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Abstract: Land use changes inevitably lead to changes in the carbon stocks stored in the soil. How-
ever, despite numerous studies investigating soil organic carbon (SOC) dynamics following the
afforestation of post-agricultural lands, findings remain diverse and often inconclusive. In this study,
the effect of stand age on the carbon content and stock in Scots pine (Pinus sylvestris) stands located
in the Dfb-climate zone was investigated. Five research plots, characterized by similar soil types,
geological structures, and tree cover, but differing in stand age (14-, 27-, 37-, 55-, 90-year-old stands),
were selected. Additionally, one plot was located at arable soil as a reference. The soil was sampled
from both organic and mineral horizons. The content of organic carbon in the organic horizion
increased with years that passed from afforestation and amounted to 234.0, 251.6, 255.0, 265.0 and
293.0 g·kg−1 in 14-, 27-, 37-, 55- and 90-year-old stands, respectively. Such a pattern was also observed
in the upper mineral horizons where the contents of SOC gradually increased from 7.27 g·kg−1 up
to 17.1 g·kg−1. In the organic horizon, the stock of OC increased significantly with stand age up
to 55 years after afforestation, while in the former plough layer, SOC stocks were found to slowly
increase with stand age. The afforested soils, with the organic horizon, reached levels of carbon
stocks observed on arable land after 17 years. Notably, the SOC stock in the mineral A horizon
reach this level after 83 years. The obtained results indicate that in the years immediately following
afforestation, SOC content is notably higher in arable soils compared to forest soils. However, as
stand age increases, the SOC contents of upper horizons in forest soils surpass those of comparable
agricultural soils. The observed SOC variability pinpoints the necessity of long-term monitoring in
forest ecosystems in order to better understand the temporal dynamics of carbon turnover and to
optimize afforestation strategies for long-term carbon sequestration.

Keywords: soil organic carbon; afforestation; coniferous forests; forest stand age

1. Introduction

Soil carbon stocks are significantly impacted by the long-standing greenhouse effect
and associated climate changes, notably characterized by an increase in average annual air
and soil temperatures [1–4]. Additionally, land use changes have been shown to profoundly
influence soil carbon content, soil productivity, and the atmospheric concentrations of
carbon dioxide and other greenhouse gases [5,6]. The conversion of green areas into
farmland has resulted in a global loss of 24% of soil organic carbon (SOC) [7], indicating
the crucial need to rethink the current land use and carbon sequestration strategies [8].

Globally, soils hold around 75% of the terrestrial carbon [9,10], with forest soils con-
tributing roughly 40% to total SOC stocks [11,12]. Afforestation alters the carbon cycle
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by replacing annual agricultural activities with longer-term forest growth, introducing
different quantities and qualities of organic matter. This transition enhances biomass pro-
duction and SOC content, and additionally leads to reducing soil disturbances, thereby
promoting greater carbon sequestration [13,14]. However, the literature on SOC dynamics
in the afforested post-agriculture areas presents varying results. Some studies report an
increase in SOC from the onset of afforestation, while others note a significant decrease
compared to previous agricultural use [15–17]. Paul et al. (2002) [16] reviewed 43 studies
from 204 plots, revealing significant variability, especially in young stands (<10 years old).
These discrepancies were mainly associated with differences in previous land use, climatic
conditions, forest type and anthropogenic activity [15]. Given that long-term sequestration
occurs mainly within soil organic matter, recognizing the stand age and the timeframe over
which newly afforested ecosystems surpass agroecosystems in carbon accumulation is a
key factor for proper management against climate change [18].

Despite extensive global studies on the potential of and barriers to carbon sequestration
practices [19–23], many questions regarding their long-term impacts remain unresolved.
Particular attention must be given to the multi-scaled spatial variability. Even within the Eu-
ropean Union (EU), which aims to achieve substantial carbon balance targets, inherent soil
and climatic conditions vary significantly. This variability precludes the accurate estimation
of carbon sequestration potential without site-specific experimental data [24–26]. Therefore,
comprehensive, localized studies are essential to effectively assess and implement carbon
sequestration strategies.

