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Abstract: The roles of different tree species and their impacts are key in assessing the dynamics of soil
restoration in afforested post-mining sites. The objective of this study was to compare the effect of
Scots pine (Pinus sylvestris L.), which is native to Central Europe and commonly used in afforestation,
to that of the non-native black pine (Pinus nigra Arn.) on the development of carbon pools and the
chemical properties of reclaimed soils after sand exploitation. The study was carried out in 20- and
35-year-old stands, and the results were compared to undisturbed forest sites. Samples of the litter
horizon and mineral soils (0–5 and 5–20 cm) were analyzed for pH, soil organic carbon (SOC), and
total nitrogen (Nt). In addition, electrical conductivity (EC), sorption complex properties, water-
soluble carbon, and hot-water-extractable carbon were determined from the mineral soil samples.
Scots and black pine had a similar effect on the properties of the reclaimed soils. However, the soils
under Scots pine were characterized by lower pH values in the litter and 0–5 cm horizons, higher EC
in the 0–5 cm horizon, and higher C stocks in the litter horizon. Changes in the C stocks and chemical
properties with afforestation years were limited to the uppermost soil horizons (litter and 0–5 cm).
For both pine species, soils under the older stands were characterized by lower pH, higher EC, higher
exchangeable acidity, higher cation-exchange capacity, lower base saturation, higher SOC and Nt
contents, and more stable soil organic matter than soil under younger stands. After 35 years, about
20% and 27% of the C stocks in the reclaimed mine soils had been restored under black pine and
Scots pine, respectively (compared to undisturbed soils). This difference between the pine species
resulted from the higher C stocks in the litter horizons under Scots pine. Pedogenesis in post-mining
sites after sand exploitation under pine species tended to result in more acidic and oligotrophic soils
in relation to the undisturbed soils in adjacent forest ecosystems with pine.

Keywords: afforestation; mine sites; alien species; SOM; DOC; extractable carbon; nitrogen

1. Introduction

Mining activities can cause widespread transformations of the earth’s surface and
the degradation of entire ecosystems [1,2]. After mining has ceased, exposed or deposited
substrates become the parent material for developing soils. Such substrates typically
lack soil organic matter (SOM), are nutrient deficient (primarily lacking nitrogen [N] and
phosphorus [P]), and exhibit disturbed nutrient ratios, low pH values, and unfavorable
air–water properties [3,4]. Therefore, the reclamation of mined lands is important for both
accelerating the recovery of post-mining ecosystems and combating global warming by
enhancing carbon (C) sequestration [5,6].

Soil organic C (SOC) is a critical component of terrestrial ecosystems [7,8]. It plays
a particularly important role during succession processes—for example, in post-mining
sites [9,10]. SOM plays a key role in developing the physicochemical and biological prop-
erties of reclaimed mine soils (RMSs), such as pH, water-holding and sorption capacities,
buffering capacity, bulk density, biomass, and activity of microorganisms [11,12]. Moreover,
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organic matter forms a link in the mineral nutrition cycle of plant communities and soil
organisms by storing nutrients and increasing their availability, including N and P [2,11,13].
To evaluate the restoration processes of organic-matter pools in post-mining soils, it is
important not only to determine the SOC content but also SOC’s decomposability and
stability [14]. Determining the labile C fractions is a common technique to estimate the
proportion of stabilized C in soil [14,15]. Water-extractable C is the most mobile fraction
of SOM [16,17]. Since the solubility of SOC fractions depends on the temperature, two
types of water-extractable C in soil are typically determined: cold-water-soluble C (WSC)
and hot-water-extractable C (HWC) [17,18]. Quantitatively, WSC is very close to dissolved
organic carbon (DOC) measured directly in soil using, for example, lysimeters [18,19]. WSC
is considered the most reactive C source in soil, as it can be rapidly utilized and can migrate
to deeper soil horizons than HWC [18,19]. HWC represents a larger fraction of water-
extractable C than WSC [18], comprising a mixture of carbohydrates and proteins [20].
Moreover, HWC includes more stable components than WSC, which form a reserve of
nutrients and energy for plants and microorganisms [21,22]. Therefore, the HWC reflects
the bioavailable SOM, including organic compounds from the biomass of soil microbes,
enzymes, and root exudates [21–23].

