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Stakėnas, V.; Mikryukov, V.; et al. Soil

Fungi and Soil Organic Carbon Stocks

in the Profile of a Forest Arenosol.

Diversity 2024, 16, 66. https://

doi.org/10.3390/d16010066

Academic Editors: Daniel

B. Raudabaugh and Ipek Kurtboke

Received: 10 November 2023

Revised: 12 January 2024

Accepted: 14 January 2024

Published: 18 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

diversity

Article

Soil Fungi and Soil Organic Carbon Stocks in the Profile of a
Forest Arenosol
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Abstract: To help solve the actual problem of global climate warming, it is important to compre-
hensively study soil organic carbon (SOC), soil fungi, and other parameters at different depths in
the soil. This study was aimed at investigating the chemical and microbiological parameters and
their interactions at various soil depths (0–5 to 195–200 cm) in an Arenosol in a Scots pine stand in
southwestern Lithuania, with a focus on the main groups of fungi and their influence on SOC. The
highest diversity of soil fungi species was found at a depth of 50–55 cm. Saprotrophs were dominant
at all investigated soil depths. Ectomycorrhizal fungi were mostly abundant at depths of up to
50–55 cm. The C:N ratio gradually decreased down to 50–55 cm, then increased in deeper soil layers
(from 50–55 to 195–200 cm). This means that the most active mineralization processes occur at depths
of between 0 and 55 cm. Carbon stabilization processes occur at depths of 100–105 to 195–200 cm, and
most of this carbon does not enter the atmosphere nor contribute to the process of climate change.

Keywords: climate change; depths; diversity; high-throughput sequencing; soil microbial biomass
carbon; soil microbial biomass nitrogen

1. Introduction

The problem of global warming is currently one of great relevance around the world.
To better understand, and potentially mitigate, future climate change, studies assessing soil
organic carbon (SOC), soil fungi, and other parameters of soil are very important. Forest
soils have a high potential for significant carbon sequestration [1–4]. Organic matter from
aboveground and belowground vegetation is the main source of organic matter significantly
affecting SOC stocks in mineral soil layers [5–8]. The mineral composition of soil principally
governs the long-term soil carbon stocks [9–11]. Thus, it is in the mineral soil layers (mainly
up to 20 cm in depth) that the SOC content could be significantly stabilized or lost through
decomposition, depending on the chemical composition of the SOC [12–14]. In mineral
soils, due to their high specific surface area, only the clay minerals are linked to organic
carbon substances [15]. However, mineral associations with soil organic matter depend on
the molecular weight of the organic substance, with chemically resistant soil organic matter
increasing as the molecular weight decreases [16].

Soil due to different abiotic and biotic factors is one of the most biologically diverse
ecosystems, hosting microscopic bacteria, fungi, and other organisms [17,18]. The soil
organic matter decomposed by soil microorganisms (including fungi) contributes directly
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to the soil organic matter and, through the soil microbial biomass, can increase the SOC
stock [19–21]. While there have been a lot of studies on the soil microbes in the topsoil
(0–20 cm) [22–24], it is also important to obtain knowledge on the soil microbes in the
deeper soil layers, and on the abundance and diversity of the microbes through the entire
soil profile. Bacterial and fungal communities vary significantly across soil layers [25],
with the saprotrophs that prevail in the deeper soil layers expanding the ability of nu-
trient transformation and uptake [26,27]. Saprotrophs stabilize mineral soil aggregates,
but if supplied with additional carbon substrates, they can sustain specific saprotrophic
network complexes and diverse communities for longer [28]. Saprotrophs decompose
plants and litter, and are particularly important regulators of soil carbon fluxes between
the biosphere and atmosphere. During the decomposition of complex organic compounds,
the carbon/nitrogen (C:N) ratio gradually decreases and inorganic substances are released
into the surrounding environment [27]. A decrease in the C:N ratio encourages the micro-
cycling of organic carbon and nitrogen compounds in the soil, as well as the maintenance
of physical, chemical, and biological soil drivers for the expansion of soil functionality [29].