Climatic conditions, which have been extensively studied for their impact on SOC
turnover [13,21,23], have been shown to influence soil susceptibility to carbon sequestration
to a greater extent than previously anticipated [27–29]. The Dfb-climate zone (continental
climate with a warm summer subtype) [30–32], which encompasses many EU countries,
poses risks associated not only with acidification and nutrient leaching, but also with
rapid soil organic matter (SOM) decomposition [33–35]. This underscores the necessity for
detailed research on the site-specific impacts of carbon sequestration practices, including
forest management [36,37].

In order to tackle aforementioned uncertainties, research was conducted to address
gaps in current knowledge and provide a detailed analysis of SOC changes of post-arable
soils—afforested with Scot pine.

2. Materials and Methods
2.1. Study Area

The research area was located in the central part of Poland, in the Wielkopolska
Province, Smolniki Forest District in Skrzynka Wielka (52◦25′28.8′′ N; 18◦00′15.4′′ E,
106.82 m a.s.l). The study area represents the Dfb-climate zone’s climatic conditions. The
analyzed area is situated in a flat moraine plateau characterized by a composition of both
till and gravelly sand formations of the Vistula glaciation. In reality, the research facility
is located on a sandy terrace of a small glacial channel filled with organic soils composed
of low peat contents. The terrain denivelations range from 3 to 5 m [38]. Five research
plots were established in this area, each exhibiting uniform habitat conditions, including
soil type and forest stand composition. The plots represent a range of forest stand ages;
additionally, one plot was localized in arable land as a reference area (Figure 1 and Table 1).
All plots were influenced by similar climatic conditions (Dfb-climate), water regimes (pre-
dominance of precipitation over evaporation, groundwater level over 1 m below A horizon),
geological origins of parent materials (Pleistocene fluvioglacial sand deposition), grain
size distributions (sand-predominant), and topographical features (plain with minimal or
no elevation changes). The soils across the study area were classified as Dystric Brunic
Arenosols according to the WRB classification [39].
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pendula, 20%), European beech (Fagus sylvatica, 
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Forest 37-year-old stand (S37) 
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Forest 55-year-old stand (S55) 
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Figure 1. Location of research plots and digital terrain model (m a.s.l.—meters above sea level).

Table 1. Characteristics of the research points.

Plot Abbreviation Characteristic

Forest 14-year-old stand (S14)

A 14-year-old stand dominated by Scots pine (Pinus
sylvestris, 70%), with silver birch (Betula pendula, 20%),
European beech (Fagus sylvatica, 10%), and occasional
European larch (Larix decidua).

Forest 27-year-old stand (S27)

A 27-year-old stand with a predominance of Scots pine
(80%), silver birch (20%), and occasional small-leaved
linden (Tilia cordata) and black locust (Robinia
pseudoacacia).

Forest 37-year-old stand (S37) A 37-year-old stand primarily composed of Scots pine
(100%), with occasional silver birch.

Forest 55-year-old stand (S55) A 55-year-old stand consisting almost entirely of Scots
pine (100%), with occasional silver birch.

Forest 90-year-old stand (S90)
A 90-year-old stand predominantly of Scots pine (100%),
with occasional silver birch, sessile oak (Quercus petraea),
and black alder (Alnus glutinosa).

Arable land (S) An arable land control area for comparative purposes.

2.2. Sampling and Preparation

Before the localization of the research plots, preliminary studies were carried out to
assess the spatial variability of the study site to ensure representativeness and minimize
variability in the study design. Subsequently, six research plots with a 5 × 5 m size were
designated, and further plots were subdivided into 25 1 m-square subplots. For the analysis,
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composite soil samples (in tripplicate) from the mineral horizon were collected monthly
for 2 years, as were samples from the organic horizon and samples to assess bulk density
(in duplicate).

2.3. Analyses

The samples taken were air-dried at a temperature of 21 ◦C and then sieved through
a 2 mm sieve. For the analyses, only the fraction consisting of soil particles smaller than
2 mm in diameter was used. Coarse material, constituting less than 0.5% by weight, was
excluded to ensure compliance with the standard criteria for soil analysis.