One of the factors determining SOC accumulation is the tree species introduced during
afforestation [24,25]. The influence of tree species on SOC accumulation may be higher
in RMSs in their early stage of development than in older soils—for example, in forests
or following agricultural use [25]. For these reasons, forest managers should consider the
potential impact of tree species on SOC accumulation and stability when selecting tree
species for the afforestation of post-mining areas [26,27].

There are only a few tree species that can be introduced into the nutrient-poor sandy
substrates left after sand mining. In Central Europe, mainly Scots pine has been introduced
on sandy substrates because it has few habitat requirements [28,29]. However, as a result
of climate change and its increasingly common extreme weather phenomena, including
drought, there is a need to test non-native tree species [30]. Frequently, native species
cannot withstand long-term drought. Indeed, the decay of Scots pine (Pinus sylvestris L.)
stands in Europe is one example of large-scale forest dieback and change in natural distri-
butions [31,32]. In addition, Scots pine stands at post-mining sites in the German Lusatian
Mine District have suffered significant damage due to infection by the pathogen Heteroba-
sidion annosum (Fr.) Bref. [33].

Black pine (Pinus nigra Arn.) is considered to be more drought-tolerant than Scots
pine [34–36]. Similarly to Scots pine, black pine can tolerate a wide range of habitats and can
be found in nutrient-poor sandy soils [37,38]. Its natural range extends to southern Europe
and the Mediterranean region [39]. Black pine is one of the most frequently planted tree
species, even outside its native range [40]. In Central Europe, black pine was introduced
into areas under the influence of industrial emissions because it is more tolerant to heavy-
metal pollution than the native Scots pine [41,42]. However, non-native tree species may
adversely affect biodiversity, carbon sequestration, and the physicochemical parameters of
soils compared to native species [43,44]. For these reasons, it is necessary to determine the
influence of alien species—even those belonging to the same genus as native species on soil
properties [44].

In this study, we aimed to assess and compare the effects of Scots pine and black pine
on the C stocks and development of the chemical properties of sandy RMSs. We tested
the following hypothesis: as a native tree species, Scots pine contributes to a higher C
accumulation and more intensively influences the physicochemical parameters of soils than
non-native black pine during pedogenesis at post-mining sites.

2. Materials and Methods
2.1. Study Site

The study site was the reclaimed and afforested Szczakowa sand pit located in south-
ern Poland (Upper Silesia, 50◦14.394′ N, 19◦25.140′ E). In this region, the mean annual air
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temperature is 8.8 ◦C, with precipitation averaging 733 mm yr−1 from 1990–2019 (source:
https://en.tutiempo.net; accessed date: 20 December 2021). Open-strip mining resulted
in an approximately 3500-ha disturbed area with an excavated depth of 5–25 m. The
sand deposits are genetically related to fluvioglacial Quaternary sediments deposited in a
pre-Quaternary morphological depression. Initial reclamation treatments included a 2-year
fertilization cycle (140, 130, and 150 kg ha−1 of NPK [potassium]) and a 2-year cycle of
cultivating lupine (Lupinus luteus) and incorporating it into the soil as green manure. The
site was then afforested [45].

The sampling plots were located in 20- and 35-year-old stands of Scots pine (SP-20 and
SP-35) and black pine (BP-20 and BP-35) growing on sandy substrates in the Szczakowa
sand excavation area. Additionally, we established control plots (CPs) in an undisturbed
forest site with mature (105-year-old) Scots pine stands close to the post-mining site. The
soils of the undisturbed forest site were podzols. There were a total of 20 sampling plots
(10 × 10 m each), representing four replicates of each tree species and site (Figure 1). Details
of the investigated stands’ growth parameter characteristics are provided in Table 1.

