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Introduction: In situ carbon sequestration in forests is important in the 
context of climate change mitigation, and setting aside managed forests 
has been proposed as an option for increased carbon sequestration. 
Comparing set-aside and managed forests may provide insights and rules 
of thumb on the potential for additional in situ carbon sequestration in set-
aside forest.

Methods: In an observational study, we compared re-inventory data from the 
network of set-aside forest reserves in Flanders, which have been unmanaged 
for 17–66  years (2 surveys with a 10  years interval), with re-inventory data from 
the regional forest inventory, representing the overall forest area in Flanders (2 
surveys with a 15  years interval).

Results: The aboveground carbon pools and sequestration rates were higher 
in the set-aside forests compared to the average forest in Flanders. In the 
average Flemish forest, the aboveground carbon pool increased from 64.7 
to 85.1 tC ha−1, over a period of 15 years. In the set-aside forests, the mean 
pool was higher at the first measurement and further increased from 84.8 
to 102.4 tC ha−1, over a period of 10 years. The mean aboveground annual 
carbon sequestration rate was 1.3 tC ha−1  year−1 in the average forest in 
Flanders and 1.8 tC ha−1 year−1 in the set-aside forests. The stocks and fluxes 
depended on the soil conditions and were higher in set-aside forests on silt 
and sandy silt sites compared to wet and sand sites. The set-aside forests on 
dry sites showed additionality in in situ aboveground carbon sequestration. 
We saw no indication of approaching a culmination point in the first decades 
following set-aside: plots with high carbon pools did not show lower carbon 
sequestration. In conclusion, set-aside forests can combine high carbon pools 
with high sequestration rates on suitable sites. Under the current management 
policy, we expect Flemish forests—regular and set-aside—to further increase 
their carbon pools in the coming decades.
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1 Introduction

The Fit for 55 package of the European Union set ambitious net 
carbon removal targets in the land use, land use change and forestry 
(LULUCF) sector, i.e., minimum 310 Mt. CO2 equivalent by 2030. The 
European Union primarily relies on its forests to reach this target. 
Forests represent important carbon stocks (Luyssaert et al., 2008), 
providing carbon sequestration in situ, both above- and belowground 
(Pregitzer and Euskirchen, 2004). As such, forests can be  used as 
carbon offsets to reach carbon neutrality, and carbon sequestration 
has become an important forest management objective. However, the 
impact of forest management and the potential of forests as carbon 
sinks is not yet fully understood (Hoover et al., 2012; Ameray et al., 
2021), and carbon stocks and sequestration do differ between forest 
types and regions (Hoover and Smith, 2021; Matuszkiewicz 
et al., 2021).

In their concept of proforestation, Moomaw et  al. (2019) 
advocated setting aside existing forests to further develop as 
unmanaged ecosystems as a low-cost approach with immediate effect 
to increase sequestration of atmospheric carbon. Yet, the role of 
set-aside forests in carbon removal is debated. The capacity for carbon 
sequestration in biomass, combining storage in situ and ex situ, has 
been argued to be higher under intensive forest management, in the 
short term (Ameray et al., 2021), and old unmanaged forests have long 
been considered carbon neutral, containing a large carbon stock but 
providing little or no significant carbon sink (Seedre et  al., 2015; 
Nord-Larsen et al., 2019; Meyer et al., 2021). However, carbon stocks 
have been found to increase with forest stand age in all biomes 
(Pregitzer and Euskirchen, 2004), and even unmanaged primary 
forests have been demonstrated to still steadily accumulate carbon for 
centuries (Luyssaert et al., 2008). In the debate on the role of managed 
vs. unmanaged forests in climate change mitigation, a forest’s potential 
to accumulate or sequester carbon and its capacity to store carbon in 
carbon stocks are complementary and should be assessed separately. 
Aboveground carbon stocks in unmanaged compared to managed 
forest stands have been found to be either larger (Mund, 2004; Nunery 
and Keeton, 2010; Burton et al., 2013; Keith et al., 2014; Ford and 
Keeton, 2017; Glatthorn et al., 2018; Matuszkiewicz et al., 2021) or 
similar (Mund, 2004; Ford and Keeton, 2017; Schaedel et al., 2017; 
Glatthorn et  al., 2018; Bouriaud et  al., 2019), depending on the 
silvicultural management studied. Ameray et al. (2021), in their review 
of forest carbon management, found extensive forest management to 
be an intermediate compromise between the high short-term carbon 
sequestration of intensive forest management and the greater carbon 
stocks in conservation forests.

In regions with a long history of intensive forest management 
and no remaining primary forests (e.g., north-western or central 
Europe), the aboveground carbon stock in forests is expected to 
be distinctively lower than the natural ecosystem carbon carrying 
capacity (Keith et al., 2009; Moomaw et al., 2019; Nagel et al., 2023). 
Forests in these regions thus represent a high potential for carbon 
storage. Carbon sequestration will only slow down, with the carbon 
stocks reaching a dynamic steady state (Bormann and Likens, 1994), 
when the carrying capacity is approached (Nord-Larsen et al., 2019; 
Stillhard et al., 2022). In the absence of primary forest reference sites, 
however, we have no clear indication of the forests’ ecosystem carbon 
carrying capacity. Forests set aside from active management may 
gradually provide an estimate of the carbon sink potential of forests 

at specific site conditions (Hoover et al., 2012; Meyer et al., 2021; 
Nagel et al., 2023).