The following soil properties were determined: soil texture by the hydrometric
method [40], pH by the potentiometric method in 1M KCl solution and in H2O in the
ratio 1:2.5 m:v [41], organic carbon content by the dry combustion method using an Multi
N/C 3100 TC–TN analyzer (Analytik Jena, Germany). Due to the lack of carbonate salts
in the tested samples, total carbon was considered to be organic carbon [42]. Nitrogen
was assessed by the Kjeldahl method, and exchangeable forms of Ca, Mg, K and Na were
determined by the atomic absorption technique in an extract of 1 M ammonium acetate
at pH 7.0. The bulk density was determined using the gravimetric method as the ratio of
soil core mass dried at 105 ◦C to its volume (100 cm3) (ISO 11272) [43]. The density of the
organic horizon was determined by cutting squares with a size of 20 cm from the O horizon.
The samples were taken in duplicate, transported to the laboratory at 4 ◦C, and dried for
72 h ay 70 ◦C [44].

An internal laboratory reference material and reagent blank were used in order to
control the accuracy of soil analyses. The values obtained fall in the required range of the
reference content. The instrument detection limit for SOC in the samples was 0.03 mg·kg−1.

Organic carbon stock (kg·m−2) was calculated on the basis of its total content, soil
density and horizon thickness, according to the formula

Cstock = (% SOC×·ρc×m)/10

where % SOC—organic carbon content in the analyzed soil horizon (%), ρc—soil bulk
density in the given soil horizon (g·cm−3), m—thickness of a given soil horizon (cm).

2.4. Statistical Methods

Descriptive statistics, including measures of central tendency and dispersion, were
calculated to summarize the data prior to further analysis. Differences in mean soil organic
carbon (SOC) contents among forest stands were evaluated using Tukey’s Honestly Sig-
nificant Difference (HSD) test. Further variations in SOC content were assessed using the
non-parametric Friedman analysis of variance due to the non-normal distribution of the
data. Interrelationships among soil parameters were analyzed using Principal Component
Analysis (PCA), which reduces data dimensionality by identifying principal components
that account for the maximum variance in the dataset. To achieve the requirement of
variable comparability, PCA was computed after standardizing the data with the formula

xsc =
xi − mean(x)

sd(x)

where xsc is the scaled variable, xi is the individual variable, mean(x) is the mean of x
values, and sd(x) is the standard deviation of x values. To further examine and better
visualize pairwise relationships between variables, matrix correlation was computed using
the Performance Analytics version 2.0.4 R-package. The quantitative influence of forest
stand age on SOC stock in the mineral horizon was evaluated using exponential regression
analysis with polynomial degrees up to the second order. In addition, to further elaborate
on obtained data, dendrogram hierarchical clustering utilizing the complete linkage method
was performed to examine the grouping patterns among the forest stands based on their
SOC accumulation. All statistical computations were carried out using Statistica 13.01
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software (TIBCO Software Inc., Palo Alto, CA, USA) and RStudio (Posit PBC, Boston,
MA, USA).

3. Results
3.1. Bulk Density

Bulk density measurements were conducted separately for the litter layer and mineral
horizon. The litter density in the organic horizon decreased with the age of the stand, and
ranged from 0.319 g·cm−3 in the S90 forest stand to 0.392 g·cm−3 in the S14. The results
indicate that the bulk density was relatively consistent across the individual profiles. At the
ochric level, bulk density ranged from 1.39 g·cm−3 in the S90 forest stand to 1.50 g·cm−3 in
the arable land (Table 2). A similar trend was observed for the organic horizon, whereby
density decreases with the increase in the age of the stand.

Table 2. Summary of soil physical properties of the plots studied.

Reference Area
Litter Density Bulk Density Particle Density Porosity

(g·cm−3) (g·cm−3) (g·cm−3) (cm−3·cm−3)

ρc ρs fc

S90 0.319 1.39 2.59 0.46
S55 0.352 1.40 2.61 0.47
S37 0.364 1.43 2.62 0.46
S27 0.368 1.45 2.63 0.45
S14 0.392 1.48 2.63 0.45

S - 1.50 2.62 0.44
ρc—mass of soil per unit volume, including the pore spaces; ρs—density of the solid particles of the soil, excluding
pore spaces; fc—the fraction of the soil’s total volume that is occupied by pore spaces.