Table 1. Growth parameters of investigated pine stands on reclaimed Szczakowa sand pit (source:
Forest Data Bank, https://www.bdl.lasy.gov.pl/portal/en; accessed date: 20 January 2022).

Variant Species Age [Years] Stand Density
[Trees ha−1] DBH [cm] 1 H [m] 2

BP-20 Black pine 20 8000 5 4
SP-20 Scots pine 20 5000 7 6
BP-35 Black pine 35 1900 15 12
SP-35 Scots pine 35 2400 16 14

CP Scots pine 105 320 30 21
1 diameter at breast height. 2 mean height.

2.2. Soil Sampling

At each sampling site, five single samples were taken (one from the middle and one
from each of the four corners of the site) from the O horizon (litter, Oi + Oe) and the mineral
soil (0–5 and 5–20 cm deep). We then pooled the samples from each horizon to form mixed
samples of litter and mineral soil representative of the sampling site. Samples with intact
structures were independently collected using 250 cm3 cylinders to determine the bulk
density (BD). Samples from the organic horizons (litter layer, Oi + Oe) were collected from
five 20 × 20 cm squares in each study plot.

2.3. Laboratory Analyses

The samples from the mineral horizons (0–5 and 5–20 cm) were divided into two parts.
One part was air-dried, sieved through a 2 mm mesh, and used for physical and chemical
analysis, while the other was left field-moist and used to determine the WSC (Chantigny
et al., 2008). We measured the texture using a Fritsch GmbH Analysette 22 Laser Particle
Sizer. The SOC and total N (Nt) contents were measured using a LECO TruMac® CNS
analyzer. We measured the electrical conductivity (EC) conductometrically and the pH
potentiometrically in H2O (pHH2O) in a 1:2.5 w/v ratio. The exchangeable acidity (EA) was
measured in 1 M Ca(OAc)2, and the basic exchangeable cations (calcium [Ca2+], potassium
[K+], magnesium [Mg2+], and sodium [Na+]) were measured in 1 M NH4Ac by inductively
coupled plasma–optical emission spectrometry (iCAP™ 6000 Series). We calculated the
cation-exchange capacity (CEC) as the sum of the exchangeable cations (total exchangeable
bases; TEB) and the EA. To determine the WSC, we extracted 20 g of field-moist sample
using 30 mL of 5 mm CaCl2 solution in an end-over-end shaker at 30 rpm for 30 min
at 20 ◦C. Following extraction, the suspension was centrifuged at 3500 rpm for 20 min,
and the supernatant solution was filtered through a 0.45 µm membrane filter. Next, we
added a 30 mL aliquot of distilled water to the centrifuge tube with the soil, and the tube
was placed in a water bath at 80 ◦C for 16 h. Following extraction, the suspension was

https://en.tutiempo.net
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centrifuged at 3500 rpm for 20 min, and the supernatant solution was filtered through a
0.45 µm membrane filter. The fraction thus obtained was the HWC. We determined the
concentrations of WSC and HWC in the soil solutions using a Shimadzu TOC-VCPH Total
Organic Carbon Analyzer [17,46,47].
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The intact samples collected using cylinders were sieved (2 mm mesh), weighed, dried
at 105 ◦C for 5 h, and reweighed. The final weight was used to calculate the dry weight of
the original sample, which was then divided by the volume to obtain the BD of the fine
fraction (<2 mm).

The litter samples (Oi + Oe horizons) were oven-dried to remove the moisture, weighed
using an electronic balance to an accuracy of 1 g, and ground. The pH values of the litter
samples were determined potentiometrically in H2O (pHH2O) at a 1:5 w/v ratio, and the C
and N contents were determined using a LECO TruMac® CNS analyzer.

2.4. Data Evaluation

We calculated the C stocks in the litter and mineral horizons using the following equations:

C stock in Oi + Oe [Mg ha−1] = MOi + Oe [Mg ha−1] × SOC [%]/100 (1)

where MOi + Oe is the dry mass of the litter horizons and SOC represents the C content in
Oi + Oe, and

C stock [Mg ha−1] = SOC [%] × BD [g cm−3] × T [cm] (2)

where SOC is the C content in the mineral horizons, BD is the BD of the fine fraction
(<2 mm), and T is the thickness of the soil layer.