Arenosol soils are characterized by a partially developed topsoil layer with a low
humus content and no subsurface clay accumulation, the rapid mineralization of organic
matter, a lack of organic colloids, poor water management, poor nutrient supply, and
drought sensitivity [30]. However, it is also known that tree roots can extend deep into
such soils in forests, including Scots pine (Pinus sylvestris L.) stands. Therefore, we decided
to investigate a forest Arenosol soil profile. We expected that, in such soil, it would be
possible to detect a large number and diversity of soil fungi not only in the upper soil layer
(0–5 cm, forest floor), but also in the deeper layers (5–200 cm). Thus, the study was aimed
at investigating the fungal diversity and soil chemical parameters at various soil depths in
an Arenosol in a Scots pine stand, with a focus on the main groups of soil fungi and on the
organic carbon.

2. Materials and Methods
2.1. Study Site and Sampling
2.1.1. Study Site

The territory of Lithuania belongs to the cool temperate moist Intergovernmental
Panel on Climate Change (IPCC) climate zone [31] and to the transitional hemiboreal forest
zone of Europe [32]. The hemiboreal zone represents the zone of transition from boreal to
temperate [33–35]. This zone is characterized by the coexistence of coniferous trees, such as
Scots pine and Norway spruce, and various broad-leaved species, such as birch, aspen, oak,
hazel, maple, ash, beech, and hornbeam. According to the Lithuanian Hydrometeorological
Service under the Ministry of the Environment, the average annual air temperature for
1990–2020 was 7.4 ◦C and the average annual amount of precipitation was 695 mm [36].

Soil samples were collected in October 2020 in southwestern Lithuania in the Scots
pine (Pinus sylvestris L.) stand of the ICP Forests (European forest monitoring programme)
Level II Lithuanian No. 3 plot (54.7766 ◦N, 23.5805 ◦E). The 60-year-old stand comprised
90% Scots pine and 1% silver birch (Betula pendula Roth). The tree density in the stand was
624 ha−1, the stand mean diameter at breast height (DBH) was 24.0 cm, the mean height
25.3 m, the average stocking level 1.1, and the stemwood production 444.7 m3 ha−1.

The soil in the investigated stand was a sandy textured Hapli-Albic Arenosol [37].
The sand fraction between 0 and 200 cm was 95.2–98.8% of the soil mass (Table 1). The
percentage of silt and clay was low (1.2–4.8%).
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Table 1. Horizons and mineral soil particle distribution for 0–200 cm depth in the studied Hapli-Albic
Arenosol in a Scots pine stand.

Horizon Depth (cm)
Particle Size (%)

<2 µm 2–63 µm 63–2000 µm

OL −4–−3 - - -
OFH −3–0 - - -

E 0–8 1.7 3.1 95.2
B1 8–28 0.7 2.4 96.9
B2 28–48 0.5 0.8 98.7

B3g 48–120 0.8 0.4 98.8
B4g 120–170 1.2 0.4 98.4

B5gCg 170–200 1.2 0.5 98.3
Notes: OL—forest litter (mainly needle litter) layer; OFH—fragmented (OF) + humified (OH) litter layers of
the soil organic horizon (forest floor); E—eluvial mineral horizon; B1 and B2—illuvial mineral horizons; B3g
and B4g—stagnic illuvial horizons; B5gCg—transitional stagnic illuvial (B5g) + parent material (Cg) mineral
horizon [38,39].

The soil profiles were excavated under a Scots pine canopy where the groundcover
was 6.7% Picea abies (L.) Karst., 16.7% Vaccinium vitis-idaea L., 2.3% Vaccinium myrtillus
L., 46.7% Hylocomium splendens (Hedw.) Schimp., 16.7% Pleurozium schreberi (Brid.) Mitt.,
2.0% Ptilium crista-castrensis (Hedw.) De Not., 1.7% Calluna vulgaris (L.) Hull., and
1.7% Dicranum polysetum Sw.

