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A B S T R A C T

The taxonomic and functional composition of the soil microbiome plays a crucial role in diverse ecosystem
services including the carbon cycle and fertility, and is intricately linked to environmental conditions. Agri-
cultural land abandonment followed by ecosystem changes and reforestation is widely spread in Eastern Europe
and especially in Russia where up to 400,000 km2 have been extracted from agricultural land-use and started to
self-reforest. In boreal ecosystems, the reuse of abandoned lands for agriculture reduces the environmental risk
connected with climate change. Therefore, there is a need to assess changes in soil parameters during long-term
abandonment. This research aims to investigate the effect of natural pine reforestation on poor sandy ploughing
lands on the taxonomic and functional composition of soil bacteria in Smolenskoe Poozerye National Park
(western Russia). The soil microbial community of early stages (<30 years of pine reforestation) and older stages
(>70 years of pine reforestation) differ significantly (p < 0.05): relative abundance of the dominant soil bacteria
namely Acidobacteriota (13 % → 21 %), RCP2–54 (0.3 % → 6 %), Verrucomicrobiota (0.8 % → 0.9 %),
Dependentiae (0.1 % → 0.7 %), WPS-2 (0.1 % → 1.2 %) increased, while the abundance of Actinobacteriota (24
% → 18 %), Chloroflexi (7 % → 0.7 %), Gemmatimonadota (2.8 % → 0.6 %), Myxococcota (3.2 % → 1.6 %),
Bacteroidota (4.6 % → 1.5 %), Latescibacterota (0.1 % → 0 %), Nitrospirota (0.3 % → 0.01 %; p < 0.05)
decreased. In the 0–30 cm topsoil humus horizon, the younger forest soil microbiome was more similar to soils of
meadows and agrocoenoses than to the older forests due to previous plough. Differences between the upper and
lower parts of the previously homogenized ploughed horizon become more evident during pine reforestation. In
terms of predicted metabolic pathways, the younger soil microbiome produces siderophores and degrades
organic substances more actively (p < 0.05). Older forest communities show higher activity of fermentation,
photosynthesis, non-organic nutrient assimilation and respiration (p < 0.05). Our results also suggest that
reforestation of poor sandy soils is not always beneficial for soil bacteria, since alpha-diversity decreases during
succession and certain taxa are more abundant in soils of ploughing lands and native forests than at the tran-
sitional stages. The ploughing effect is preserved in soils studied for at least 30 years. The results obtained can be
used in the environmental assessment to evaluate the degree and rate of restoration of soils in impacted areas.

1. Introduction

Agricultural land abandonment and consequent reforestation affect
vast territories worldwide. In Russia, up to 400,000 km2 have been
extracted from agricultural land-use and started to self-reforest (Lyuri
et al., 2010). This process affects soil by altering environmental

conditions and removing anthropogenic impacts, leading to significant
changes in various soil properties (Daskalova and Kamp, 2023). In
particular, the composition and diversity of microbial communities
undergo notable transformations.

Soil ecosystem services, such as nutrient cycling and organic matter
decomposition, are largely defined by bacterial communities (Baldrian
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et al., 2023; Bereczki et al., 2024). Post-agricultural succession greatly
alters soil microbiome composition, and its functions (Gschwend et al.,
2022; Lan et al., 2022). The state of the soil bacterial community can
therefore serve as a key indicator of ecosystem restoration (Abakumov
et al., 2023; Lavrishchev et al., 2024; Wu et al., 2024). This is particu-
larly important in terms of re-engaging abandoned soils in agricultural
practices, carbon sequestration management and climate change
mitigation.

Forest succession influence on the soil microbiome is well studied in
tropical forests (Chernov et al., 2021; Merloti et al., 2019) and temperate
forests of China, Europe and the USA (Zhou et al., 2017). Similar studies
conducted in the hemiboreal zone of Russia are rare (Abakumov et al.,
2023). Only fragmentary data are available on the microbiome of
Russian agricultural soils (Kaiser et al., 2016; Semenov et al., 2023;
Zverev et al., 2021). However, soils formed in the territory of the last
glaciation, as the youngest on the East European Plain, can provide a
unique and informative model for understanding ecosystem restoration
processes.

Despite extensive research on the soil microbiome, several crucial
questions remain unanswered: 1. How long does it take for the soil
microbiome of ploughed lands to recover to a state resembling that of
old-growth boreal forests? 2. Is there a pattern of succession in the mi-
crobial community during natural reforestation observed for soils and
vegetation? 3. How persistent is the composition of microbial commu-
nities formed on arable lands? 4. Which soil bacteria representatives
demonstrate the greatest sensitivity or resilience to environmental
changes during natural regeneration processes?

The main prehypothesis for this study was ‘soil microbiome formed
in croplands due to adverse agricultural activity (ploughing, liming,
aeration, entering manure and mineral fertilizers) is recovering during
pine reforestation’. The following hypotheses were tested: i. reforesta-
tion enhances bacterial diversity by reducing the impacts of fertilization
and intensifying resource competition, thereby altering the predicted
metabolic pathways provided by soil microbiota; ii. deeper soil horizons
are less influenced by these dynamics. To test these hypotheses, the
following questions were addressed: (1) What are the primary differ-
ences in the structure and composition of microbial communities across
various soil layers? (2) How does bacterial composition vary with forest
succession age? (3) What are the effects of microbial community
changes on the abundance and composition of predicted metabolic
pathways?”

2. Materials and methods

2.1. Site description

In this research, the impact of natural pine reforestation was inves-
tigated on the soil microbiome and bacterial metabolic pathways
composition in poor sandy ploughing lands of Smolenskoe Poozerye
National Park, hemiboreal zone of the central part of the East-European
plain (Ahti et al., 1968). Here, natural pine forests of diverse ages grow
on abandoned ploughing lands and non-ploughed areas (Shopina et al.,
2023; Terekhova et al., 2023). The climate of the region is humid con-
tinental (Dfb – Köppen classification). An average January air temper-
ature is − 4.8 ◦C. An average July air temperature is +18.5 ◦C. Mean
annual precipitation is 730 ± 56 mm (data averaged from 2013 to 2021
according to the website rp5.ru).