The comparison of carbon stocks and fluxes in managed vs. 
set-aside forests is relevant in the context of carbon removal 
certification regulations. A carbon removal project may be eligible for 
certification if the carbon stocks and sequestration rates are 
significantly higher than the baseline value of business as usual, i.e., if 
the project provides “additionality” in carbon removal. In this 
observational study, we focused on Flanders (northern Belgium), an 
area heavily altered by human activity with no remaining primary 
forest and in which forests are currently extensively managed after a 
long history of intensive harvesting. We aimed to establish whether 
the set-aside forests in Flanders provide additional in situ aboveground 
carbon sequestration compared to the average Flemish forest. For this 
purpose, we quantified mean aboveground carbon stocks and carbon 
stock change rates for a number of set-aside forests and the overall 
forest in Flanders. To take into account the local site conditions that 
determine forest productivity and dynamics, we distinguished five site 
types. The site-specific comparison of carbon stocks will provide 
guideline values for the carbon sink potential of forests in Flanders.

2 Materials and methods

Flanders is a densely populated lowland area with a mild Atlantic 
climate: mean annual temperature 9°C–11°C, mean annual 
precipitation 600–900 mm. Forests cover approximately 140,000 ha of 
Flanders, i.e., 10% of the total area, spanning a range in forest and soil 
types from nutrient poor oak-pine forests on sandy soils to ash-alder 
forests on moist loamy soils. Only 16% of the forest is considered 
ancient woodland, and more than 50% of the forest is the result of 
reafforestations from the 20th century (De Keersmaeker et al., 2015). 
All forests have been intensively managed in the past, mainly for wood 
production. As recreation and nature conservation have become more 
prominent forest functions, forest management and harvests have 
become more extensive over the past decades (Vandekerkhove, 2013). 
The current wood harvest ratio is relatively low. In forests managed by 
the Flemish government, for instance, about 30% of the annual 
increment is harvested (Govaere and Leyman, 2020). Since 1995, 
specific forest areas have been legally protected and officially set aside 
in a network of strict, i.e., non-intervention forest reserves, covering 
the different forest types present in Flanders. In this study, we compare 
aboveground carbon stocks and carbon stock change rates of set-aside 
forests with the average Flemish forest, which represents managed 
stands as well as some unmanaged forests, based on data from the 
monitoring program of the forest reserves and the regional 
forest inventory.

2.1 Inventory data

The regional forest inventory of Flanders is based on a systematic 
sampling on a geo-referenced grid of 1 km × 0.5 km, with nested 
circular inventory plots on the grid intersections that are located in 
forest. The first inventory (further called NFI1) was performed in a 
short measuring campaign in 1997–1999. The second inventory 
(NFI2), in 2009–2018, was a continuous monitoring with 10% of the 
grid intersections visited per year. NFI1 consisted of 2,423 plots, NFI2 
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of 2,479 plots. During NFI1, the position of the plot center was 
determined using descriptive maps and marked underground in the 
field. As no accurate GPS was used during NFI1, location of the plots 
during NFI2 was challenging and retracing a plot center strongly 
relied on the position of remaining large trees in the plot. Only 841 of 
the original plots could be paired in NFI2, and the paired plots are 
biased towards older stands with large trees. In order to represent the 
average Flemish forest, we used the full datasets of NFI1 and NFI2, 
i.e., including both paired and unpaired plots. The strict forest reserves 
in Flanders are monitored using circular nested plots similar to the 
NFI, but located on a tight systematic grid of 50 m × 50 m within the 
forest reserve, with plots on alternately selected grid intersections. In 
forests that are hard to access, e.g., swamp forests, only a core area is 
monitored. For this study, we used circular plot data from 11 strict 
forest reserves (n = 607 circular plots) and core area data from two 
waterlogged forest reserves (n = 3 core areas), which had been 
monitored two times with a mean monitoring interval of 10 years in 
the period 2000–2017. At the time of the first monitoring, the forests 
had been left unmanaged for 7–56 years (see Supplementary Table S1). 
Dendrometric data on standing live trees and standing and lying dead 
wood are collected in a similar way in the forest inventory and in the 
forest reserves (see Supplementary Table S2 for details).

To account for the impact of different site conditions, we applied the 
typology of the Potential Natural Vegetation map of Flanders of De 
Keersmaeker et al. (2013), which is a site classification based on the 
Belgian soil map that recognizes seven Potential Natural Vegetation site 
types for forests in Flanders. We assigned a site type to each plot of the 
forest inventory and forest reserve datasets. The five site types used in 
this study are waterlogged soils, wet alluvial soils, moist and dry silt or 
sandy silt soils, and sand soils (see Supplementary Table S3 for details). 
The two other site types of De Keersmaeker et al. (2013), i.e., spring and 
outer dike habitats, have a limited share in the forest area of Flanders 
and any plots on these site types were included in the site type 
“waterlogged soil” in our study. In a region with a long history of forest 
management, such as Flanders, the actual tree species composition may 
differ quite considerably from the potential natural vegetation at a site. 
The mean tree species composition of the forests on each site type in the 
forest inventory and forest reserve datasets is shown in 
Supplementary Table S4. We did not consider the effect of stand age in 
our study, although relevant for carbon stocks (cf. Pregitzer and 
Euskirchen, 2004), as no data on stand age is included in the NFI and 
several set-aside and NFI forest stands are multi-aged.