2.1.2. Sampling

The sampling depth intervals were 0–5, 10–15, 20–25, 50–55, 100–105, 150–155, and
195–200 cm. Three samples per depth were collected 30 m apart from each other in a
triangular orientation. First, the loose organic litter (fallen leaves, etc.) was removed
from the location being sampled. Samples of the top layer (0–5 cm) of the soil were taken
from both the forest floor (soil organic layer) and the mineral layer and were mixed. The
thickness of the forest floor was 2–5 cm. Samples were only taken from the mineral layer
of the top layer (0–5 cm) for microbial biomass carbon (MBC) and microbial biomass
nitrogen (MBN) estimation. Samples for MBC and MBN from the other depths (10–15 to
195–200 cm) were taken similarly to the samples taken for the other analyses. A hard
5 cm inner-diameter PVC pipe was hammered into the ground to sample the soil from 0 to
5 cm. A pit 200 cm deep was dug for sampling depths of 10–15 to 195–200 cm. Soil samples
were then taken at each studied depth by driving the PVC pipe into the wall of the pit. The
samples were air-dried (except for a portion of the samples for MBC and MBN estimation) at
<40 ◦C. Coarse roots (>2 mm diameter) and stones were removed from the samples.

The samples were split, the portion for chemical parameter analysis being crushed,
homogenized, and sieved through a 2 mm mesh. The portion for metagenomic analysis
was crushed and homogenized according to the scheme used by Tedersoo et al. [40], in
which the samples were placed into plastic (ZipLock) bags and vigorously rubbed to
homogenize them. The finest resulting material was passed through a hole cut into the
bottom of the ZipLock bag into a new bag and this was used for the metagenomic analysis.
To avoid contaminating the samples, disposable gloves were worn when handling them.
The sampling tools and other equipment were carefully cleaned and disinfected with
96% ethyl alcohol before use.

2.2. Soil Chemical Parameters

The soil pH in calcium chloride (CaCl2) was determined according to ISO 10390:2005 [41],
measured using a 1:5 (vol/vol) soil suspension in 0.01 M CaCl2. The mixture was shaken
for 1 h and then left to sit for 1 h. The pH of the suspension was measured at 20 ± 2 ◦C
while stirring with a pH meter.

The soil total carbon (STC) content was determined according to ISO 10694:1995 [42]
by dry combustion, the sample heated to 900 ◦C in a stream of air and the carbon dioxide
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(CO2) formed measured using infrared spectroscopy. The samples were analyzed using a
Liqui TOC II analyzer (Elementar Analysen Systeme GmbH, Hanau/Germany).

The soil organic carbon (SOC) content was determined according to ISO 10694:1995 [42]
by dry combustion, the sample heated to 900 ◦C in a stream of air and the CO2 formed
measured using infrared spectroscopy. According to this method, the carbonates were
removed first, a few drops of hydrochloric acid (HCl) being added to the sample, which
was then left for 4 h. The HCl residue was then removed via evaporation. The samples
were analyzed using a Liqui TOC II analyzer.

The soil inorganic (mineral) carbon (SIC) content was calculated as the difference
between the STC and the SOC.

The soil total nitrogen (STN) was determined according to ISO 11261:1995 [43] using
the modified Kjeldahl method, involving boiling with sulfuric acid (H2SO4) and potassium
sulfate (K2SO4) in the presence of a copper sulfate (CuSO4) catalyst.

The C:N ratio was calculated as the SOC content divided by the STN.

2.3. Soil Microbial Biomass Carbon and Nitrogen Estimation

Altogether, 21 composite soil samples (from 0–5, 10–15, 20–25, 50–55, 100–105, 150–155,
and 195–200 cm depth) were prepared for MBC and MBN estimation by the chloroform
fumigation incubation method. Fresh soil samples were first sieved through a 2 mm mesh
after removing the fine roots and coarse organic matter. The sieved soil samples (6 g)
were placed into vessels (glass bottles for the fumigated soils and plastic bottles for the
unfumigated soils) and 1.5 mL of nitrogen (500 µg nitrogen per 1.5 mL solution in the
form of ammonium nitrate—NH4NO3) was added. Controls with no added nitrogen were
prepared by the same method, pure water being added instead. Solutions without soils
were also prepared for both fumigated and unfumigated samples. The fumigated samples
were placed in a vacuum desiccator and exposed to chloroform vapor for 24 h [44]. The
MBC and MBN were calculated using the following formulae [45]:

MBC = EC × 2.64 (1)

where EC = the difference between the carbon fumigated and unfumigated soil samples, and

MBN = FN/0.54 (2)

where FN = the difference between the nitrogen fumigated and unfumigated soil samples.