After land abandonment, due to the stopping of agricultural activity,
pine reforestation began without any human management, and a space-
for-time substitution approach was used to study the changes in soil
microbiome. The chronosequence of phytocenoses included agricultural
fields, fallow meadows and pine forests. During fieldwork, stages of pine
forest sandy soil regeneration from ploughing were identified and
sampled in triplication at the key sites located on interfluves, with no
signs of excessive waterlogging (Table 1, Fig. S1). The key sites were
selected based on the analysis of historical maps and remote sensing

data (from 1927 to 2021) as described in detail in (Shopina et al., 2023;
Terekhova et al., 2023). At every key site, two geobotanical descriptions
were carried out in plots of 10 × 10 m for the non-forest stages and 20 ×

20 m for the forest stages. Latin names of the plant species were given
according to (Ignatov et al., 2006; Maevskii, 2014). The age of 3–5 trees
was determined by trunk cores, taken with an age borer. The period of
forest succession was evaluated based on the age of the trees.

Stage 0 includes agrocenoses and young fallows up to 2 years old
with domination of grasses and the proportion of short-lived plants
reaching 24 % (Table S1). In agrocenoses, the low species diversity (17
species per 100 m2) is associated with the artificial removal of non-
target plants. In young fallows, species diversity reaches 40 species
per 100 m2. Vegetation of stage 1 is represented by old (10–25 years)
fallows with short-grass meadow communities with a projective
coverage of about 60 % and medium species richness (<30 species per
100 m2). The herb layer was dominated by loose- and long-rhizome
Festuca rubra and Poa angustifolia, as well as the species of genera Arte-
misia and Potentilla. Tree species (Betula sp., Pinus sylvestris and Populus
tremula) were found only at one key plot and covered <3 %. At stage 2,
stands of 10–25 years are formed by pine with an admixture of birches.
Approximately 10 years since field abandonment, the tree stand canopy
closure results in the herb layer cover decreasing from 80 to 85 % (site 3,
Table S1) to 1–20 % (site 1). Meadow species disappear and the
participation of forest species increases. Moss cover increases from 5 to
20–45 %. The canopy cover of postagrogenic pine forests of 60–80 years
old (stage 4) is 50–70 % with a small admixture of birch. In the un-
dergrowth (projective cover 10–35 %), Picea abies, Quercus robur, Sorbus
aucuparia, Frangula alnus, Betula sp. are present. Vaccinium myrtillus
dominates the herb layer as its projective cover ranges around 30–70 %.

Table 1
Sandy soils and vegetation of pine reforestation stages studied in the Smo-
lenskoye Poozerye national park.

Stage Soils: soil horizons named
according to (IUSS Working
Group WRB, 2022)

Vegetation Distance,
km

0 Arenosols (Aric): Ap26 – C Agrocenoses and 1–2-year
fallows

0.1

1 Entic Rustic Podzols
(Ochric) and Arenosols
(Ochric): O2 – Ap28 – Bs37 –
C

Meadow fallows 10–25 years
on the abandoned
agricultural lands

3.4

2 Entic Rustic Podzols
(Ochric) and Arenosols
(Ochric): O3 – Ap30 – (Bs60)
– C

Young (10–30 years) pine
forests on the abandoned
agricultural lands

3.6

4 Entic Rustic Podzols
(Ochric): O3 – A(p)21 – Bs39
– C

Medium-aged (60–80 years)
pine forests on the
abandoned agricultural lands

0.1

5 Entic Rustic Podzols
(Ochric) and Arenosols
(Ochric): O3 – A(p)17 – (E23)
– Bs74 – C

Old-aged (80–120 years)
pine forests on the
abandoned agricultural lands

10.6

6 Rustic Albic Podzols and
Entic Podzols (Nechic): O4 –
A(p)6 – (E11) –Bs39 – C

Old-aged (90–120 years)
“native” pine forests at the
non-plough lands or on soils
reclaimed after ploughing

16.8

Note. Ecosystems of Stage 3 are not described in this study because the
maximum in ploughing area was observed in the study region during the cor-
responding period. And agricultural land abandoning was not typical for that
period. Appropriate pine forests of this age were not found. Initially, we assumed
the stage 6 to correspond native forest soils and to be selected as territories
consistently forested on the historical materials and remote sensing data
(Landsat 1985–2020; Corona 1970). However, during field works, features of
former ploughing of the soils, e.g. higher thickness of the humus horizon and
higher organic matter content, were found. For only one of the three key sites for
a stage 6, we can state with certainty that it has never been used for agriculture.
Depth of the lower boundary is indicated for soil horizons. Lowercase figures
after horizons, mean depth in cm. Average distance between key sites is
represented.

O.V. Shopina et al.
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Mosses cover is 80–100 %. In the postagrogenic pine forests of 80–120
years old (stage 5) the canopy cover is 35–75 % with a small admixture
of birch and spruce. At this stage, the pine tree began to die off forming a
gap structure. The projective cover of the moss layer varies from 3 to 5 to
50–75 %. At stage 6, the uneven-aged (up to 180 years old) tree stand of
the pine with a small admixture of birch has minimal canopy cover
(30–45 %). In the herb layer, with a projective cover of 35–80 %, Vac-
cinium vitis-idaea and V. myrtillus dominate. Projective cover of the moss
layer is 80–100 %.

2.2. Soil sampling, chemical analysis and DNA sequencing

At each key site, soil samples (98 samples of 300–500 g) for the
subsequent physical and chemical analysis were taken from cross-
sections. The samples of each soil horizon were collected from a
perimeter (approximately 3 m) of soil cross-section including the front
and side walls of the cross-section. Physical and chemical analyses were
conducted using routine standardized techniques (Pansu and Gau-
theyrou, 2006; van Reeuwijk, 2002) as reported in Table S2 for рН
value, soil organic matter content (SOM), available phosphorus (Pav),
available potassium (Kav), total nitrogen (Ntot), total carbon (Ctot) and
granulometric composition. To compare the data sets (i. the upper vs
lower layers of the same chronosequence stage; ii. same layers of the
different stages) for soil properties, the Mann-Whitney U test (pM) was
used. Only significant differences (pM< 0.05) are presented in the Result
section.