2.2 Carbon stocks

First, we determined the aboveground carbon stock in living tree 
biomass for each plot following the method described in the national 
forestry accounting plan of Belgium (Perin et al., 2019):

 

C V Vstock LT
plot

stem stumpVEF WD CF_ = × +( )× ×∑

with Cstock_LT the total aboveground carbon stock of the living trees 
in a plot in tC ha−1; Vstem the volume of the merchantable stem of a 
tree, i.e., the part of the stem with diameter >7 cm, in m3 ha−1; VEF a 
species-specific volume expansion factor to expand merchantable 

volume to total aboveground tree volume; Vstump the volume of the 
bottom part of the stem, which is not included in the merchantable 
timber, in m3 ha−1; WD a species-specific wood density value (t m−3); 
and CF the carbon fraction of dry matter in tC per t dry biomass. 
We calculated the merchantable stem volume—Vstem—for each tree 
based on its diameter and height using species-specific two-entry 
tariffs (see Supplementary Table S2) and used volume expansion 
factors—VEF—modeled as a function of diameter, height and species 
according to Longuetaud et  al. (2013). We  calculated the stump 
volume—Vstump—as a cylinder with height 10 cm and radius derived 
from the tree’s diameter and height using taper functions of Dagnelie 
et al. (2013). We used the species-specific wood density values—WD—
from the national forestry accounting plan of Belgium (Perin et al., 
2019; Supplementary Table S5) and the default carbon fraction—CF—
of 0.5 as in Penman et al. (2003). As we focus on aboveground carbon 
stocks only, we  did not use a root-to-shoot ratio (i.e., factor R in 
Eq. 3.2.3 of the IPCC Good Practice Guidance for LULUCF; Penman 
et al., 2003) to derive the belowground volume of living trees from the 
aboveground volumes.

Then, we calculated the aboveground dead wood carbon stock for 
each plot as the sum of the carbon stocks of standing dead trees, snags 
and logs:

 

C V V Vstock_DW
plot

trees snags logs CC= + +( )×∑

with Cstock_WD the total aboveground carbon stock of dead wood in 
a plot in tC ha−1; Vtrees the volume of the standing dead trees in the plot 
in m3 ha−1; Vsnags the volume of the snags in m3 ha−1; Vlogs the volume 
of the lying dead wood in m3 ha−1; and CC the carbon content in tC 
m−3. The volumes of the different dead wood categories—Vtrees, Vsnags, 
Vlogs—were calculated slightly differently, depending on the available 
dead wood data for the two forest inventories and the forest reserves 
(for details see Supplementary Table S2). We  multiplied the total 
aboveground volume of dead wood in each plot with a site-specific 
factor of carbon content per wood volume—CC, based on the main 
tree species composition per site type and species-specific dead wood 
density and carbon content values for mid-stage decayed wood from 
Stakėnas et  al. (2020) and Přívětivý and Šamonil (2021) (see 
Supplementary Tables S6, S7).

Thereafter, to assess the total aboveground carbon stock in each 
plot, we summed the plot-level aboveground carbon stocks of living 
trees and dead wood. We then calculated the mean of the plot-level 
total aboveground carbon stocks for each site type and for each 
inventory. We used the 95% confidence intervals of these means to 
evaluate whether the mean carbon stock significantly differed between 
the set-aside and average forests, i.e., using the dataset of the forest 
reserves and the dataset of the NFI, and between the five site types, i.e., 
comparing the different site types within each of the two datasets. 
We considered the mean carbon stock to differ significantly between 
two groups, i.e., between the two forest types or between two of the 
site types, when the confidence intervals of the two means under 
consideration did not overlap.

Finally, to determine an aboveground carbon stock representative 
for either the average or the set-aside forests in Flanders, we calculated 
the overall mean carbon stocks of NFI1 and NFI2, which represent a 
systematic sampling across Flanders, and weighted mean carbon 
stocks for the first and second forest reserve monitoring, weighting the 
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plot-level carbon stocks of each site type by the site type’s relative share 
in the forest area of Flanders, i.e., the number of plots of each site type 
in the regional forest inventory, using the functions weighted.mean 
from the stats library and wtd.var. from the Hmisc library. 
We  inspected the 95% confidence intervals of the means and 
considered the mean carbon stocks to differ significantly between the 
set-aside forests and the average Flemish forest when the confidence 
intervals of the means did not overlap.

2.3 Carbon stock change rates

We calculated the annual change in aboveground carbon stock as 
the difference between the stock at the second and first inventory or 
monitoring, divided by the time interval between both:

 
C

C C
t t
t t

stockchangerate
stock stock2 1

2 1
=

−
−

For the forest inventory data, which contain both paired and 
unpaired plots in the two inventories, we assessed carbon stock change 
rate at the site type level, using the mean stock at the first and second 
inventory for each site type and the mean time interval of 15 years 
between both inventories. For the permanent plots of the forest 
reserve monitoring, we first calculated carbon stock change rate at plot 
level, using the plot-level carbon stock of each survey and the reserve-
specific time interval between the two monitoring campaigns, and 
then calculated the mean carbon stock change rate for each of the five 
site types using the plot-level stock change rates. We used the 95% 
confidence intervals of the means to evaluate whether the mean 
annual carbon stock change rates significantly differed between site 
types and between set-aside forests and the average forest in Flanders. 
For the forest inventory data, we derived the confidence intervals 
based on the approach of Derrick et al. (2017) for comparing samples 
that contain both paired and independent observations.