2.4. DNA Extraction, Amplification, and Sequencing

The DNA was extracted from 0.25 g of homogenized soil using a MagAttract Pow-
erSoil DNA Kit (Qiagen, Carlsbad, CA, USA) following the manufacturer’s instructions.
Amplification was performed using the forward primer ITS9mun and a reverse primer
ITS4ngsUni [46]. Both a negative and a positive control were included for detecting con-
tamination. For amplification in a Mastercycler thermal cycler (Eppendorf, Oldenburg,
Germany), the PCR mixture comprised 5 µL of 5 × HOT FIREPol Blend Master Mix (Solis
Biodyne, Tartu, Estonia), 0.5 µL each of the forward and reverse primers (20 mM), 1 µL
of DNA extract, and 18 µL double-distilled water (ddH2O). The thermal cycling included
an initial denaturation at 95 ◦C for 15 min, 25–30 cycles of denaturation for 30 s at 95 ◦C,
annealing for 30 s at 57 ◦C, elongation for 1 min at 72 ◦C, a final elongation at 72 ◦C for
10 min, and storage at 4 ◦C. Then, 1 µL of PCR products was run on 1% agarose gel to check
the quantity. The PCR products were normalized for library preparation and sequenced
on a PacBio Sequel instrument using SMRT cell 1 M, v2 LR, Sequel Polymerase v2.1, and
Sequencing chemistry v2.1 (Pacific Biosciences Inc., Menlo Park, CA, USA). Loading was
performed by diffusion, with one SMRT cell used for sequencing, with a movie time of
600 min and a pre-extension time of 45 min.
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2.5. Bioinformatics

The raw reads were processed using the Pipecraft 2 analysis platform [47]. The se-
quence reads were demultiplexed and the primer sequences were removed using cutadapt
v.3.5 [48]. The read quality was evaluated and the chimeras were removed using vsearch
v.2.18.0 [49]. The sequences were clustered into operational taxonomic units (OTUs) at 97%
sequence similarity. Representative sequences were classified via the UNITE platform [50]
using the assigned taxonomy function with BLAST+ v.2.10.1 [51]. The FungalTraits database
was used to assign functional groups to the fungal species [52].

2.6. Statistical Analysis

The soil chemical parameters data were processed using one-way analysis of vari-
ance (ANOVA) with a post hoc Duncan multiple range test employed to evaluate differ-
ences between the soil depths. The SAS 9.4 statistical software package was used for the
analysis [53].

Statistical analyses of the MBC and MBN were performed using the General Linear
model in Systat 12 (Systat Software, Inc. 2007, San Jose, CA, USA). Pairwise comparisons
were made between soil depths using Fisher’s LSD test to assess the statistical significance
of the differences between the means of the analytical measurements.

Observed richness and Shannon diversity index values were calculated using PC-ORD
v.6.0 (2011) (MjM Software, Gleneden Beach, OR, USA) [54]. Residual richness values were
also determined when the sequencing depth was taken into account. For this, we calculated
the residuals when regressing the logarithm of the observed richness to the logarithm of the
sequencing depth [55] using Statistica 10 software. Changes in the fungal community with
soil depth were analyzed using a permutational multivariate ANOVA (PERMANOVA) and
PC-ORD v.6.0 (MjM Software, Gleneden Beach, OR, USA) [54].

The significant differences between the values of relative abundance, observed rich-
ness, and Shannon index of various depths or various fungal classes and functional guilds
were determined using the one-way analysis of variance (ANOVA) for Excel 2000, version
2.2 (Microsoft Corp., Redmond, Washington, WA, USA). The Fisher test was used for the
comparison of data.