54 soil samples (6 stages × 3 sites × 3 depths) for the subsequent
extraction of total DNA were collected from three groups of vertical
locations of each soil cross-section using knifepoint into 1.5 mL tubes. To
avoid cross-sample contamination, the first sample was collected from
the lower vertical location followed by the middle and upper locations.
Prior to sampling, the cross-section sides were cleaned if necessary. The
knife was treated with 96 % ethanol before collecting each sample.

The first group of samples (A) was picked from the uppermost part of
the A-horizon rich in humus from a depth of 0–0.5 cm directly under the
leaf litter (Table S3). According to the pine reforestation stage, three
subgroups of the A-horizon were sampled: i. natural (non-modified by
ploughing) A-horizon typical for Entic Podzols (Nechic) of Stage 6; ii.
Ap-horizon developed due to ploughing with a (very) abrupt distinctness
and a smooth shape of the lower boundary according to (IUSS Working
Group WRB, 2022) and typical for soils of Stages 0–2; iii. A(p)-horizon
preserving signs of modification by ploughing with a gradual distinct-
ness and a wavy shape of the lower boundary according to (IUSS
Working Group WRB, 2022) and typical for soils of Stages 4–6. The
second group of samples (B) was collected from the lowermost (12–40
cm) part of the A-horizon. The third group of samples (C) was obtained
from the uppermost part of the parent material i.e., C-horizon (25–74
cm). The sampling depths of B and C varied depending on the depths of
ploughing and the presence of middle horizons (i.e., E-horizon, Bs-
horizon; see Table 1) between the ploughing horizon and parent mate-
rial (Table S3). All samples were taken in at least 5 representative lo-
cations from the front and side walls of the cross-section (the total area
of sampling is approximately 1 m2), avoiding excavation, charcoals and
other disturbances that would affect the composition of the soil micro-
biota. The soils and soil horizons were classified according to (IUSS
Working Group WRB, 2022).

Sample tubes were placed in a − 20 ◦C freezer at the end of each
sampling day and were stored until the end of the fieldwork, and
transported to the lab in a frozen state in a food thermos. Total DNA from
soil samples was isolated using DNeasy PowerSoil (Qiagen, Germany).
Subsamples of 300 mg were put into a PowerBead tube, then 60 μl of the
C1 buffer was added, and the tube was inverted 4–5 times to mix the
reagents. The samples were then disrupted using TissueLyser II or Tis-
sueLyser LT (Qiagen, Germany, 10 min, 30 Hz). Then DNA was purified
according to the manufacturer's protocol. Its concentration ranged from
2 to 3 ng/μl on average and was measured on the Qubit 1 fluorimeter

using the Qubit DNA HS kit (Thermo Fisher Scientific, USA).
Variable 16S rRNA regions were amplified with two primer combi-

nations, V3-V4 and V4-V5 (341F 5’–CCTAYGGGRBGCASCAG–3′ and
806R 5’–GGACTACNNGGGTATCTAAT–3′; 515F 5’–GTGCCAGCMGC
CGCGGTAA–3′ and 907R 5’–CCGTCAATTCCTTTGAGTTT–3′, respec-
tively). Phusion polymerase (New England Biolabs, USA) and the
following program was used for amplification:

Step 1: 95 ◦C 2 min (initial DNA melting)
24 cycles as follows:
Step 2: 95 ◦C 30 s (melting)
Step 3: 58 ◦C 30 s (primer annealing)
Step 4: 72 ◦C 40 s (synthesis)
Step 5: 72 ◦C 5 min
The product specificity was checked using electrophoresis in 2 %

agarose (1× Tris-acetate-EDTA buffer, 100 V/14 mA). Gels were visu-
alized on a transilluminator under the UV light. To prepare sequencing
libraries, amplicons were purified using the AMPure XP beads (Beckman
Coulter, USA) according to the manufacturer's protocol (90 % V:V).
Amplicon concentrations were measured on the Qubit 1 fluorimeter
using the Qubit DNA HS kit (Thermo Fisher Scientific, USA). Samples
(distilled water) containing no DNA processed in the same laboratory
were used as a negative control. To skip the adaptor ligation step, all
primers already contained Illumina 1 (forward primer) or Illumina 2
(reverse primer) adaptors. Index PCR was made using Phusion poly-
merase (New England Biolabs, USA) and the Nextera XT Index kit
(Illumina, USA) according to the manufacturer's protocols. The library
concentrations were measured on the Qubit 1 fluorimeter using the
Qubit DNA HS kit (Thermo Fisher Scientific, USA). The libraries were
sequenced on IlluminaMiSeq with read length of 250 bp (MiSeq Reagent
Kit v2).

2.3. Bioinformatics and statistical analyses

The bacterial and archaeal 16S rRNA sequences generated were
processed using QIIME 2 version 2022.2 (Bolyen et al., 2019). Demul-
tiplexing the sequence was followed by quality control using DADA2
(Callahan et al., 2016). Taxonomy was assigned to amplicon sequence
variants (ASVs) with 99% similarity using the 16S rRNA SILVA database
version 138 (G. Kim et al., 2019). The pre-trained classifier obtained
with the RESCRIPt plugin (Robeson et al., 2021), was used. Taxonomic
matrices generated were used for further statistical analyses. To assess
alpha and beta diversity, a phylogenetic tree was constructed using the
fasttree method with MAFFT alignment (Katoh and Standley, 2013;
Price et al., 2010).

Two sets of mentioned primers for the two 16S rRNA gene regions
were used to confirm the homogeneity of the results (Abellan-Schneyder
et al., 2021). The relative abundance of the reads was determined as a
proportion of the total reads to account for PCR bias in each different
sample. Results for the two variable regions at the family level were
highly correlated (R2 > 0.66). However, the V4-V5 region provided
more families (460) compared to the V3-V4 region (420), including 109
families not found for the V3-V4 region at all (Fig. S2). Of these 109
families, 5 families had an abundance >50 reads (Micrococcaceae,
Streptomycetaceae, Oxalobacteraceae, Burkholderiales A21b, Bur-
kholderiales SC-I-84). For simplicity, results in the main text were ob-
tained from the data on the V4-V5 region, while the plots for V3-V4
regions were provided in the Supplementary Material. This did not in-
fluence the conclusions.