Similar to the carbon stocks, we determined a carbon stock change 
rate of an average or set-aside forest representative for the whole of 
Flanders. For the forest inventory data, we calculated the overall stock 
change rate as the difference between the mean stocks of the entire first 
and second inventory divided by the mean time interval of 15 years 
between both inventories. For the forest reserves data, we weighted the 
plot-level carbon stock change rates of each site type by the site type’s 
relative share in the forest area of Flanders, i.e., the number of plots of 
each site type in the regional forest inventory. We  used the 95% 
confidence intervals of the overall carbon stock change rates to evaluate 
whether the mean annual carbon stock change rate significantly differed 
between the set-aside forests and the average Flemish forest.

To check whether the set-aside forests were approaching their 
ecosystem carbon carrying capacity, we plotted the annual carbon 
stock change rate in relation to the stock at the first survey. All 
calculations were done in R version 4.2.1 (R Core Team, 2022); graphs 
were made with ggplot2 (Wickham, 2016).

3 Results

Our calculations showed that the aboveground carbon stocks—
for living trees, dead wood and the total aboveground 

biomass—increased between the first and second survey, differed 
between the average Flemish forest and the set-aside forests, and 
varied among the five site types (Figure 1 and Table 1; more details 
in Supplementary Tables S8, S9). The annual carbon stock change 
rates also differed between regular and set-aside forests and among 
the site types (Figure  2 and Table  1; details in 
Supplementary Tables S8, S9).

3.1 Carbon stocks

3.1.1 Set-aside vs. average forests
Overall, the aboveground carbon stocks were significantly higher 

in the set-aside forests than in the average forest in Flanders (see the 
asterisks in Figure 1 and Table 1). The mean total aboveground carbon 
stock significantly increased from 64.7 to 85.1 tC ha−1 over a 15 years 
period for the average Flemish forest, and from 84.8 to 102.4 tC ha−1 
over a 10 years period in the set-aside forests. The carbon stock in 
living tree biomass significantly increased from 62.2 to 81.4 tC ha−1 
for the average Flemish forest, and from 80.2 to 95.8 tC ha−1 in 
set-aside forests; the carbon stock in dead wood significantly increased 
from 2.0 to 3.7 tC ha−1 for the average Flemish forest and from 4.6 to 
6.6 tC ha−1 in the set-aside forests.

3.1.2 Site type effect
The carbon stocks significantly differed among the site types in 

both the average Flemish forest and the set-aside forests, except for 
dead wood at the first inventory (see the grey italic letters in 
Table 1). The total aboveground carbon stock and the aboveground 
carbon stock in living trees were highest on the silt soils, followed 
by the sandy silt soils, and then the sand, wet alluvial and 
waterlogged sites. The aboveground carbon stock in dead wood 
was highest on wet alluvial sites and lowest on sand sites, for both 
the average Flemish forests and the set-aside forests at the second 
inventory. For the set-aside forests at the second inventory, dead 
wood carbon stocks were also significantly higher on sandy silt 
soils than on waterlogged and silt soils. The total aboveground 
carbon stock significantly increased between inventories in all site 
types except the waterlogged sites, in both the set-aside forests and 
the average Flemish forest (Figure 1; see the arrows in Table 1). The 
carbon stock in living trees significantly increased on the dry sites 
for both the set-aside and average forests and on the wet sites for 
the average Flemish forests only. The dead wood carbon stocks 
showed a different pattern for the set-aside and average forests, 
with significant increases over time on silt sites for the set-aside 
forest and on wet alluvial, sandy silt and sand sites for the 
average forest.

3.1.3 Set-aside vs. average forests within site 
types

The total aboveground carbon stocks were significantly higher 
in the set-aside forests than in the average forests on all site types 
and for both inventories (asterisks in Figure 1 and Table 1). The 
carbon stocks in living trees were higher in set-aside forests on all 
site types except on the wet alluvial sites at the second inventory, 
and the carbon stocks in dead wood were significantly higher in 
set-aside forests on wet alluvial, sandy silt and sand sites (asterisks 
in Table 1).
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3.2 Carbon stock change rates

3.2.1 Set-aside vs. average forests
The overall stock change rates were significantly higher in the 

set-aside forests than in the average Flemish forest (asterisks in 
Figure  2 and Table  1). The mean annual change rate of total 
aboveground carbon in Flanders was 1.3 tC ha−1 year−1 for the average 
Flemish forest and 1.8 tC ha−1 year−1 in the set-aside forests. For the 
living trees, the mean annual aboveground carbon stock change rates 
were 1.2 tC ha−1  year−1 for the average Flemish forest and 1.6 tC 
ha−1 year−1 in the set-aside forests; for dead wood, the values were 0.1 
tC ha−1 year−1 for the average Flemish forest and 0.2 tC ha−1 year−1 in 
the set-aside forests.