Correlations between the variables for different soil depths were analyzed by apply-
ing Pearson’s correlation test and XLSTAT 2022.2.1.1311 software [56]. The results were
presented as the arithmetic mean ± standard deviation (SD) or ± standard error (SE).
Graphical abstract was created using BioRender.com and Inkscape 1.2. software [57].

3. Results
3.1. Soil Chemical Parameters

The soil pH values showed a significant increase with soil depth to 100–105 cm,
but from 150–155 to 195–200 cm, the pH slightly decreased (Table 2 and Table S3). The
highest concentrations of SOC, STC, and STN and C:N ratio were observed at 0–5 cm,
significantly decreasing with depth (Tables 2 and S3). The STN decreased significantly
with depth, from 12.5 ± 6.86 g kg−1 at 0–5 cm to 0.03 ± 0.014 g kg−1 at 195–200 cm
(Tables 2 and S3). The decrease in soil total N in the deepest layers (150–155 and 195–200 cm)
was statistically significant compared to 10–15 and 20–25 cm (Tables 2 and S3). Both the SOC
and STC concentrations significantly decreased down to 50–55 cm. However, at 150–155 and
195–195 cm, the concentrations of SOC and STC slightly increased, although this was not
statistically significant compared to 50–55 and 100–105 cm. The highest SIC concentration
was observed at 0–5 cm. However, in the deeper soil layers, the SIC concentration did
not change statistically significantly, ranging from 0.70 ± 0.48 g kg−1 at 10–15 cm to
0.58 ± 0.51 g kg−1 at 195–200 cm. The C:N ratio gradually decreased down to 50–55 cm
(Tables 2 and S3).
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Table 2. Mean pH values and mean concentrations of soil total nitrogen, soil total carbon, soil organic
carbon, soil inorganic carbon, and carbon/nitrogen (C:N) ratio from 0 to 200 cm in the Arenosol
profile in the Scots pine stand.

Soil Depth (cm) pHCaCl2
Concentration (g kg−1) SOC/STN

(C:N)STN STC SOC SIC

0–5 3.62 ± 0.87 a 12.5 ± 6.86 393.7 ± 68.18 358.5 ± 60.68 35.2 ± 17.32 28.67
10–15 4.30 ± 0.25 ab 0.41 ± 0.176 d 10.28 ± 2.58 c 9.68 ± 2.42 c 0.70 ± 0.48 ab 23.42
20–25 4.90 ± 0.10 bcd 0.29 ± 0.116 bcd 5.88 ± 1.80 b 5.22 ± 1.87 b 0.66 ± 0.36 ab 18.33
50–55 4.95 ± 0.13 bcd 0.19 ± 0.292 ab 3.02 ± 0.29 a 2.50 ± 0.31 a 0.46 ± 0.35 ab 13.21

100–105 5.08 ± 0.12 d 0.08 ± 0.009 ab 2.40 ± 0.14 a 2.10 ± 0.27 a 0.36 ± 0.28 ab 25.61
150–155 4.89 ± 0.21 bcd 0.06 ± 0.035 a 3.08 ± 0.49 a 2.38 ± 0.51 a 0.72 ± 0.19 b 43.59
195–200 4.79 ± 0.44 bcd 0.03 ± 0.014 a 3.22 ± 0.36 a 2.72 ± 0.23 a 0.58 ± 0.51 ab 98.55
F value 5.008 5.216 26.34 26.76 0.722 -
p value 0.00616 0.00222 0.00000000518 0.00000000443 0.614 -

Notes: Values = mean ± SD (standard deviation). p value—the probability. Different lower-case letters indicate
significant differences among the soil depths based on Duncan’s multiple range test (p < 0.05). The 0–5 cm
soil depth was not statistically evaluated due to its different origin (the forest floor). STN—soil total nitrogen;
STC—soil total carbon; SOC—soil organic carbon; SIC—soil mineral (inorganic) carbon; C:N—carbon and
nitrogen ratio.