3.2. Soil Organic Carbon

The contents of SOC in the organic horizon increased with the age of the stand, and
amounted to 234.0, 251.6, 255.0, 265.0 and 293.0 g·kg−1 in the 14-, 27-, 37-, 55- and 90-year-
old stands, respectively. The SOC contents in the A layer across all analyzed soil samples
during the measurement period varied from 4.84 to 31.43 g·kg−1 (Figure 2). There was
considerable variability in the SOC content in the soil upper horizon among the research
plots, as indicated by a coefficient of variation (CV) of 49.1%.
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The oldest forest stands (S90 and S55) demonstrated markedly higher SOC contents,
with values of 17.10 g·kg−1 and 11.30 g·kg−1, respectively. In contrast, younger forest
stands exhibited significantly lower SOC contents, with average values ranging from
8.84 g·kg−1 (S37) to 7.02 g·kg−1 (S27) and 7.27 g·kg−1 (S14). The SOC content in the
agriculturally managed soil was 15.34 g·kg−1 (Figure 2).

The analysis of SOC content in the deeper soil horizons indicated the gradual de-
crease in SOC with soil depth among all analyzed stands (Figure 3). The S90 stand was
characterized by the steepest rate of decline in the upper horizons, yet was found to be
the most rich in SOC among all of the tested forest stands, particularly in the horizons
deeper than described in the previous section. Notably, the agriculturally managed soil
was characterized by a substantially higher carbon content in the deeper soil horizons
compared to the forest stands.
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Hierarchical classification (Figure 4) illustrates that soils with the lowest SOC content
(S27 and S14) were the most similar, forming a distinct group. Another group included
soils of the older stands (S37 and S55), while the most divergent soils were those from S90
and S. This indicates a significant impact of forest stand age on SOC accumulation, with
older stands accumulating substantially more SOC.

Table 3. SOC stocks (kg·m−2) in the horizons of the topsoil.

Forest Stand Sum of O + A O Horizon A Horizon

S90 8.47 3.74 4.72
S55 9.68 6.52 3.16
S37 7.25 4.64 2.61
S27 6.58 4.63 1.95
S14 3.97 1.83 2.14

S 4.51 - 4.51
Variables derived from the S stand with Ap horizon corresponding to depth (0−23 cm).
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Figure 4. Hierarchical classification of SOC content for analyzed forest stands.The lowest stock of
SOC in the organic horizon of the afforested soils was recorded in S14 (1.83 kg·m−2 on average), and
this increased with stand age up to 6.52 kg·m−2 in the S55 (Tab.3). The SOC stock in the mineral
horizon also increased with the age of the stand and ranged from 1.95 kg·m−2 in S27 to 4.72 kg·m−2

in S90, while in the arable land (S), it was 4.51 kg·m−2 (Table 3). An important observation regarding
all test stands is that the stocks of SOC in the sum of organic and mineral horizons were notably
higher in afforested soils than in the arable land, and, furthermore, the difference increased with
stand age (Table 3).

Polynomial regression analysis further demonstrated that SOC stock is significantly
influenced by forest stand age. Notably, model fitting revealed that the observed impact
was most pronounced in the A horizon (R2 > 95%), whereas the O horizon and the combined
organic and mineral horizons exhibited a comparatively lower degree of fit (R2 < 50%)
(Table 4). The obtained model allowed the estimation of the time required for SOC stock in
the A horizon of afforested soil to reach levels corresponding to those of arable soil, which
was calculated to be approximately 83 years.

Table 4. Regression model for SOC stock as a function of forest stand age.

Quadratic
Coefficient

Linear
Coefficient Intercept R2

A horizon 0.0003 0.0073 1.8501 0.9746
O horizon −0.0023 0.2652 −1.3427 0.3412

A + O horizons −0.0021 0.2727 0.4994 0.4914

3.3. Soil Physicochemical Properties

Across the pedogenic horizons (Supplement Table S1), substantial heterogeneity of
other soil properties was observed (Supplement Table S2). The upper horizons exhib-
ited higher concentrations of SOC, nitrogen and CEC compared to the deeper horizons.
However, an exception was noted in the S55 soil profile, where the AE horizon had a
slightly lower SOC content than the underlying A-horizon. The concentrations of ana-
lyzed exchangeable cations associated with the soil’s sorption complex also diminished
progressively with depth. Principal Component Analysis revealed significant relationships
between soil organic carbon and other measured soil properties (Figure 5). The first prin-
cipal component explained 56.1% of the total variance in the dataset, while the second
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principal component accounted for an additional 13.6%, resulting in a cumulative explained
variance of 69.7%, making them suitable for interpreting key trends among the variables.
In the SOC cosine squared, 67% of variance was effectively captured by both the first- and
second-dimension plains.
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Notable interrelations were observed among analyzed soils’ chemical parameters
(Figure 5, Supplement Figure S1). The SOC content was significantly (p < 0.01) correlated
with each measured parameter except for pH measured in H2O solution. However, pH
measured in the KCl solution showed a negative significant correlation with SOC on tested
soils. Positive correlations were noted between SOC, N and CEC, as well as all analyzed
exchangeable cations. The pH measured in KCl solutions showed a significant negative
correlation with SOC on tested soils.

