input from aboveground biomass is about 
2.4 Mg C ha-1 yr-1 (Olesen et al. 2001), whereas the annual input of C to soils with 
litterfall approaches about 2 Mg C ha-1 yr-1 in many cool temperate forests (Bastrup-
Birk et al. 2003; Vogt et al. 1986), assuming 50% C in litterfall. Comparable 
amounts of C were also transferred to the soil with aboveground litterfall in the 
AFFOREST chronosequences (Figure 2.3), although litterfall C varied quite a lot 
between chronosequences. Belowground litter input from root systems is an 
important contributor to mineral soil C pools, but little is known about general 
differences between cropland and forestry. Even if the input of organic matter may 
be comparable, rates of decomposition in arable soils can be higher due to higher 
soil temperatures and moisture (Bouwman & Leemans 1995), more decomposable 
litter types (Schimel et al. 1985), and increased accessibility of organic matter to 
microbial attack because of frequent soil cultivation (Voroney et al. 1981; Denef  
et al. 2004).  

The AFFOREST chronosequence studies did not reveal large differences in total 
soil C sequestration between oak and Norway spruce although oak sequestered less 
C in forest floors than Norway spruce. This may partly be attributed to the short 
period where it was possible to compare species. To our knowledge no other studies 
addressed species effects in afforestation using a chronosequence approach. General 
studies of species effects on forest floors usually agree that conifers store more C in 
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both forest floor and mineral soil. For these sites, the contribution of mineral soils 
0-30 cm was limited (0.15 Mg C ha-1 yr-1), but inclusion of forest floor C resulted in a 



forest floors than do broadleaves (France et al. 1989; Vesterdal & Raulund-
Rasmussen 1998), but results for mineral soil C are scarce and often contradictory 
(Binkley 1995; Hagen-Thorn et al. 2004). Paul et al. (2003) also found no clear 
difference in mineral soil C sequestration after 25-50 years between afforestation 
with deciduous and coniferous species using isotopic C dating.  

4.5. Carbon sequestration of the afforested ecosystem 

One of the objectives of AFFOREST was to determine the total C sequestration and 
the relative contributions of soil and biomass components of the new forest 
ecosystems. Roughly one third of the total C was sequestered in the soil and two 
thirds were sequestered in biomass; thus the allocation of C to woody biomass and 
soil occurred approximately at a ratio of 2:1 (woody biomass : soil) for all 
chronosequences combined (Figure 2.7). However, this ratio was largely driven by 
data from the long Swedish chronosequence, and in individual chronosequences, the 
contribution of soils ranged from 0 to 31% (Table 2.5.). The change in ecosystem C 
content was primarily caused by the growth of trees as supported by other studies 
(Post & Kwon 2000; Paul et al. 2002).  

Studies of both biomass and soil C sequestration following afforestation are 
scarce, and no other European studies on former cropland were available for 
comparison with the AFFOREST chronosequences. Several studies have been 
conducted in the eastern United States on afforestation and natural succession 
following abandonment of agriculture since this land-use change was widespread 
after the western United States was opened up in late 19th century. Table 2.5 
therefore lists rates of C sequestration in forest floors, mineral soils and biomass and 
the relative contribution of soils for the AFFOREST chronosequences for 
comparison with similar studies in the eastern United States and a single European 
study from the Italian Alps. As for the AFFOREST chronosequences, most of the 
other studies found that simple linear relationships best described the development 
in ecosystem C stocks. This facilitates the comparison of sequestration rates between 
studies. 
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Other studies largely agree with the relative contribution of soils in spite of various 
methods applied for estimating changes in C stocks, including the soil depth 
considered. A contribution of soils of between 15 and 20% of total ecosystem 
storage appears to be the common picture. However, several studies in eastern 
United States had lower relative soil contribution because there were no changes in 
mineral soil C stock. The Swedish chronosequence was outstanding in terms of its 
large soil C sequestration almost solely caused by forest floor buildup. It follows 
from Table 2.5 that the relative storage by mineral soils – like in the AFFOREST 
chronosequences – also varied tremendously among other studies. The contribution 
of mineral soils relative to the total soil ranged from 0 to 52% in other studies and 
from 0 to about  80% in the AFFOREST chronosequences. The relative contribution 
of soils and also the partitioning of C between forest floor and mineral soil are 
probably very influenced by factors like climate, soil type, tree species, former 
agricultural land use, and sampling methodology. These factors all vary between 
studies and with this in mind the relatively stable contributions of soils to ecosystem 
sequestration are remarkable.  