The datasets were first tested for normality using the Kolmogorov–Smirnov test and
for variance homogeneity using Levene’s test. We analyzed the effects of pine species
and stand age on the soil parameters in the RMSs using two-way analysis of variance for
the majority of the response variables. Tukey’s honestly significant difference (HSD) test
was performed if any significant differences were found (p < 0.05). We tested significant
differences between the mean values of the soil characteristics between the RMSs and the
undisturbed soil using Tukey’s HSD test (at p = 0.05). The correlations between the studied
soil properties were described using Pearson’s correlation matrix. The statistical analyses
employed Statistica software (version 13.1).

3. Results
3.1. Texture, pH, and BD

The studied soils had sandy textures, whereas the undisturbed soils were characterized
by significantly higher silt particle content than RMSs. The studied soils were acidic and
characterized by lower pH values in the litter and 0–5 cm layers under Scots pine than
under black pine. The soils under the older (35-year-old) stands had lower pH values in the
litter and 0–5 cm horizons than those under the younger (20-year-old) stands. The mineral
horizons (0–5 and 5–20 cm) of the soils from the CPs had significantly higher pH values
than the same horizons in the RMSs (Table 2).

The EC values in both studied horizons occurred in the following order: 25-year-old
stands <35-year-old stands < undisturbed sites. The EC value was significantly higher in
the 0–5 cm horizons under Scots pine than in those under black pine (Table 2).

BD did not depend on pine species or stand age in the post-mining sites. However, it
was significantly lower in the undisturbed soils than in the RMSs (Table 2).

3.2. Sorption Complex Parameters

In the sorption complexes of the RMSs, the ions that form the EA value dominated
(base saturation [BS] 2.91%–32.08%) (Table 3). Pine species had no significant effect on
the studied sorption complex properties (EA, TEB, CEC, and BS). The effect of stand age
on these properties was manifested only in the 0–5 cm horizons. The EA and CEC were
significantly higher and the BS was significantly lower in the younger stands than in the
older ones. Finally, the soils from CPs were characterized by higher values of sorption
complex parameters (EA, TEB, CEC, and BS) in both horizons (0–5 and 5–20 cm) compared
to the RMSs (Table 3).
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Table 2. Texture, BD, pH, and EC for reclaimed and undisturbed soils under pine species stands.

Effect

Soil Parameters/Horizons [cm]

Sand [%] Silt [%] Clay [%] BD [g cm−3] pH EC [µS cm−1]

0–5 5–20 0–5 5–20 0–5 5–20 0–5 5–20 Oi + Oe 0–5 5–20 0–5 5–20

Species N.S.1 N.S. N.S. N.S. N.S. N.S. N.S. N.S. S. S. N.S. S. N.S.

BP 95 ± 1 a 2 96 ± 1 a 4 ± 1 a 3 ± 1 a 1 ± 0 a 1 ± 0 a 1.47 ± 0.01 a 1.48 ± 0.01 a 4.5 ± 0.1 b 4.6 ± 0.1 b 4.6 ± 0.0 a 13.6 ± 2.5 a 10.5 ± 1.2 a

SP 95 ± 1 a 96 ± 1 a 4 ± 1 a 3 ± 1 a 1 ± 0 a 1 ± 0 a 1.40 ± 0.05 a 1.68 ± 0.16 a 4.3 ± 0.1 a 4.3 ± 0.1 a 4.6 ± 0.1 a 19.6 ± 2.2 b 11.1 ± 1.0 a

Age N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. S. S. N.S. S. N.S.