3.2. Soil Microbial Biomass Carbon and Nitrogen

As determined, the highest concentrations of soil MBC and MBN were determined
from the mineral soil down to 50–55 cm (Figure 1). However, the most significant (Table S2)
increase in the MBC and MBN was only found in the uppermost (up to 5 cm in depth) soil
layer, where the MBC increased to 216 µg carbon g−1 and the MBN reached almost 10 µg
nitrogen g−1. The MBC and MBN consistently decreased with soil depth, however, both
significantly (Table S2) decreasing, by 6 (MBN) and 11 (MBC) times, at 100 cm. Below 150
cm, no MBC and MBN were detectable.
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Figure 1. Soil (a) microbial biomass carbon (MBC) and (b) microbial biomass nitrogen (MBN) between 0
and 200 cm in the Arenosol in the Scots pine stand. Values = mean ± SE (n = 3). Notes: Values followed
by different letters represent significant differences along the soil depth (p < 0.05). Underlined values
below the detection limit and p values are presented in Supplementary Materials Table S2.

3.3. Abundance and Diversity of Soil Fungi

A total of 114,978 quality-filtered sequences revealed 4257 OTUs in the 21 soil samples
from the Lithuanian Scots pine stand (one plot). Of these, 100,947 (87.8%) sequences and
2368 (55.6%) OTUs were classified as fungi, the others representing unassigned eukaryotes.

The PERMANOVA test showed that there were no significant differences in fungal
community composition with soil depth, and no clear trend was found that indicated
the fungal taxonomic groups increased or decreased with depth (F = 0.99; p > 0.48). The
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calculated observed richness of all fungi across all soil depths ranged from 343 ± 150 to
446 ± 133 (p < 0.05). The observed richness was the highest (446 ± 133), at 100–105 cm. In
evaluating this observed richness of all fungi, we determined no significant differences
with soil depth (F = 0.32; p > 0.05). The Shannon index values ranged from 4.042 ± 0.135 to
4.791 ± 0.181, the highest being at 50–55 cm, meaning that this depth contained the highest
diversity of species in a particular community (F = 5.19; p < 0.05). An increasing trend in
the Shannon index values was observed from 0–5 to 50–55 cm and a decreasing trend was
observed from 50–55 to 195–200 cm (F = 5.19; p < 0.05) (Table 3).

Table 3. Fungal community richness and diversity in the Arenosol profiles.

Soil Depth (cm) Total Number of Sequence
Reads Per Sample

Number of Fungal
OTUs

Observed Richness of
All Fungi

Shannon Index of All
Fungi

0–5 15,737 1118 373 ± 30 4.042 ± 0.135
10–15 15,115 1030 343 ± 150 4.268 ± 0.230
20–25 13,994 1112 371 ± 140 4.600 ± 0.206
50–55 17,231 1299 433 ± 91 4.791 ± 0.181

100–105 19,774 1338 446 ± 133 4.721 ± 0.058
150–155 15,699 1151 384 ± 102 4.384 ± 0.069
195–200 17,428 1109 370 ± 86 4.155 ± 0.141

Notes: Values = mean ± SE (n = 3). OTUs—Operational taxonomic units.

All the reads were organized into ten main classes (Figure 2). The most abundant
class at all soil depths was the Agaricomycetes (42.4%) (F = 0.27; p < 0.05). The next most
abundant classes were the Leotiomycetes (13.5%) (F = 0.74; p < 0.05), Sordariomycetes
(9.8%) (F = 0.80; p < 0.05), Dothideomycetes (7.6%) (F = 0.85; p < 0.05), and Eurotiomycetes
(6.1%) (F = 1.16; p < 0.05).
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The Agaricomycetes are discussed further, below the class level. The most abundant,
by order, was Trechisporales. At 0–5 cm, the four most abundant orders identified were
Trechisporales (30.8%), Agaricales (18.5%), Atheliales (15.2%), and Russulales (12.0%). At
10–15 and 20–25 cm, the most abundant orders identified were Atheliales (24.8% and 22.0%,
respectively), Russulales (18.8% and 20.3%), Agaricales (13.8% and 15.3%), and Boletales
(14.3% and 11.9%,). At 50–200 cm, Trechisporales (17.0%, 31.7%, 40.9%, 40.2%), Agaricales
(19.3%, 21.0%, 22.3%, 22.7%), Atheliales (18.1%, 12.5%, 11.9%, 10.8%), and Russulales
(15.7%, 12.3%, 8.4%, 9.7%).