Further statistical analysis and data visualization were performed in
R 4.1.3 using phyloseq (McMurdie and Holmes, 2013), vegan (Dixon,
2003), caret (Kuhn et al., 2023) and ggplot2 (Kassambara, 2020)
packages. Indicator families were identified using the indicspecies
package (De Cáceres and Legendre, 2009). Singleton operational taxo-
nomic units (OTUs) were excluded from the analysis, and communities
were rarefied to 21,517 sequences per sample.

Permutational Multivariate Analysis of Variance (PERMANOVA,

O.V. Shopina et al.
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pPER) from the pairwiseAdonis function from package ‘vegan’ was used
to estimate the significance of microbiome differences between the
groups of sampling depths (A, B and C) and stages (0–6) using distance
matrices obtained with QIIME2 at the ASV level. The Benjami-
ni–Hochberg false discovery rate (FDR) correction for multiple testing
was applied. FDR corrected Wilcoxon rank test (pW) and median effect-
size from Aldex2 were used to search for bacterial groups whose pro-
portion differed significantly between the studied conditions (Fernandes
et al., 2014; Gloor et al., 2016). The distance matrices obtained in
QIIME2 were used for cluster analysis, principal coordinate analysis
(PCoA) and t-distributed stochastic neighbourhood embedding (t-SNE)
(Xu et al., 2021).

The metabolic potential of the microbial communities was predicted
using a PICRUSt2 package for QIIME2 (Douglas et al., 2020). Although
the authors understand that there are some limitations and uncertainties
in gene assessment using PICRUSt, this approach was shown to be
valuable and is frequently used in modern research (Agrawal et al.,
2019; Lu et al., 2023; Shang et al., 2023). Differences in metabolic
pathway frequencies were assessed with the same statistical tests as
described for microbial abundances. The metabolic pathway composi-
tion of samples was visualized with Principal Coordinate Analysis
(PCoA) of Bray-Curtis distances.

Similarities in the physical and chemical properties of the studied
soils were shown using Principal Component analysis (PCA). To assess

Fig. 1. Differentiation of studied soils of stages 0–6 of the chronosequence in the Smolenskoye Poozerye National Park. A – soil properties by stages. Upper case
letters A, B and C correspond to sampling depths. Lower case letters a, b and c indicate significant differences between stages for each parameter at p = 0.05. B – PCA
of the soil chemical properties. PERMANOVA F-ratios and ps are provided for stage and depth used as predictors.

O.V. Shopina et al.
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the impact of physical and chemical soil properties on the structure of
the microbiome and its predicted metabolic pathways, a random forest
model was used as follows. The clustering results by Ward's minimum
variance method with the weighed UNIFRAC distances for microbiome
composition and Bray-Curtis distances for predicted metabolic pathways
composition were used to classify samples with similar microbiome and
metabolic pathway structure. The optimal number of clusters was cho-
sen to be 3, as a larger number of clusters would result in single-sample
clusters, which would degrade the quality of the model. The results of
clustering were used in a random forest model where physical and
chemical soil parameters as well as sampling horizons and stages were
used as predictors. The resulting models had 100 and 90 % accuracy for
microbiome and predicted metabolic pathways composition, respec-
tively. The variable importance scaled scores were used to evaluate the
impact of soil properties on microbiome composition (Breiman, 2001).
Because non-parametric statistical tests were used, tests for normality
and homogeneity were not carried out for the data since multivariate
compositional data usually does not meet the criteria for multivariate
normality.

3. Results

Most of the horizons of the studied soils were (loamy) sand or sandy
loam. Singular samples of the B-horizon and parent materials were
classified as (silty) loam or silt. It confirms the similarity of parent ma-
terials of all soils studied and the formed chronosequence does not differ
in texture. The pH level of the studied soils ranged from acidic to slightly
alkaline. In most soils, the pH values did not change or increased slightly
with a depth (from A to C depths, Fig. 1). The maximum pH values were
typical for ploughing soils at stage 0 (pM < 0.05 with all other stages).
Further on, by stage 6, the pH values fell monotonically.

Content SOM, Kav, Pav, Ctot and Ntot decreased with depth in all
soils. In the A horizon, SOM content rose through chronosequence
reaching a maximum at stage 6. At the lowermost part of A-horizon and
the uppermost part of C-horizon, minimum SOM content was at stage 4.
At the uppermost part of A-horizon, Pav content decreased through
chronosequence. At the same time, the content of Ctot and Ntot had a
local maximum at stage 1 and linearly increased from stage 2 to 6. Kav
content showed a minimum at stage 4 at all depths. This sharp fall in its
content from stage 2 to stage 4 was also true for Ctot and Ntot at the
lowermost part of A-horizon and the uppermost part of C-horizon. At the
uppermost part of C-horizon, Pav content rose from stage 0 to stage 4
and then decreased.

Variations in the studied soil properties differed highly between
samples of stages for the uppermost and lowermost part of the A-hori-
zon. Samples of the uppermost part of the C-horizon were more
consistent (Fig. 1).

3.1. The taxonomic composition of a soil microbiome

Proteobacteria (13–36 %), Actinobacteriota (8–33 %), Acid-
obacteriota (8–29 %), Planctomycetota (1–20 %) and Chloroflexi
(0.03–16 %) dominated in all soil microbial communities considered. In
general, the set of the 10 most common phylum varied slightly with
depth (Fig. S4).

3.1.1. Vertical differentiation
The uppermost and lowermost part of the A-horizon had an identical

compositional set, whereas, for the C-horizon, the top 10 phyla included
Verrucomicrobiota (0.1–4 %) and Methylomirabilota (0.2–4 %) instead
of RCP2–54 (0.05–11 %) and Bacteroidota (0.3–6 %). At the ASV level,
the microbial composition of the uppermost and lowermost part of A-
horizon was similar (pPER = 0.061) and differed with C-horizon (pPER =
0.001 and 0.002, respectively). The uppermost and lowermost parts of
the A-horizon had no phyla with significant differences. The abundance
of Planctomycetota (A depth: 13 % > C depth 6 %, pW < 0.0005),

Bdellovibrionota (A depth: 0.5 % > C depth 0.3 %, pW < 0.0005) and
Bacteroidota (A depth: 3 % > C depth 1.2 %, pW < 0.0005), Methyl-
omirabilota (A depth: 0.2 % < C depth 2 %, pW < 0.0005) differed
significantly between the uppermost parts of the A and C horizons (effect
size >1). Bacteroidota also had a higher abundance at the B depth
compared to the C depth (B depth: 2.8 %> C depth 1.2 %, pW= 0.0008).
Significant differences in abundance (effect size >1) were observed for
the several bacterial families (Fig. S4, Table S4).