RMS-20 96 ± 0 Ba 97 ± 0 Ba 3 ± 0 Aa 2 ± 0 Aa 1 ± 0 Aa 1 ± 0 Aa 1.47± 0.02 Ba 1.70 ± 0.15 Aa 4.5 ± 0.0 Bb 4.6 ± 0.1 Bb 4.6 ± 0.0 Aa 12.5 ± 2.3 Aa 8.6 ± 0.8 Aa

RMS-35 94 ± 1 Ba 95 ± 1 Ba 5 ± 1 Aa 4 ± 1 Aa 1 ± 0 Aa 1 ± 0 Aa 1.40± 0.05 Ba 1.46 ± 0.03 Aa 4.3 ± 0.1 Aa 4.4 ± 0.1 Aa 4.6 ± 0.0 Aa 20.8 ± 1.8 Bb 13.0 ± 0.8 Aa

Species × Age 3 N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S.

CP 91 ± 1 A 92 ± 0 A 8 ± 1 B 7 ± 0 B 1 ± 0 A 1 ± 0 A 0.85 ± 0.14 A 1.30 ± 0.04 A 4.2 ± 0 A 5.3 ± 0 C 5.2 ± 0.1 B 44.7 ± 0.6 C 28.7 ± 3.5 B

1 results of two-way ANOVA for the effect of pine species and age: S.—significant; N.S.—not significant. 2—mean ± SE; within columns, means followed by different letters (a, b) are
significantly different, capital letters indicate significant differences between undisturbed soils (CP) and RMS under 20- and 35-year-old stands. 3 Species × Age—interaction between
pine species and stand age.
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Table 3. Sorption complex properties for reclaimed and undisturbed soils under pine stands.

Effect
Soil Parameters/Horizons [cm]

EA [cmol(+) kg−1] TEB [cmol(+) kg−1] CEC [cmol(+) kg−1] BS [%]

0–5 5–20 0–5 5–20 0–5 5–20 0–5 5–20

Species N.S. 1 N.S. N.S. N.S. N.S. N.S. N.S. N.S.

BP 1.61± 0.28 a 2 1.14 ± 0.11 a 0.36 ± 0.06 a 0.34 ± 0.11 a 1.97 ± 0.30 a 1.45 ± 0.15 a 20.07± 2.55 a 20.20± 2.52 a

SP 2.01 ± 0.32 a 1.14 ± 0.11 a 0.36 ± 0.05 a 0.31 ± 0.07 a 2.37 ± 0.36 a 1.48 ± 0.20 a 15.73± 2.01 a 20.52± 3.63 a

Age S. N.S. N.S. N.S. S. N.S. S. N.S.

RMS-20 1.16± 0.11 Aa 1.00± 0.07 Aa 0.32± 0.02 Aa 0.21± 0.02 Aa 1.49± 0.12 Aa 1.21± 0.08 Aa 22.19± 1.86 Bb 17.32± 1.82 Aa

RMS-35 2.46± 0.24 Bb 1.28± 0.11 Aa 0.40± 0.07 Aa 0.44± 0.11 Aa 2.86± 0.29 Bb 1.71± 0.20 Aa 13.60± 1.77 Aa 23.40± 3.69 Aa

Species× Age 3 N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S.

CP 8.32 ± 0.7 C 4.14 ± 0.08 B 6.63 ± 0.19 B 2.51 ± 0.02 B 14.94 ± 0.55 C 6.65 ± 0.09 B 44.69± 2.56 C 37.78 ± 0.42 B

1 results of two-way ANOVA for the effect of pine species and age: S.—significant; N.S.—not significant.
2—mean ± SE; within columns, means followed by different letters (a, b) are significantly different, capital
letters indicate significant differences between undisturbed soils (CP) and RMS under 20- and 35-year-old stands.
3 Species × Age—interaction between pine species and stand age.

3.3. Carbon and Nitrogen Content

Pine species only affected the C stock and N content in the litter horizons (Figures 2 and 3).
The effect of species × age interaction on C stock and N content was not significant. The C
stock in the litter horizons, and consequently the total soil C stock (litter + mineral soil),
was significantly higher under Scots pine than under black pine. However, there were no
differences in the mineral horizon C stocks between the pine species studied (Figure 2).
The black pine litter horizons contained more N than those of Scots pine. Similar to C,
there were no differences in the N content in the mineral horizons between the studied
pine species (Figure 3).
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pine; BP—black pine; RMS-20—mine soils 20 years after tree planting; RMS-35—mine soils 35 after tree
planting; CP—control plots; means followed by different lowercase (a, b, c) are significantly different.
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Figure 3. The Nt content in litter (A,B), 0–5 cm (C,D), and 5–20 cm (E,F) under the influence of pines
on RMSs and undisturbed soils. Explanations: see Figure 2.