The soil type of former cropland may influence the relative effect of 
afforestation on ecosystem C sequestration. For biomass, soils with high nutrient 
availability and fine texture would build up the highest C stocks, but it is less easy to 
predict which soil types will be most conducive to C sequestration in the long term. 
Mineral soils are potentially a better storage medium than forest floors or biomass 
with respect to ecosystem disturbance. A large amount of C in mineral soils is bound 
in organo-mineral complexes that protect C from microbial oxidation (Six et al. 
2002; Sollins et al. 1996; Van Veen & Kuikman 1990) whereas forest floor C is 
more labile. Therefore it would be particularly interesting to select soil types with 
high probability of increasing the mineral soil C stock. Clay soils have been 
suggested to be more conducive to C sequestration because of formation of such 
stable clay-organic matter complexes (Hagedorn et al. 2001), but the synthesis of 
field studies by Paul et al. (2002) did not support this in general. Several authors 
suggested that changes in soil C stocks are affected by the organic matter input in 
coarse-textured soils, and by clay mineralogy in fine textured soils (Christensen 
1992; Hassink 1995; Quiroga et al. 1996). If afforestation increases the input of 
organic matter to soils, this hypothesis suggests that coarse textured soils would 
experience a greater relative increase in C content in response to afforestation.  

In fact, the two Norway spruce chronosequences on contrasting soils in Denmark 
indicated that sandy, poor soils would sequester more C. The rate of C sequestration 
was somewhat higher in forest floor at the sandy soil, but the difference was most 
marked in the mineral soil (Figure 2.5a). Also the Dutch chronosequences with 
sandy texture was remarkable in the relatively large C sequestration in mineral soils. 
This pattern suggests that sandy, poor soils with slow decomposition are more 
conducive to C sequestration in the north European region. The rate of C 
sequestration for the ecosystem was also high for these sites, as biomass C 
sequestration was not lower at the soils with poor parent materials for stands 
younger than 45 years. According to parent materials (see Appendix 1), tree growth 
within the Danish chronosequences would be expected to be faster on the 
calcareous, nutrient-rich loamy till at Vestskoven than at the nutrient-poor, acidic 
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glaciofluvial sand at Gejlvang. The legacy of former fertilization and liming in 
afforested ecosystems is probably responsible for larger nutritional homogeneity 
than expected based on parent materials. Thus, differences in biomass production 
are leveled out during the first decades, but sequestration of C in soils is still higher 
at the poor site, keeping ecosystem C sequestration high. The starting point in soil C 
stocks possibly also influence the sequestration potential. Former cropland with low 
initial soil C content as in Gejlvang might be more prone to increase in C stock, 
which could explain the difference in mineral soil C sequestration to the other 
Danish chronosequences. The Dutch soils, however, increased in mineral soil C in 
spite of high initial C stocks. The Dutch sites are less well drained than other sites as 
the groundwater table can be within 50 cm depth during winter months. Both the 
current drainage regime and pre-drainage hydrological conditions may have 
contributed to the high mineral soil C contents and C sequestration rates encountered 
in the Dutch chronosequences. The more wet soil conditions in the Dutch stands 
may also be the reason why the general relationship between stand age and soil C 
improved when Dutch stands were excluded (Figures 2.7a-b). 