Kallotenuales AKIW781 and Hymenobacteraceae were indicator
families for the uppermost part of the A-horizon. For the C-horizon, 18
families were indicators (Table S5). No indicator families were found for
the lowermost part of the A-horizon.

3.1.2. Temporal differentiation
At the ASV level, soil microbiome composition differed significantly

in stages 0–2 compared to stages 4–6 (pPER < 0.01). Also, the soil
microbiome composition of stage 0 differed significantly with all stages
(pPER < 0.01). There were no significant differences between stages 1
and 2 (pPER = 0.16) and between stages 4, 5, and 6 (pPER > 0.18).

As the group for one depth and one stage consisted of 3 samples each,
no significant differences were found between stages within the horizon.
Therefore, for further analysis of microbiome composition, 2 groups of
stages were identified: early stages (0,1,2) and older stages (4, 5, 6). The
stages were grouped this way for several reasons. Firstly, as can be seen
on the PCA graph (Fig. 1), soil from groups 0, 1, 2 and 4, 5, 6 formed two
separate clusters, when it comes to the uppermost and lowermost part of
the A-horizon. So that these two groups had more similarities in soil
properties, too. Secondly, the same two groups can be identified by
analyzing α-diversity. Early-stage soils (especially at A depth) were
characterized by higher α-diversity with Shannon index 8–9 (Fig. S5). At
the B depth, it decreased more monotonically with the chronosequence
stage. At the uppermost part of the C-horizon, the α-diversity was lower
in general and the differences between stages became less noticeable.
Finally, to confirm the similarity of the composition of the soil micro-
biome from the early and older stages, a cluster analysis was carried out.
Stages 0, 1 and 2 formed a separate cluster for the two parts of the A-
horizon. For the uppermost part of the C-horizon, this cluster became
less obvious as the composition of the soil microbiome of the different
stages became more homogeneous than in the A and B depths (Fig. S6).

In general, samples from the two parts of the A-horizon were grouped
by a succession stage (Fig. S3). Early-stage soils and soils of older forests
occupied different parts of the plot. Distances between samples of the
same stage were relatively short for stage 0 and stage 4 which is in
agreement with the close location of the sampling sites corresponding to
these two stages (see Table 1). In Fig. 2, the longest distances within a
stage were typical for stages 1, 2 and 5. Samples from stage 6 showed
higher heterogeneity at depth B than at depth A. Samples from the up-
permost part of the C-horizon did not show significant clustering ac-
cording to a succession stage. On the PCoA space, they were
predominantly grouped in the upper left corner.

The weighted UNIFRAC distance was then used as input to t-SNE for
unsupervised dimensional reduction (to two dimensions) and visuali-
zation (Fig. 2). Predominantly, samples from all depths of stages 0, 1 and
2 clustered together, while samples from these three depths of stages 4, 6
and partly 5 formed three distinct clusters.

Among the 20 most abundant phyla, four groups were identified
according to their abundance change during reforestation (Fig. S7). The
abundance of 102 and 75 families differed significantly (pW < 0.05,
effect size >1) at the uppermost and lowermost part of the A-horizon,
respectively (Fig. 3, Fig. S9). At the uppermost part of the C-horizon of
older stages, abundance of Anaeromyxobacteraceae, Gammaproteo-
bacteria WD260, Babeliaceae and Obscuribacteraceae was higher (pW <

0.05, effect size >1).
The soil microbial community had 21 indicator families at stage

0 (Table S6). For stages 1 and 2, only two (Phycisphaerae mle1–8 and
Gaiellaceae) and one (Cryptosporangiaceae) families were indicators,
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respectively. There were no indicator families found for the soils of stage
4. Sporolactobacillaceae and Pectobacteriaceae were indicator families
for stages 5 and 6, respectively. Early stages (0, 1 and 2) had 60 indicator
families, while only Puniceicoccaceae and Simkaniaceae were indicators
for older stages (4, 5 and 6).

Assessing the contribution of all factors to the microbiome compo-
sition by a random forest model showed that the most important soil
property was pH with a score of 100, followed by the stage of post-
agricultural succession (score 40). Other parameters with high scores
were Ctot, Ntot and Pav (29, 17 and 15, respectively; Table S8).

3.2. Metabolic pathways

The most common predicted metabolic pathways in the soils studied
were biosynthesis of amino-acids, cofactors, nucleotides, lipids, and
carbohydrates responsible for about 70 % of all pathways found.

3.2.1. Vertical differentiation
The metabolic pathway structure of the microbial communities

differed significantly at depths A and C (pPER= 0.024) and was similar in
the pair of depths A and B, and B and C (pPER = 0.081 and 0.226,
respectively). The abundance of 26 individual pathways differed

significantly in the soil microbiome sampled at the uppermost parts of
the A and C horizons (pW < 0.05, effect size >1). Mono-trans, poly-cis
decaprenyl phosphate biosynthesis was significantly more abundant at
depth A (0.06 %) compared to depth B (0.04 %). Hexitol fermentation to
lactate, formate, ethanol and acetate was significantly more frequent at
depth C (0.05 %) compared to depth B (0.03 %).

3.2.2. Temporal differentiation
From PERMANOVA results, metabolic pathway abundance and

structure were significantly different for stages 1 and 4, 1 and 5, 1 and 6
(pPER = 0.001 for three pairs), 2 and 5 (0.041), 2 and 6 (0.15). In the
PCoA space with a Bray-Curtis distance, no separation was observed for
the samples from the different parts of the A-horizon (Fig. 2). Their
position depended predominantly on the stage of succession and not on
the horizon: from top to bottom of the plot, samples from the older
stages (4, 5, 6), the early stages (0, 1, 2) and from the C-horizon (all
stages) formed separate clusters.