4. Discussion

The analysis of grain size characteristics revealed that the average contents of soil
particles were as follows: very coarse sand 3%, coarse sand 24%, medium sand 34%, fine
sand 31%, and very fine sand 4%. This distribution corroborates Krygowski’s (1953) [38]
observations of well-washed sandy sediments in a Dfb-climate, which were reported as
indicative of soil-forming processes. Despite the availability of rigorous methods for
selecting research plots and ensuring comparability, the study areas exhibited considerable
soil and habitat micro-variability. This variability is likely attributable to historical land
treatments and other factors affecting carbon input and accumulation. These factors were
challenging to identify and control within the short timeframe of the research program.
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Nonetheless, the criteria for selecting research plots, such as similar soil cover, climatic and
meteorological conditions and topography, enabled the acquisition of a comprehensive
chrono-sequence.

The analyzed soils exhibited comparable pedogenic structures, though the depths of
individual horizons varied notably (Supplement Table S1). Interestingly, the AE horizon
was present only in the S55 stand. This observation aligns with previous studies, which
indicate that afforestation, particularly in coniferous stands, promotes the accumulation
of forest litter, leading to changes in soil properties. In humid climates, like the analyzed
Dfb-climatic zone, where precipitation exceeds evapotranspiration, such accumulation can
enhance the leaching of labile organic compounds and contribute to progressive acidifi-
cation. Despite a clear decrease in pH with increasing soil depth (Table 4, Supplement
Table S2), no distinct eluvial horizon was observed in either the younger stands or the older
S90 stand. This absence may be related to the dynamics of organic matter accumulation
and mineralization in afforested soils. While forest litter accumulation tends to increase
with stand age [45,46], this process eventually reaches a threshold where increased rates
of mineralization limit further organic matter buildup, potentially reducing the thickness
of the organic horizon. Our findings support this interpretation, as the thickness of the O
horizon increased with stand age up to the S55 stage, but decreased notably in the S90 stand
(Supplement Table S1), suggesting a shift in organic matter dynamics as the forest matures.

When analyzing mineral surface horizons, the results obtained align with the docu-
mented changes in soil organic carbon content with forest stand age [47–49]. The lower SOC
content observed in younger forest stands (S14 and S27) may be attributed to the intensive
oxidation of organic compounds resulting from mechanical soil preparation for afforesta-
tion. This disturbance likely increased soil oxygen diffusion and accelerated organic matter
mineralization. Additionally, the lower input of forest litter in these younger stands could
have contributed to the reduced SOC content in the upper horizons (Figure 2). Notably,
the highest SOC content in the upper mineral horizons was found in the soils of the oldest
stands, with contents of 11.3 g·kg−1 (S55) and 17.1 g·kg−1 (S90). Such values, which are
higher than those reported in young forests soils [50], further support our findings.

Interestingly, the variance of SOC content in the analyzed horizons was strongest in
older stands (S55, S90), indicating higher heterogeneity, which may be attributed to the
diverse nature of the forest litter and plant debris, including both conifers and deciduous
trees, and its varying susceptibility to microbial decomposition [51,52]. The SOC hetero-
geneity in arable land was slightly higher than that seen in younger forest stands, with a
CV of 22.45%, which may reflect cyclical fluctuations in SOC content due to variations in
crop residue input and organic fertilizer applications, followed by periods of intense miner-
alization. Such potential explanations have often been given in agroforestry- and carbon
farming-related studies, indicating that, in addition to local variables [53], environmental
management can disrupt soil SOC variability [54,55]. Additionally, the observed variability
in SOC stocks may reflect the uneven organic matter input into the soil. In older forest
stands, forest litter production, driven by factors such as species composition, stand age,
canopy density, and tree health [18,56], play a crucial role in soil formation.