3.2.2 Site type effect
The carbon stock change rates differed between the site types in 

the set-aside forests, except for dead wood (see the grey italic letters 
in Table 1). For total aboveground carbon and aboveground carbon in 
living trees, the stock change rates were significantly higher on the silt 
and sandy silt sites compared to the sand, wet alluvial and 
waterlogged sites.

3.2.3 Set-aside vs. average forests within site 
types

The total aboveground carbon stock change rates were 
significantly higher in the set-aside forests compared to the average 
forests on sandy silt and sand soils (asterisks in Figure 2 and Table 1) 
and the aboveground carbon stock change rates in living trees were 
significantly higher in the set-aside forests on silt and sandy silt sites 
(asterisks in Table 1).

3.2.4 Effect of initial carbon stock
For the studied plots in the set-aside forests, the annual carbon 

stock change rates were mostly positive and independent of the initial 

aboveground carbon stock (Figure  3). We  saw no slow-down in 
carbon sequestration for plots with high initial carbon stock levels.

4 Discussion

We used datasets originating from two monitoring networks, i.e., 
the regional forest inventory and the strict forest reserve monitoring, 
to calculate and compare statistics on aboveground carbon stocks for 
the average and set-aside forests in Flanders. We acknowledge that 
caution is needed when comparing carbon stocks among studies and 
countries because of differences in definitions and calculation 
approach, e.g., with regard to diameter thresholds (Cienciala et al., 
2008), stem volume estimates (Gschwantner et  al., 2019, 2022), 
allometric biomass functions or biomass expansion factors (Neumann 
et al., 2016), wood density and carbon content (Vande Walle et al., 
2005; Weggler et al., 2012). For our comparison, we applied the same 
wood volume tariffs, volume expansion factors, wood density values, 
and carbon content to convert the inventory data to carbon stocks. 
Despite small differences in the data collection protocols (see 
Supplementary Table S2), we consider our dataset suitable for reliable 
assessment and comparison of aboveground carbon stocks and carbon 
stock change rates. Besides providing an overall mean representative 
for either the average forest or the set-aside forests in the whole of 
Flanders, we also looked at the effect of the local soil conditions by 
distinguishing five site types. Below, we  consider differences in 
management history, stand composition, and stand age in discussing 
our results.

4.1 Carbon stocks

The mean overall aboveground carbon stock for the average forest 
in Flanders was 64.7 tC ha−1, with 95% confidence interval 62.4–66.9 tC 

FIGURE 1

The aboveground carbon stocks (tC ha−1) at the first and second inventory in the average Flemish forest and the set-aside forests, for each of the five 
site types and for the whole of Flanders (mean and 95% confidence interval). The mean interval between the first and second inventory was 15  years for 
the regional forest inventories and 10  years for the forest reserves. Solid lines indicate a significant increase over time; asterisks indicate a significant 
difference between the average and set-aside forests per inventory. See Supplementary Table S3 for more details on the site types.
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TABLE 1 The aboveground carbon stock (mean m and standard deviation sd, tC ha−1) at the first and second inventory and the annual carbon stock change between both inventories (with standard deviation sd, tC 
ha−1 year−1) in average and set-aside forest in Flanders, specified for the five site types in this study and for the whole of Flanders.

All forests Set-aside

Stockt1 Stockt2 Stock change Stockt1 Stockt2 Stock change

(tC ha−1) (tC ha−1) (tC ha−1 year−1) (tC ha−1) (tC ha−1) (tC ha−1 year−1)

Pool Site type m sd m sd ΔA m sd m sd mB sd

Living 

trees

Waterlogged 48.4 39.7 d 64.7 45.4 d ↗ 1.1 a 83.4 34.6 b * 94.3 35.2 c * 1.2 1.5 b

Wet alluvial 55.7 42.4 cd 75.3 55.5 cd ↗ 1.3 a 75.0 31.9 b * 85.9 33.0 c 1.1 1.7 b

Silt 98.5 55.3 a 119.8 72.1 a ↗ 1.4 a 130.9 36.9 a * 152.7 39.9 a * ↗ 2.2 1.5 a *

Sandy silt 73.5 44.7 b 93.8 54.7 b ↗ 1.3 a 92.4 33.0 b * 112.8 37.7 b * ↗ 2.0 1.3 a *

Sand 58.1 30.7 c 76.9 39.7 c ↗ 1.2 a 71.9 27.5 b * 87.4 34.6 c * ↗ 1.6 1.4 b

FlandersC 62.2 39.2 81.4 49.5 ↗ 1.3 80.2 34.1 * 95.8 39.6 * ↗ 1.6 1.5 *

Dead 

wood

Waterlogged 1.6 5.3 a 3.6 7.7 ab 0.1 a 2.8 2.9 a 5.0 4.9 b 0.2 0.4 a

Wet alluvial 2.0 5.3 a 4.5 8.2 a ↗ 0.2 a 5.7 11.1 a * 9.5 12.1 a * 0.4 0.9 a

Silt 2.9 8.2 a 4.4 10.8 ab 0.1 a 3.9 5.5 a 5.8 6.3 b ↗ 0.2 0.6 a

Sandy silt 2.0 5.5 a 4.2 8.2 ab ↗ 0.1 a 8.6 11.9 a * 10.9 12.2 a * 0.2 0.7 a

Sand 2.0 5.2 a 3.3 5.5 b ↗ 0.1 a 3.9 4.3 a * 5.3 5.0 b * 0.2 0.4 a

Flanders 2.0 5.5 3.7 7.0 ↗ 0.1 4.6 7.1 * 6.6 7.9 * ↗ 0.2 0.6 *

Total Waterlogged 53.6 33.7 c 68.3 46.4 d 1.0 a 86.2 34.8 b * 99.3 34.8 c * 1.4 1.4 b