Since the frequency of a large number of predicted metabolic path-
ways – 296 and 260 for the uppermost and lowermost part of the A-
horizon, respectively – differed significantly (pW < 0.05, effect size >1)
between chronosequence stage groups, further analysis was conducted
with a high and low-level grouping of predicted metabolic pathways (7
and 58 groups in total, respectively). At the high level, the abundance of
microbial activation-inactivation-interconversion, biosynthesis, degra-
dation, energy metabolism, metabolic clusters and superpathways
differed between early and older stage soils (Fig. S10). However, only
the activation-inactivation-interconversion group decreased during
reforestation (pW < 0.05, effect size >1).

Among 58 predicted metabolic pathways groups examined for all A-
horizon samples of early and older stages, 42 groups differed signifi-
cantly (pW < 0.05, effect size >1; Fig. 3). Of these, alcohol-degradation,
amino-acid-degradation, interconversion, methylaspartate cycle, phos-
pholipases, superpathway of chorismate metabolism were more abun-
dant at the early stages. For the older stages, 36 groups dominated (most
abundant were biosynthesis of amino acids, nucleotides, lipids, carbo-
hydrates, and cell structure).

For the lowermost part of the A-horizon, 13 groups of predicted
metabolic pathways differed (pW < 0.05, effect size >1, Fig. S12). Of
these, 8 groups of predicted metabolic pathways dominated at the older
stages [degradation of steroids (early stages 0.01 < 0.05 % older stages)
and polymers (0.44 < 0.54 %), other degradation (0.09 < 0.2 %), a
sulphate assimilation and cysteine biosynthesis superpathway (0.5 <

0.6 %), isopropanol biosynthesis (engineering, 0.11< 0.16%), aldehyde
degradation (0.0005 < 0.002 % older stages), photosynthesis (0.22 <

0.27 %), a D-glucarate and D-galactarate degradation superpathway
(0.05 %< 0.06 %)]. And only 5 groups of predicted metabolic pathways
dominated at the early stages [amino acid degradation (early stages
0.95> 0.65 % older stages), interconversion (0.1> 0.03 %), chorismate
metabolic superpathway (0.2 > 0.1 %), methylaspartate cycle (0.04 >

0.005%), biosynthesis of siderophores (0.09> 0.06%)]. The abundance
of predicted metabolic pathways was similar in the C-horizon of the
different stages.

The relative importance of soil properties for predicted metabolic
pathways composition decreased from pH (score 100) to SOM (51), soil
horizon (30), Pav (28) and Kav (12).

4. Discussion

4.1. The taxonomic composition of a soil microbiome

Predominant soil phyla observed in our studies belonged to the
groups of the most abundant bacteria phyla worldwide (Delgado-
Baquerizo et al., 2018) and the core microbiome group of the East-
European plain (Pershina et al., 2018; Semenkov et al., 2023; Shelya-
kin et al., 2022). It was similar to microbiomes of other forest (Cao et al.,
2021; Chen et al., 2021; Pressler et al., 2020; Shao et al., 2019; Shelyakin

Fig. 2. Differentiation of the soil microbiome composition of stages 0–6
sampled at depths A, B and C. A – the t-SNE plot with a weighted UNIFRAC
distance for the V4-V5 region. Clusters (highlighted manually): I – soils of early
stages (0, 1, 2); II – A depth of older stage soils (4, 5, 6); III – B depth of older
stage soils; IV – C depth of older stage soils; B – PCoA plot based on the relative
abundance of predicted metabolic pathways of the soil microbiota with a Bray-
Curtis distance for the V4-V5 region. PERMANOVA F-ratios and ps are provided
for stage and depth used as predictors.
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et al., 2022; Bereczki et al., 2024; Zhou et al., 2023) and ploughing soils
(Górska et al., 2024), as well as soils of abandoned croplands (Abaku-
mov et al., 2023; Gao et al., 2023; Liu et al., 2024).

4.1.1. Vertical differentiation
Our results showed that the microbial community of the uppermost

and lowermost part of the A-horizon does not differ even in soils of older
stages of the post-agrogenic succession. This couldmean that for>15 cm
of the (previously) ploughing horizon, soil metagenome stays uniform,
since the lower boundary of the A(p) horizons is laid on the depth of
15–27 cm in the studied soils. Differences in the microbial community
between the uppermost and lowermost part of the A-horizon became
evident at the older chronosequence stages (4, 5, 6) based on the results
of the t-SNE analysis. The homogeneous composition of the Ap horizon
microbiome resulted from mixing during ploughing preserved for 30
years. While at the older stages, soil-forming processes e.g., eluviation
and/or podzolization lead to the differentiation of the previously
ploughed horizon. Higher heterogeneity of microbiomes of older Pod-
zols at the East-European plain was shown previously (Ivanova et al.,
2020). The microbiome of the C-horizon always differed significantly
from the microbiome of the topsoils due to the vertical differentiation of
the chemical and physical soil properties (Tripathi et al., 2019). In
arable lands, the taxonomic composition of the soil bacterial community
is differentiated according to the depth of tillage and associated fertil-
izing (Kim et al., 2021; Zhong et al., 2023).

Our results on the differentiation of abundance of bacterial taxa are
in agreement with the previous studies (Table S4) e.g., for highly
frequent in the studied topsoil Bacteroidota, Planctomycetota and
Planctomycetota. Despite the total number of families being lower in
soil-forming material samples, more indicator families were found for
the C-horizon compared to the A-horizon. The microbiome of the C-
horizon had lower α-diversity than reported previously (Islam et al.,
2022; Shao et al., 2019) and more unique taxa which probably could not
inhabit topsoil horizons due to the environmental gradient described
above.

4.1.2. Temporal differentiation
Our results showed that the microbiome composition of ploughing

soils contrasted with soils of all other pine reforestation chronosequence
stages. Ploughing soils had maximum α-diversity and number of indi-
cator families. These soils had a minimum relative abundance of
Planctomycetota and a maximum abundance of Cyanobacteria from all
the stages. The diversity of microorganisms increased probably due to
fertilization and aeration improving ecological conditions for microor-
ganisms. Inorganic nitrogen fertilizer and compost altered the diversity
and structure of the soil bacterial community in the case of cultivation of
buckwheat (Fagopyrum esculentum Moench) (Morigasaki et al., 2024).