Both the O and A horizons exhibited similar patterns regarding the dependence
of SOC on stand age. Including the organic horizon in assessments underscores the
benefits of afforestation for carbon accumulation. Nevertheless, due to its long-term
stability, the mineral soil horizon is considered a more reliable indicator of long-term
carbon sequestration potential [57]. Interestingly, a notable decline in SOC stocks was
observed shortly after afforestation when forest litter was excluded from consideration
(Table 3), and the underlying mechanisms remain unclear. The observed decrease in
SOC stocks after afforestation compared to reference arable land may be attributed to
pre-planting soil preparation activities that promote oxidizing conditions, which may
enhance organic matter mineralization. Additionally, the absence of tree cover during
early afforestation stages increases soil exposure to solar radiation, further accelerating
decomposition processes. Regression analysis (Table 4) suggests that SOC stocks in the
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A horizon will recover to levels comparable to arable soils approximately 83 years post-
afforestation. This finding underscores the necessity of long-term monitoring to elucidate
carbon dynamics in post-agricultural afforested soils, as highlighted by the review study
performed by Mäkipää et al. (2023) [4].

The SOC stock in the O horizon of afforested soils ranged from 46% in 14-year-old
stands to 67% in 57-year-old stands. These proportions exceed those reported by Laganière
et al. (2010) [58], where the organic horizon accounted for 17% of the total SOC stock.
Similarly, the SOC stocks observed in our study were higher than those reported by Shi
et al. (2013) [59]. Interestingly, though, the variabilities registered by us in some SOC
contents and stocks were comparable to ones shown in the study of Hooker and Compton
(2003) [60], who investigated afforested post-agricultural soils in the United States. Such
resemblance may indicate that the observed stand age has similar effect patterns to SOC,
regardless of climate zone.

SOC’s dependence on stand age (Figures 2 and 3), as observed in our study, is consis-
tent with the results of Laganiere et al. (2010) [58], Kang et al. (2018) [61] and Smal et al.
(2019) [62], who also reported elevations in carbon accumulation in the post-agricultural
afforested soils with forest stand age. However, in our study, interesting patterns were
also observed across soil depths (Figure 3), indicating that the observed phenomena occur
regardless of forest soil depths. Similarly to SOC, other analyzed soil parameters also
elucidated a gradual decline with the soil depth (Supplement Table S2).

Close interrelations between SOC content and he analyzed soil characteristic variables
(Supplement Figure S1) further pinpoint the complexity of carbon turnover in afforested
soils. In our case study, the notable inter-effects between variations in SOC, pH and
exchangeable cations seem to shape the PC1 and PC2 plains when depicted in reduced
dimensions (Figure 5). It could be theorized that the process of soil acidification, which
progresses with stand age (Supplement Table S2), affects the transformation of organic
carbon in the soil environment. An increase in the soil concentration of hydrogen ions may
slow down the rate of organic matter mineralization [63], promoting the condition required
for its accumulation in forest soils.

Along with the observed intercorrelations (Figure 5, Supplement Figure S1), the afore-
mentioned SOC–forest stand age dependence indicates the potential to develop explanatory
and predictive Dfb-climate-specific SOC model derivations, the need for which has been
highlighted in the European Union Agenda for climate neutrality [64]. However, it has to
be noted that the observed SOC–stand age dependence has to be taken into account when
validating such models for forest soils.

5. Conclusions

This study underscores the dynamic nature of soil organic carbon accumulation across
different-aged Scots pine stands within the Dfb-climate zone, revealing a distinct age-
dependent gradient in SOC content. The highest degree of SOC accumulation was observed
in the surface mineral horizon of the oldest stands (90 years), with younger stands exhibiting
reduced SOC. The upper horizons showed significant SOC stock increases with stand age,
underscoring their role as a critical carbon sink in afforested soils. Notably, the SOC in
afforested soils reached levels comparable to those in arable soils after approximately
83 years in the mineral horizon, reinforcing the importance of long-term afforestation
practices in carbon sequestration. Our findings highlight the need for the long-term
monitoring of SOC stocks in afforested post-agricultural soils. However, further research
on other forest types under diverse climatic conditions is crucial to determine the specific
age at which afforested soils surpass, from the global perspective, former agricultural lands
in terms of carbon accumulation. Such studies will offer valuable insights that will help in
optimizing site-specific afforestation strategies, ultimately enhancing carbon sequestration
potential and contributing to climate change mitigation.
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