Wet alluvial 55.3 42.4 c 79.8 56.9 cd ↗ 1.6 a 80.8 31.4 b * 95.4 33.2 c * ↗ 1.5 1.5 b

Silt 99.0 50.0 a 123.8 74.5 a ↗ 1.6 a 134.8 37.0 a * 158.5 40.4 a * ↗ 2.4 1.4 a

Sandy silt 76.9 46.1 b 97.9 56.1 b ↗ 1.4 a 101.0 31.9 b * 123.7 35.5 b * ↗ 2.3 1.3 a *

Sand 60.9 33.3 c 80.3 40.8 c ↗ 1.3 a 75.8 27.2 b * 92.7 34.5 c * ↗ 1.7 1.4 b *

Flanders 64.7 39.8 85.1 50.7 ↗ 1.3 84.8 33.9 * 102.4 39.6 * ↗ 1.8 0.4 *

The italic letters in grey indicate whether site types significantly differed in carbon stock or carbon stock change rate; the arrows indicate whether the carbon stocks significantly increased between inventories; and the asterisks indicate whether the carbon stocks and 
stock change rates significantly differed when comparing the average and set-aside forests (significances based on the 95% confidence interval limits in Supplementary Tables S8, S9). 
ADifference between the mean stocks of each site type (or the full dataset for Flanders) at the first and second inventory, divided by the mean 15 years interval between inventories. No standard deviation.
BFor each site type: mean of the plot-level annual stock change rates between the first and second monitoring.
CThe values for Flanders are the mean and standard deviation of all plot-level values for the regional forest inventory data (systematic sampling) and the weighted mean and standard deviation for the set-aside forests, i.e., taking into account the prevalence of each site 
type in the forest area of Flanders (see Methods for details).
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ha−1, in the first survey between 1997–1999 and 85.1 tC ha−1, with 95% 
confidence interval 83.0–87.1 tC ha−1, in the recent inventory between 
2009–2018. Recent forest inventories in neighboring countries showed 
slightly lower (69 tC ha−1, France, IGN, 2023), similar (85 tC ha−1, the 
Netherlands, Arets and Schelhaas, 2019) or higher (101 tC ha−1, 
Germany, 2017 Carbon Inventory: bwi.info) total aboveground carbon 
stocks. In other countries in western and central Europe, the total 
aboveground carbon stock in 2020 ranged from 71–75 tC ha−1 (United 
Kingdom, Ireland), over 84 tC ha−1 (Austria, Czech Republic) to 105 tC 
ha−1 (Switzerland) (Forest Europe, 2020: Annex 8, Table 13). For the 
carbon stock in living aboveground biomass, integrated figures for 
forests in central-west Europe (75 tC ha−1 in Korhonen et al., 2020; 85 
tC ha−1 - converted from biomass by multiplying by 0.5—in Avitabile 

et al., 2023) are similar to our value for Flanders (79–83 tC ha−1). In 
sum, the aboveground carbon stock for the average forest in Flanders 
was comparable to the stocks in other temperate European forests. The 
relatively large increase between the first and second inventory indicates 
that the forest carbon stocks in Flanders are catching up or keeping pace 
with other countries in temperate Europe (see section 4.2). This is 
remarkable as most forests in Flanders are quite young, i.e., 77% of the 
forests are afforestations of heathland and grassland that originated after 
1850 (De Keersmaeker et al., 2015), and older forests have a long history 
of intensive management, often as coppice (Vandekerkhove et al., 2009, 
2011). The gradual buildup of the stock levels is probably the combined 
result of the transformation of coppice to high forest since the 1950s, the 
loss of a sales market for pine timber, and the shift towards 

FIGURE 2

The annual carbon stock change (tC ha−1 year−1) between the two inventories in the average Flemish forest and the set-aside forests, for each of the 
five site types and for Flanders as a whole (mean and 95% confidence interval). Asterisks indicate a significant difference between the average and set-
aside forests. See Supplementary Table S3 for more details on the site types.

FIGURE 3

The annual aboveground carbon stock change rate (tC ha−1 year−1) plotted against the aboveground carbon stock at the first monitoring (tC ha−1) for 
the set-aside forests on wet and dry sites. The lines represent LOESS smoothing functions and the ribbons 95% confidence intervals.
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close-to-nature selective harvest systems during the last decades because 
of the decline in the economic function of forests in favor of recreation 
and conservation (Vandekerkhove et al., 2009; Vandekerkhove, 2013). 
The aboveground carbon stocks differed among the site types in our 
study. Forests on the fertile, silt and sandy silt sites generally showed 
higher aboveground carbon stocks, because of their higher productivity 
and a high share of well-preserved older forest stands, i.e., former 
hunting grounds. Forests on wet and sand sites had lower stocks. On the 
wet sites, the lower stocks were probably due to a more recent history of 
coppice management and high mortality combined with fast dead wood 
decay in poplar stands. For the sand soils, the lower stocks can be related 
to low site productivity and a high share of relatively young pine stands.