The total soil C stock in RMSs was much lower than in undisturbed soils from the
CPs. After 35 years, about 20% (14.18 Mg ha−1) of the total soil C stocks in the RMSs for
black pine and about 27% (19.74 Mg ha−1) for Scots pine had been restored compared to
the undisturbed soils (Figure 2).

The results show a slow rate of restoration of the N pools in sandy RMSs; the main
N reservoir was still in the litter horizons 35 years after afforestation. In the mineral soil
horizons, the Nt-content upper detection limit (<0.001%) in the RMSs was only reached in
the 0–5 cm horizons under a 35-year-old stand (Figure 3).

3.4. Water-Extractable Carbon

Pine species had no effect on the content of water-extractable C. The WSC and HWC
contents also did not differ between the 20- and 35-year-old stands, although their propor-
tion in SOC in 0–5 cm horizons decreased with site age (Figures 4 and 5). Species × age
interaction had no significant effect on WSC and HWC content.
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Compared to RMSs, the undisturbed soils were characterized by greater WSC and HWC
content and lower WSC/SOC and HWC/SOC ratios in both soil horizons (Figures 4 and 5).

3.5. Correlation between Studied Soil Parameters

C stock in 0–5 cm positively correlated with pH, EC, silt content, EA, TEB, CEC, and BS,
and negatively with sand content. Similar to C stock, WSC and HWC positively correlated
with EC, silt content, sorption complex properties, and negatively with sand (Table 4).
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Figure 5. Hot-water-extractable C (HWC) content in the 0–5 cm (A,B) and 5–20 cm (C,D) horizons
of the studied soils, and HWC share in SOC in the 0–5 cm (E,F) and 5–20 cm (G,H) horizons.
Explanations: see Figure 2.

Table 4. Pearson correlation coefficients (r) between studied soil parameters in 0–5 cm horizons.

C Stock
[Mg ha−1]

C Stock in Litter
[Mg ha−1]

WSC
[mg g−1]

HWC
[mg g−1] pH Sand [%] Silt [%] Clay [%]

pH 0.77 ** 0.52 * 0.39 0.63 ** 1.00 −0.55 * 0.55 * −0.01

EC
[µS cm−1] 0.89 ** 0.88 ** 0.82 ** 0.80 ** 0.47 * −0.90 ** 0.90 ** 0.58 **

Sand [%] −0.90 ** −0.78 ** −0.77 ** −0.80 ** −0.55 * 1.00 −0.99 ** −0.71 **

Silt [%] 0.90 ** 0.77 ** 0.80 ** 0.83 ** 0.55 * −0.99 ** 1.00 0.68 **

Clay [%] 0.42 0.41 0.50 * 0.38 −0.01 −0.71 ** 0.68 ** 1.00

BD [g cm−3] −0.90 ** −0.80 ** −0.78 ** −0.89 ** −0.59 ** 0.80 ** −0.83 ** −0.39

EA
[cmol(+) kg−1] 0.98 ** 0.84 ** 0.79 ** 0.90 ** 0.66 ** −0.95 ** 0.96 ** 0.54 *

TEB
[cmol(+) kg−1] 0.97 ** 0.87 ** 0.69 ** 0.81 ** 0.80 ** −0.88 ** 0.87 ** 0.42

CEC
[cmol(+) kg−1] 0.99 ** 0.87 ** 0.75 ** 0.87 ** 0.74 ** −0.93 ** 0.93 ** 0.49 *