The observed richness and Shannon index values were also determined for each class
of fungi. Figures 3 and 4 were constructed from those classes with the largest number (>30)
of species because only these classes were able to provide accurate observed richness and
Shannon index values.
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Two classes stood out from all the observed richness results: Sordariomycetes (F = 0.56;
p < 0.05) and Agaricomycetes (F = 0.59; p < 0.05). No statistically significant differences were
found in their observed richness depending on the soil depth. The classes Glomeromycetes
(F = 1.61; p < 0.05), Mortierellomycetes (F = 0.39; p < 0.05), Pezizomycetes (F = 0.5; p < 0.05),
and Umbelopsidomycetes (F = 0.66; p < 0.05) had the lowest observed richness values at
all depths.

In evaluating the Shannon index values, four classes stood out from all the results–the
Sordariomycetes (F = 1.38; p < 0.05), Agaricomycetes (F = 5.04; p < 0.05), Leotiomycetes
(F = 0.61; p > 0.05), and Eurotiomycetes (F = 2.4; p < 0.05). The Sordariomycetes had the
highest Shannon index values at all depths except for 0–5 cm. At this depth, the highest
Shannon index value was determined for the Leotiomycetes. The Shannon index values for
the Leotiomycetes were also high between 100–105 and 195–200 cm. The Shannon index
values for the Agaricomycetes increased down to 50–55 cm, then began decreasing, reaching
their lowest value at 195–200 cm. The Shannon index values for the Eurotiomycetes were
the highest between 50–55 and 195–200 cm. However, there were no statistically significant
differences in the Shannon index values of the Leotiomycetes with depth (F = 0.61; p > 0.05),
although the Shannon index values of the Agaricomycetes at the depth 20–105 cm were
significantly higher than those at 0–5 and 195–200 cm (F = 5.04; p < 0.05). Also, the Shannon
index values of Agaricomycetes at the depth 50–55 cm were significantly higher than those
at 10–15 and 150–155 cm (F = 5.04; p < 0.05). The Shannon index values of Eurotiomycetes
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at the depth 50–200 cm were statistically significantly higher than those at 10–15 cm
(F = 2.4; p < 0.05). At that time, the Shannon index values of Sardariomycetes at the depth
150–155 cm were significantly higher than those at 10–15 cm (F = 1.38; p < 0.05).
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3.4. Fungal Guilds

We were able to identify not only the predominant taxonomic categories of soil fungi,
but also their functions in the soil. A total of 1336 (56.4%) fungal OTUs were used for
the functional analysis. The saprotrophic fungi accounted for 43–56% of the total fungi
(2368 OTUs) at all soil depths, the most abundant being litter saprotrophs (Figure 5). Litter
saprotrophs were abundant in the uppermost soil layer (0–5 cm), where there was a lot of
litter, their abundances decreasing to 20–25 cm, but then increasing at 50–55 cm, becoming
most abundant at 195–200 cm (F = 0.19; p < 0.05).

Wood saprotrophs were abundant in the 0–5 cm layer, where there was a lot of
decomposing wood. Similar to the litter saprotrophs, the wood saprotrophs decreased
with depth to 20–25 cm, but then their abundances increased, becoming most abundant
at 195–200 cm (F = 0.64; p < 0.05). The number of soil saprotrophs increased with depth
to 100–105 cm, then started to decrease (F = 0.18; p < 0.05). Most of the ectomycorrhizal
fungi were found down to 50–55 cm (F = 0.29; p < 0.05). The plant pathogens were most
abundant at 50–55 cm, then decreasing with depth, their lowest abundances being found at
195–200 cm (F = 0.59; p < 0.05).