Higher α-diversity and number of indicator families in the topsoil
were typical for all early-stage soils. Only two indicator families with
higher abundance were characteristic for older stages. So, α-diversity
dropped significantly after 70 years of reforestation due to depletion as
sandy soils themselves are poor in nutrients. Previously, in abandoned
croplands situated on Podzols, the highest α-diversity was reported for
40-year-old soil which decreased with the increasing time of the fallow
state (Lavrishchev et al., 2024). Higher bacterial diversity in ploughed
soils in comparison with forest soils was also reported in the Amazon
region (Pressler et al., 2020) and in China (Chen et al., 2021;Wang et al.,
2022; Yang et al., 2022). Post-logging succession in China also showed a
decrease in microbial diversity in plantations (Islam et al., 2022). Mi-
crobial diversity decreases with the age of land abandonment in the
southern taiga of Russia (Ivanova et al., 2020) and with a stand age in
China (Shao et al., 2019). Although some studies show no significant
differences in diversity during reforestation (Chernov et al., 2021; Gao
et al., 2023) or increase in diversity with succession (Cao et al., 2021).
Also, the microbiome composition of soils from stage 2, on which the
tree layer is already formed, was more similar to meadow soils than to
the older forest soils. This indicates that reforestation occurs faster than
the recovery of soil microbiome.

No linear trend was observed for β-diversity. The highest spatial
homogeneity was characteristic of the soils of stages 0 and 6 for the
uppermost part of the A-horizon. Stage 0 was characterized by the most
favourable environmental conditions, while stage 6 was the least

Fig. 3. Heatmap with relative abundance of bacterial families (left) and lower-level grouping metabolic pathways groups (right) differed significantly (pW < 0.05)
between early and older succession stages at the uppermost and lowermost part of the A-horizon for the V4-V5 region. The abundance of each bacteria family is
scaled (z-score) across all samples.
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favourable. Perhaps at these extremes, spatial heterogeneity starts to
play a lesser role. It is interesting to note that Methylomirabilota had
maximum relative abundance at stages 0 and 6, which may indicate that
both ploughed and non-disturbed soils are equally favourable for some
groups of bacteria. On the other hand, Elusimicrobiota had the lowest
abundance at these two stages, which means this phylum prefers mod-
erate anthropogenic disturbance of the soils. Another conclusion to be
drawn from the β-diversity analysis and differentially abundant families
is that for all parts of the A-horizon, the composition of the soil micro-
biome is more dependent on the stage of the pine reforestation chro-
nosequence than on the depth. Whereas for parent materials, the stage of
the pine reforestation chronosequence plays a minor role. So, changes in
the soil metagenome during pine reforestation chronosequence affect
about the upper 30 cm layer i.e., the previously ploughed horizon.

Ordination methods in other studies also showed distinct clustering
of the soil microbiome composition according to a chronosequence stage
(Chen et al., 2021). In younger forests in Vietnam, a soil microbiome
structure was more similar to agricultural soils, whereas in older forest
plantations, it was more similar to native forests (Chernov et al., 2021).
This corresponds greatly with our results. However, in a study from
China, while soil samples clustered according to a chronosequence
stage, soil depth played an important role in clustering (Islam et al.,
2022).

Similar to our results higher abundance of Acidobacteria in forest
soils compared to agricultural soils was shown in the Amazon region
(Pressler et al., 2020), Central Hungary (Bereczki et al., 2024) and New
Zealand (Hermans et al., 2020). A higher abundance of Verrucomicro-
biota and Dependentiae was observed in primary forests (Qi et al., 2020;
Shao et al., 2019) and in pine plantations in Argentina (Trentini et al.,
2020), respectively. The abundance of RCP2–54 phylum negatively
correlated with Ntot content (Muhammad et al., 2022), which could also
decrease in our case with a chronosequence stage due to the depletion of
nutrients added with fertilizers. However, a decrease and increase in
Verrucomicrobiota during reforestation was found in China (Islam et al.,
2022) and in Hungary (Bereczki et al., 2024), respectively, while
another study stated a decrease in the abundance of Acidobacteria (Shao
et al., 2019). Some studies showed a higher abundance of Proteobacteria
in native forests (Hermans et al., 2020; Bereczki et al., 2024; Qi et al.,
2020), while in our case their abundance was constant for all stages.
Also, in contrast with our results, several studies show a decrease in
WSP-2 in forest soils (Qu et al., 2020; Sheremet et al., 2020). On the
other hand, over-representation in agricultural soils of Actinobacteria,
Chloroflexi, Gemmatimonadetes, Bacteroidetes, and Nitrospira shown in
our study was also observed in the Amazon region (Pressler et al., 2020).
However, a studies showed a decrease in Actinobacteria (Shao et al.,
2019) and an increase in Bacteroidota and Gemmatimonadota (Bereczki
et al., 2024). Myxococcota preference for ploughing soils was shown in
Switzerland (Gschwend et al., 2022). But in contrast to our results,
Latescibacterota abundance was shown to increase with reforestation
(Lan et al., 2022). For similar chronosequence with Podzols sampled
370 km further to the North, fallow soils were abundant in Nitro-
somonadaceae (Pseudomonadota), Mycobacterium (Actinobacteria),
Nitrospira (Nitrospirota), and Luteolibacter (Verrucomicrobiota) (Lav-
rishchev et al., 2024).

The number of differentially abundant families between stages was
close for the uppermost and lowermost part of the A-horizon, while
dropped significantly in the C horizons which means that the parent
materials were less influenced by ploughing. Thus, approximately the
upper 30-cm of soil is altered the most during pine reforestation.

4.2. Metabolic pathways

4.2.1. Vertical differentiation
Although in microbiome composition depths B and C differed

significantly which was not inconsistent with a predicted metabolic
pathways structure, the abundance of predicted metabolic pathways

differed significantly only for A and C depths. So, the taxonomic struc-
ture of the soil microbiome changed more rapidly with depth than the
predicted metabolic pathways. There should be some bacterial taxa that
substitute each other in terms of predicted metabolic pathways. How-
ever, this question required additional research.