BS [%] 0.80 ** 0.63 ** 0.49 * 0.63 ** 0.90 ** −0.68 ** 0.66 ** 0.26

*—significant at p < 0.05. **—significant at p < 0.01.
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4. Discussion
4.1. Soil Physico-Chemical Parameters

Our results confirm the finding that the pH in post-mining-site soils generally de-
creases over time [13,48]. The mineral horizons of the soils from the CP had higher pH
values at higher SOC content values compared to the RMSs. This could explain the positive
correlation between pH and SOC in the studied soils. Usually, the opposite relationship
occurs in soils; that is, soils with higher SOC values have a lower pH. The accumulation of
organic C in mineral soils is related to a build-up of humic substances that contain acidic
carboxylic and phenolic groups, causing them to be associated with a decline in soil pH
and an increase in EA [49,50]. Indeed, the undisturbed soils had higher EA values than the
RMSs. This phenomenon may indicate a lower buffering capacity in RMSs compared to
undisturbed soils [51]. As a consequence, post-mining sites may develop more acidic soils
than undisturbed forest.

The studied soils had a low salt content, as indicated by the EC values [52]. A similar
trend—higher EC for older stands—has been observed in reclaimed post-mining sites
following coal mining in India [53]. The differences are most likely due to the release of
different amounts of elements from better-developed litter horizons in older stands and
under Scots pine, as well as the weathering of the primary minerals [53].

A similar trend—lower BD in undisturbed soils than in RMSs—was found on re-
claimed sites after coal mining in the United States [54,55]. The lower BD in the undisturbed
soils was due to a higher organic-matter and silt content [56], as confirmed by the correla-
tion analysis. Other factors that may cause higher BD in the RMSs include heavy-machinery
traffic during reclamation treatments [55] and reduced activity of the soil macrofauna and
root penetration compared to well-developed, undisturbed soils [2,57].

The predominance of EA in CEC is characteristic of acidic forest soils [58]. In for-
est soils, CEC values depend on C content, texture, and pH [58,59]. We confirmed this
relationship in our soils using linear correlations. Similar to our results, increased CEC
values with longer reclamation periods have been found in post-mining sites following
coal mining in India [53]. In our soils, this occurred due to an increase in EA, which led to a
decrease in BS. While the C and N pools in RMSs can be restored, it is difficult to restore TEB
pools. In post-mining soils, the C stock increases with age through litterfall input and the
decomposition of organic matter [9,13], while the N stock increases through precipitation
and N fixation [60]. The pool of exchangeable cations depends mainly on nutrient content
in the parent material [61]. In some post-mining soils, the exchangeable-cation content
can increase with age through the weathering of minerals and organic-matter decompo-
sition [62]. However, we found no significant differences between the sand excavation
soils under younger and older pine stands. The RMSs’ lower TEB values compared to
the undisturbed soils indicate that mining can cause the permanent loss of soil nutrients.
This leads to the development of more oligotrophic habitats in reclaimed sand excavations
compared to adjacent, undisturbed forest ecosystems.

4.2. Carbon and Nitrogen Pools

The main factors determining SOC accumulation are climate, parent-rock properties
(especially texture), tree species, topography, and time [63,64]. Our correlation analysis
confirmed that even a slight difference in the sand, silt, or clay content in sandy soils affects
the SOC content. Differences in the C stock in the litter horizons may be due to the higher
growth parameters of Scots pine compared to black pine (see Section 2) and the associated
differences in litterfall production [65,66]. Coniferous species, including Scots pine, tend
to form extensive organic horizons due to the low litter decomposition rate. On the other
hand, their influence on the C stocks in mineral horizons is weaker than that of deciduous
species [50,67].