The set-aside forests in Flanders showed significantly higher mean 
overall aboveground carbon stocks than the average Flemish forest at 
both inventories, i.e., 84.8 tC ha−1, with 95% confidence interval 82.1–
87.5 tC ha−1, at the first survey between 2000–2007 and 102.4 tC ha−1, 
with 95% confidence interval 99.3–105.6 tC ha−1, at the recent 
monitoring between 2010–2017. Most set-aside forests in our study 
originated from structure-rich mature forests with a rather high 
aboveground standing wood volume at the moment they were set aside 
as forest reserves. The higher initial stock in the set-aside forests, 
combined with a higher stock change rate (see section 4.2), resulted in 
an amplified difference in final stocks. The higher stocks in set-aside 
forests are in line with other studies that also found higher aboveground 
carbon stocks in set-aside vs. managed stands, e.g., in German beech 
forest (Mund, 2004) and the Białowieża biosphere reserve 
(Matuszkiewicz et al., 2021). Similar to the average Flemish forests, the 
aboveground carbon stocks in our set-aside forests were highest on 
fertile silt and sandy silt sites.

The dead wood carbon stocks in the studied set-aside forests were 
larger than in the average Flemish forests (Supplementary Table S9), 
particularly in the forests on wet alluvial soils, with a dead wood share 
of 10%, and the forests on sandy silt soils, with a dead wood share of 9%. 
These high dead wood shares may be because of a high dieback of 
Populus in the forests on wet alluvial soils and of light-demanding tree 
species in the beech forests on sandy silt soils. The overall share of dead 
wood in the aboveground carbon stocks of the average and set-aside 
forests in our study was similar to the share of dead wood in other 
studies in managed (Mund, 2004; Glatthorn et al., 2018) and set-aside 
(Mund, 2004; Den Ouden et al., 2020; Förster et al., 2021; Meyer et al., 
2021) stands in western and central Europe. The mean dead wood 
volumes in the studied set-aside forests on the dry site types (i.e., 
27–54 m3 ha−1, Supplementary Table S11) were also in line with the 
median values reported for set-aside beech and oak forests in 
northwestern and central Europe (53 m3  ha−1; Vandekerkhove 
et al., 2009).

4.2 Carbon stock change rates

The mean overall aboveground carbon stock change rate for the 
average forest in Flanders was 1.3 tC ha−1 year−1, with 95% confidence 
interval 1.2–1.5 tC ha−1 year−1, similar to recent forest inventory values 
in the Netherlands (1.2 tC ha−1 year−1, Arets and Schelhaas, 2019) and 
Germany (1.1 tC ha−1 year−1, 2017 Carbon Inventory: bwi.info), above 
the range reported in the 2019 National Inventory Reports for countries 
in central-west Europe (−1.4 to 1.0 tC ha−1 year−1, Günther and Gniffke, 
2022), and much higher than recent figures for France (0.5 tC 

ha−1  year−1, IGN, 2023). Korhonen et  al. (2020) reported a steady 
increase in carbon stocks in forest biomass in the European Union 
between 1990 and 2020, with forest growth exceeding cutting and 
mortality. In central-west Europe, the total living forest biomass showed 
an annual increase of 1.2% between 1990 and 2020 (Korhonen et al., 
2020). In Flanders, the increase in living tree biomass reached more 
than 25% over a mean interval of 15 years, or more than 1.5% per year 
between 1998 and 2014. The relatively low overall harvest ratio in forests 
in Flanders (Govaere and Leyman, 2020), the high potential for 
additional carbon storage (see section 4.3), and the absence of large-
scale stand-replacing disturbances, such as bark beetle outbreaks, lead 
to the relatively high carbon stock change rates for Flanders.

In set-aside forests in Flanders, the mean annual carbon stock 
change rate ranged from 1.4 to 2.4 tC ha−1 year−1 for the different site 
types, with an overall mean for Flanders of 1.8 tC ha−1 year−1 and the 
95% confidence interval between 1.7 and 1.9 tC ha−1 year−1. The carbon 
stock change rates in set-aside forests in Flanders were hence similar to 
or larger than the global values for primary forests (0.8–1.4 tC 
ha−1 year−1, Luyssaert et al., 2008). In general, the carbon stock change 
rates in the studied set-aside forests were also significantly higher than 
for the average Flemish forest, which was expected: no biomass is 
removed in set-aside forests and the studied set-aside forests have not 
yet reached their carbon carrying capacity (see section 4.3). Ford and 
Keeton (2017) also found higher aboveground carbon fluxes in 
unmanaged set-aside compared to managed northern hardwood-
conifer forests. On the wet alluvial sites, however, we saw similar carbon 
stock change rates in the set-aside and average Flemish forests, which 
may be related to high dieback and fast dead wood decay of poplar in 
the set-aside forests. Moreover, forests on wet alluvial sites are often left 
unmanaged also outside official set-aside areas as harvesting wood on 
wet sites is difficult or restricted by legal constraints. When looking at 
the carbon stock change rates for specific site conditions, our values for 
set-aside forests on sand soils (1.7 tC ha−1 year−1) were comparable to 
set-aside pine forests on poor soils in the Netherlands (1.4 tC ha−1 year−1; 
Den Ouden et al., 2020), and our values for set-aside forests on silt and 
sandy silt soils (2.4 and 2.3 tC ha−1 year−1) were in line with set-aside 
forests on relatively fertile soils in Germany (mixed oak: 0.9–2.3 tC 
ha−1 year−1; beech and mixed beech: 1.1–3.4 tC ha−1 year−1; converted 
from biomass by multiplying by 0.5; Meyer et al., 2021) but lower than 
set-aside beech forests on loamy soils in the Netherlands (3.2 tC 
ha−1 year−1; Den Ouden et al., 2020).