Most of the predicted metabolic pathways with higher abundance at
the uppermost part of the A-horizon were related to vitamin K and its
precursor biosynthesis which are involved in bacterial electron transport
and in sensing environmental changes such as alterations in redox state
(Gajare et al., 2016; Stavridou et al., 2021) that also changes during pine
reforestation. Probably, in the surface horizons, the redox conditions
change more often due to varying air access (Enchilik et al., 2023).
Under usual conditions, there is good aeration here, but this changes
after rain falls. Consequently, the bacteria producing menaquinones are
therefore more fit at the uppermost part of the A-horizon (Kang et al.,
2022). Other pathways more widely observed in the topsoils included
C1 compounds (including methanol) oxidation to CO2. This could be
explained by the higher concentration of such gases in the subsoil.
Methane and methanol mostly enter the soil from plant decomposition
and exudates. Thus, the soil layer underlain by the litter should be
enriched in one‑carbon compounds (Kolb, 2009).

The rest of the pathways more abundant at the uppermost part of the
A-horizon were from the degradation group. Bacteria from the topsoil
were more engaged in aromatic compound degradation probably due to
higher concentrations of such substances in the A-horizon. A higher
frequency of salicylate degradation at the uppermost part of the A-ho-
rizon could also be connected to the degradation of aromatic compounds
since it is a common intermediate in the degradation of a lot of them.
Moreover, salicylate is additionally produced by plants in soil and hence
also has a higher concentration in the topsoil. Finally, the microbiome at
the uppermost part of the A-horizon had a higher 1,5-anhydrofructose
degradation potential. Fructose is plant-delivered and has higher con-
tent in topsoils (Gunina and Kuzyakov, 2015).

At the uppermost part of the C-horizon, on the other hand, there were
several more abundant pathways of biosynthesis of organic substances
due to its lack here (Zheng et al., 2024). Many of these pathways are
Archaea-produced and caused by their higher abundance (Turner et al.,
2017). The reason for higher denitrification and sugar alcohols and
fucose degradation observed at the uppermost part of the C-horizon was
uncertain since the alcohol degradation rate was known to rise with the
addition of nutrients and oxygen (Ang and Abdul, 1992), which are
limited in the C-horizon. Denitrification activity is also shown to be
maximum in the topsoil (Luo et al., 1998). Another main factor altering
biosynthesis in the C-horizon is the high pH value (Zhang et al., 2024).

4.2.2. Temporal differentiation
Metabolic pathway composition was also quite contrast between

early-stage and older-stage soils. Similar to microbiome composition, it
was affected mostly in the topsoil. However, the gap in the number of
differentially abundant groups of pathways by stages between the up-
permost and lowermost part of the A-horizon was greater than in the
number of differentially abundant families. It means that reforestation
affects soil to a shallower depth in terms of predicted metabolic
pathways.

The most obvious decrease in the number of pathways with the stage
of pine reforestation chronosequence was observed for activation-
inactivation-interconversion. This shows that while for the whole soil
changes in major chemical modifications fluctuate, the activity of minor
chemical modifications provided by soil microorganisms drops with
reforestation, especially during the first 30 years.

Looking at the pathways of microbial communities at the early
stages, higher abundance was typical for the degradation of alcohols and
amino acids, which could be explained by higher amounts of nutrients.
Amino acid decomposition was also shown to increase with soil tem-
perature and respiration, content of Ctot and Ntot (Jones, 1999; Kem-
mitt et al., 2008). A methylaspartate cycle was more abundant probably
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due to a higher diversity of microorganisms in the early-stage soils,
which use alternative substances for assimilation such as acetate (Tang
et al., 2011). The same could be true for chorismate metabolism. Higher
activity of phospholipases in soils was associated with soil pH (Kur-
oshima and Hayano, 1982). Also, early stages showed more side-
rophores biosynthesis, which means the microbial community was more
able to uptake metals, especially Fe, which could be explained by the
lower available metal concentration in soils of early stages due to higher
pH levels (Bakker et al., 2014). A higher capacity for carbon metabolism
is typical for (previously) arable soils in comparison with non-cultivated
(Liu et al., 2024; Song et al., 2024) and for soil horizons rich in SOM
(Zheng et al., 2024).

Older stages showed more pathways with higher abundance.
Therefore, while α-diversity decreased with forest age, the number of
diverse pathways increased. Differentially abundant predicted meta-
bolic pathways included some degradation ones but mostly was
biosynthesis. Rates of fermentation, photosynthesis, non-organic
nutrient assimilation and respiration were higher at older stages.

5. Conclusions

Our original hypothesis was partially proven. Pine reforestation
significantly altered the sandy soil microbiome composition. The
abundance of a number of predicted metabolic pathways increased with
restoration, although α-diversity decreased. The 0–30 cm topsoil layer
was the most affected by pine reforestation. As sandy ploughing lands
could provide more diversity and some phyla behave the same for the
initial and final stages of the post-agrogenic chronosequence, pine
reforestation at the poor sandy soils may not be beneficial for the soil
microbiome.

Our results showed that the importance of soil parameters influ-
encing general microbiome composition and composition of predicted
metabolic pathways are different. Although pH was the most important
factor in explaining both the set of predicted metabolic pathways and
microbial composition of soils. The importance of other parameters
varied. The stage of pine reforestation chronosequence influenced
microbiome composition greatly. While its impact on predicted meta-
bolic pathways composition was less visible. On the other hand, the
content of SOM was more important for predicted metabolic pathways
than for microbiome composition.

Pine reforestation of ploughing lands can significantly alter the
relative abundance of the dominant soil bacteria as well as the predicted
metabolic pathways they possess. In detail, it increases the abundance of
Acidobacteriota, RCP2–54, Verrucomicrobiota, Dependentiae, and
WPS-2, while decreases the abundance of Actinobacteriota, Chloroflexi,
Gemmatimonadota, Myxococcota, Bacteroidota, Latescibacterota,
Nitrospirota in soils studied in the Smolenskoe Poozerye National Park.
Bacterial biosynthesis, fermentation, photosynthesis and respiration rise
with pine reforestation. The upper 30-cm layer of soils is suggested as
the best indicator of microbiome disturbance during post-ploughing
restoration.

Soil microbiome restoration occurs slower than tree layer restora-
tion. A tree layer is formed in 10–30 years, while soil microbiological
composition still has more resemblance to sandy soils under the fallow
lands and meadow fallow. The results obtained can be used in the
environmental assessment to evaluate the degree and the rate of resto-
ration of soils in impacted areas.
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