Comparisons of RMSs with undisturbed soils have confirmed that mining causes a
drastic decrease in the C and N pools [68,69]. The total soil C stocks in our RMSs were also
lower compared to their values in natural forest ecosystems in Poland [67]. Some studies
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have indicated that properly executed reclamation treatments can rapidly restore SOM
pools [2,69]. However, restoring C pools without topsoiling on extremely nutrient-poor
sandy substrates is very difficult. In this condition, the aim of reclamation is to initiate the
process of organic-matter accumulation [5]. This is a long-term process and depends on the
amount and duration of the impact of litterfall, among other factors. For these reasons, in
our soils, the increase in C stock with age was only evident in the uppermost soil horizons
(litter and 0–5 cm). Similar findings—of a limited increase in the C stock in the litter and
uppermost mineral soil horizons (0–10 cm)—were observed after six years of short-rotation
alley-cropping with black locust (Robinia pseudoaccacia L.) on a reclaimed site following
lignite mining in Germany [70].

The N introduced into the soil substrate in the form of mineral fertilizers may have
been incorporated into the plant biomass or lost through leaching, which likely explains
the N pools’ slow rate of restoration [60,61]. In addition, sandy substrates in the initial
stages of developing RMSs exhibit intensive nutrient leaching due to their low absorption
capacity [71].

Water-extractable C can be an indicator of land-use change and progress in ecological
succession processes [17,72]. The mining disturbance and initial stage of soil development
at the post-mining sites were evident when considering the HWC fraction content, which
is consistent with the findings of Kanzler et al. [70]. In the case of WSC, we also observed
significant differences compared to undisturbed soils. However, for sandy soils with no
fossil-carbon content, the total SOC may be a better indicator of mining disturbance than
water-extractable C.

The WSC/SOC ratio was slightly lower in the undisturbed soils, while the ratio in
the RMSs was similar to the given range of 0.26% to 3.90% for arable and forest soils in
Europe [47,73]. The HWC/SOC ratio in the undisturbed soils was similar to the reported
range of 1% to 5% for arable and forest soils under European conditions [73–75] and RMSs
following lignite mining [14,70]; the ratio in the RMSs exceeded this range. Higher soil
HWC/SOC ratios have also been reported in the literature. For example, Hamkalo and
Bedernichek [47] found higher HWC/SOC ratios of up to 16.5% in forest and arable soils in
Ukraine. Moreover, Chodak et al. [76] recorded an HWC/SOC ratio of up to 11.5% in the
mineral horizons under beech stands in Germany; this value is similar to our observations
for the 0–5 cm horizons of the RMSs. Nevertheless, the higher WSC/SOC and HWC/SOC
ratios in the RMSs compared to the undisturbed soils suggest that there is a significant
share of components that are available in the short term in the organic matter of sandy soils
in their early stages of development [70].

In forest soils, there are often higher or similar WSC/SOC and HWC/SOC ratios
in the uppermost mineral horizons compared to the deeper ones [76,77]. However, the
opposite tendency—of increasing ratios with depth—has also been observed, particularly
when investigating soil horizons up to 2 m deep [78]. In the RMSs, we observed higher
WSC/SOC and HWC/SOC ratios in the deeper (5–20 cm) rather than the shallower (0–5 cm)
soil horizons. In addition, the decrease in the WSC/SOC and HWC/SOC ratios with site
age in the RMSs indicates that the increase in C stabilization in the early stages of soil
development is limited to the uppermost (0–5 cm) horizons.

5. Conclusions

Scots and black pine had a similar effect on the properties of the RMSs and the observed
differences were relatively small. The soils under native Scots pine were characterized by
lower pH values in the litter and 0–5 cm horizons, higher EC in the 0–5 cm horizon, and
higher C stocks in the litter horizons compared to soils under black pine. The changes
in soil chemical properties with afforestation years under influence of pines were limited
to the uppermost soil horizons (litter and 0–5 cm). The soils under older (35-year-old)
stands were characterized by lower pH, higher EC, higher EA, higher CEC, and lower
base saturation values; higher C stocks and Nt contents; and more stable SOM than those
under the younger (20-year-old) stands for both pine species. After 35 years, about 20%
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of the total C stock in the RMSs for black pine and about 27% for Scots pine had been
restored compared to the undisturbed soils. This difference resulted from the higher C
stock in the litter horizons under Scots pines. Scots pine and black pine, due to their similar
influence on soil properties, can be used interchangeably in the reclamation of nutrient-poor
sandy RMSs.
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