The mean accumulation of dead wood in the set-aside forests was 
1.1 m3 ha−1 year−1, similar to the mean volume change rate in set-aside 
beech forests in Germany (1.1 m3 ha−1 year−1, Meyer and Schmidt, 2011) 
but lower than the median accumulation rate in set-aside oak and beech 
forests across Europe (1.64 m3 ha−1 year−1, Vandekerkhove et al., 2009).

4.3 Potential for additional carbon storage

In the average Flemish forest on fertile sites, we  found total 
aboveground carbon stocks of 97.9 tC ha−1 for the sandy silt sites and 
123.8 tC ha−1 for the silt sites, much lower than the values reported for 
well-stocked managed beech forests in Slovakia (170 tC ha−1, Glatthorn 
et al., 2018), Germany (178 tC ha−1, Mund, 2004), or France (209 and 
220 tC ha−1, Lecointe et al., 2006). In the set-aside forests on fertile sites, 
the observed total aboveground carbon stocks, i.e., 123.7 tC ha−1 on 
sandy silt and 158.5 tC ha−1 on silt, were higher than in the average 
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Flemish forest, but also still lower than in reference set-aside beech 
forests in Germany (174 tC ha−1, Nagel et al., 2023; 238 tC ha−1, Meyer 
et al., 2021; 247 tC ha−1, Mund, 2004) or the Netherlands (252 tC ha−1, 
Den Ouden et al., 2020) or in set-aside mixed broadleaved forests in 
Germany (166 and 216 tC ha−1, Meyer et al., 2021) and Denmark (244 
tC ha−1, Nord-Larsen et al., 2019). The total aboveground carbon stocks 
observed in the set-aside forests on sand soils, i.e., 92.7 tC ha−1, were also 
lower than in oak and beech forests in northern Germany (117 tC ha−1 
and 158 tC ha−1, Förster et al., 2021). Aboveground volumes in old 
unmanaged oak and beech forests on rich and poor sites in central and 
northwestern Europe (Vandekerkhove et al., 2009) are generally 1.1–1.8 
times higher than in the set-aside forests on silt, sandy silt and sand in 
Flanders. In the set-aside forests on waterlogged and wet alluvial sites, 
the carbon stocks, i.e., 99 and 95 tC ha−1, or aboveground volumes, i.e., 
353 and 369 m3 ha−1 (Supplementary Table S11), were also well below 
the potential carbon stock of 165 tC ha−1 observed for alder forests in the 
Białowieża Biosphere Reserve (Matuszkiewicz et al., 2021) or the 690 m3 
ha−1 in primary alluvial forest in the Czech Republic (Janik et al., 2008).

4.4 Additionality of set-aside forests

The significantly higher carbon stocks and carbon stock change rates 
in set-aside forests indicate the additionality for in situ carbon 
sequestration of the measure of setting aside forests in the framework of 
carbon removal. This additionality may last for several decades. The 
studied set-aside forests appeared to be still below the ecosystem’s carbon 
carrying capacity: the carbon stock change rates were not lower for plots 
with high initial carbon stocks (no clear trend in Figure 3), indicating 
that the carbon accumulation did not yet slow down and the carbon 
stock continued to increase in forests that already built up a large carbon 
stock over time. Studies in German set-aside forests indeed indicated 
that the in situ carbon sequestration—and hence additionality of setting 
aside forests—remains high during at least the first 50 years after set 
aside, before they approach their ecological carrying capacity and related 
dynamic steady-state level (Meyer et al., 2021; Nagel et al., 2023).

The share of set-aside forests in the overall forest area is and will 
remain relatively small. To reach the carbon removal targets of the Fit for 
55 package of the European Union, it will be essential to complement 
setting aside forests with sustainable management in the remaining 
forest area, combining biodiversity, wood production and recreation 
goals with a gradual increase of the forests’ carbon stocks (cf. Nunery and 
Keeton, 2010; Triviño et al., 2015; Law et al., 2018).

5 Conclusion

In the average forest in Flanders, owing to a relatively low harvest 
intensity, the aboveground carbon accumulation was similar to 
neighboring countries such as Germany and the Netherlands and high 
compared to several other European countries. In the set-aside forests in 
Flanders, the initial stocks and the carbon accumulation were 
significantly higher than in the average Flemish forest and similar to 
set-aside and previously managed forests in neighboring countries. The 
additionality in aboveground carbon depended on the soil conditions, 
with in situ aboveground carbon sequestration similar in set-aside and 
average forests on wet sites and higher in the set-aside than in the average 
forests on dry sites. Furthermore, there was no indication that the carbon 

stocks approached the carbon carrying capacity of the set-aside forests 
in the first decades following set-aside. Considering the relatively low 
aboveground carbon stocks in Flemish forests compared to reference 
forests elsewhere in Europe, the potential for additional in situ carbon 
sequestration in Flemish forests, managed and set-aside, remains high.
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