The AFFOREST chronosequence studies have contributed to quantification of C 
sequestration following afforestation in north-western Europe. No other studies 
within the region previously provided similar comprehensive quantitative data on C 
sequestration following afforestation. Still, conclusions must be tempered by some 
facts. For instance, sampling and analysis methods differed among the three 
countries, however, less than seen in compilations of independent studies. Moreover, 
only one chronosequence included stands older than 40 years and there was one 
single stand representing an age of about 200 years. As discussed in Chapter 1, there 
are certain drawbacks to chronosequence studies. Other sources of variation between 
stands cannot be distinguished from stand age, e.g., changes in agricultural practices 
since the oldest stand was planted and spatial variability. As pointed out by Yanai et al. 
(2000), these other sources of variability may lead to erroneous conclusions about 
the influence of stand age. Keeping the shortcomings in mind, chronosequence 
studies as in AFFOREST provide a first valuable estimate of changes in soil C 
before resampling of soils is possible. Repeated sampling at least ten years after the 
first sampling is planned to test the results obtained in the project. This will provide 
real evidence of the directional change for each stand in the chronosequences and 
will further test the predictive value of the chronosequence approach. 
Chronosequence studies also reveal little about processes responsible for changes in 
soil C stocks. Chronosequence studies combining pool changes and assessment of 
isotopic C fractions (e.g. Richter et al. 1999; Del Galdo et al. 2003) enable more 
insight in the dynamics of old agricultural C and new forest-derived C in soils. 
Lastly, to address the sustainability of sequestered soil C, i.e. the quality of C pools 
in sense of stability, there is a need for further studies of C fractions in the mineral 
soil. 
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5. CONCLUSIONS 

The rate of biomass C sequestration was relatively similar in all chronosequences. A 
possible effect of parent material was not evident during the first 40-50 years. Parent 
material effects may be masked by the soil enrichment, which is a legacy of former 
agriculture. Biomass C sequestration differed more after 40-50 years, probably due 
to different management, tree species-specific growth patterns and less influence of 
former fertilization. 

For soils there was good evidence that afforestation of former cropland leads to 
constant or increasing total soil carbon storage. Forest floor build up, and the 
associated C sequestration, was a general feature, but the contribution of mineral soil 
to total soil C sequestration differed among chronosequences. In the short term (30 
years), tree species had little influence on total soil C sequestration, but in stands 
younger than 40 years, C sequestration in the forest floor was higher under spruce 
than under oak. Afforestation of nutrient-poor sandy soils results in larger forest 
floor C sequestration and larger total soil C sequestration than afforestation of 
nutrient-rich, clayey soils. 

For the afforested ecosystem the general contribution of soils to C sequestration 
was about one third of the total C sequestration in biomass and soil. The 
contribution of soil varied among chronosequences from none to 31%. Rates in 
similar studies from eastern United States were around 15-20%. Total C 
sequestration was higher in afforested Norway spruce than in afforested oak in the 
short term (30 years). Soil type did not clearly influence the rate of ecosystem C 
sequestration in the short term (30-40 years). 

We conclude that while biomass C sequestration initially was relatively 
comparable, there is still little support for generalizations regarding the potential for 
soil C sequestration. However, based on the AFFOREST chronosequence studies 
and results in the literature it is safe to conclude that soils play a minor quantitative 
role relative to biomass of trees in the short and possibly also the long term. Still, the 
contribution of soils around 20% warrants quantification of this C pool.  

As a contribution to mitigation of atmospheric CO2 concentrations, countries 
should report changes in C stocks in living biomass, dead organic matter and 
mineral soils following land-use change in national greenhouse gas budgets (IPCC 
2003). The work on land use change in AFFOREST primarily focused on improving 
the basic knowledge of contributions of afforested cropland to sequestration of C. 
These results will hopefully help to bridge the gap between current knowledge and 
policy demands. 
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