The differences in richness and Shannon index of fungal groups are illustrated in
Figures 6 and 7. The analysis revealed that the observed richness (F = 0.28; p < 0.05) and
Shannon index (F = 2.39; p < 0.05) values of the saprotrophs were the highest across the
soil gradient. The observed richness of the ectomycorrhizal fungi (F = 2.27; p < 0.05),
plant pathogens (F = 1.00; p < 0.05), and arbuscular mycorrhizae (F = 1.84; p < 0.05) were
significantly lower than for the saprotrophs. The highest Shannon index values for the
saprotrophs and ectomycorrhizal fungi were at 50–55 cm. In evaluating the observed
saprotroph richness with depth, no significant differences were found (F = 0.28; p > 0.05).
Meanwhile, it was found that the Shannon index values at a soil depth 50–105 cm were
significantly higher than at depths 0–5 and 195–200 cm. (F = 2.39; p < 0.05). The Shannon
index values of ectomycorrhizal fungi at a soil depth 20–55 cm were significantly higher
than at depths 0–5 and 195–200 cm. (F = 3.02; p < 0.05). The highest observed richness
of ectomycorrhizal fungi were at 50–55 cm. It was significantly higher than the observed
richness of ectomycorrhizal fungi at depths of 0–5, 150–155, and 195–200 cm (F = 2.27;
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p < 0.05). The highest Shannon index values for the plant pathogens (F = 1.22; p < 0.05)
and arbuscular mycorrhizal fungi (F = 2.34; p < 0.05) were at 100–105 cm. However, in
evaluating the observed richness and Shannon index values of the plant pathogen fungi
with depth, no significant differences were found. Meanwhile, observed richness and the
Shannon index values of arbuscular mycorrhizal fungi at a soil depth 50–105 cm were
significantly higher than at 0–5 cm.
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3.5. Correlation

There was a very strong negative correlation between soil depth and both MBC and
MBN (Table S1). There was also a very strong positive correlation between STC and SOC,
and between MBC and MBN. A strong negative correlation was found between soil pHCaCl2
and STC, and between pHCaCl2 and SOC. A strong positive correlation was found between
soil depth and C:N ratio.

4. Discussion

The microbial communities (including fungal community) in soil play a crucial role
in driving nutrient cycling processes and are indispensable in the functioning of agroe-
cosystems. Most studies on soil microbes in agricultural or forest systems have primarily
concentrated on the topsoil. By contrast, there has been a relatively limited exploration of
the interactions between chemical and microbiological parameters and their influence on
the vertical distribution of soil microbes. It was expected that the concentrations of STN and
STC would be markedly higher in the topmost (0–5 cm) soil layer due to the much higher
concentration of SOC in this layer, and that they would significantly decrease with depth,
with other authors having claimed that STN and STC concentrations and the soil C:N ratio
all decrease with increasing soil depth [58–61]. The majority of natural biological processes
in the soil ecosystem take place at the soil surface, with the organic matter originating from
plant litter initially accumulating on the topsoil. Subsequently, it undergoes migration to
the lower layers via water or other mediums, creating a distinct vertical distribution of soil
nutrients [62,63], and a gradual decline in nutrient concentrations from the surface down
to the deeper layers.

In our study, we observed an increase in soil pH with depth. This can be attributed
to the accumulation of phenolic acids in root exudates and the greater accumulation of
hydrogen ions (H+) resulting from the process of ammonia oxidation that mainly occurs at
the soil surface [64,65]. At our sample locations, the carbonate layer was very deep (below
200 cm) and therefore did not have a statistically significant influence on the changes in
SIC. Several factors can influence the SIC concentration in the soil, including pH, soil
depth, precipitation, leaching, microbial activity, soil type, and land use, with several more
potentially controlling the SIC [66]. The high concentration of SIC at 0–5 cm may have been
caused by the relatively low soil pH leading to the dissolution of carbonates. The pH in the
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topsoil layer (0–5 cm) was more acidic than in deeper soil layers. This increase in pH with
depth could have caused the decrease in SIC at depth.

Another important factor that could have caused the decrease in SIC is soil type. The
main soil fraction at our study site at 0–200 cm was sand (95.2–98.8%), with only 1.2–4.8% silt
and clay, which were mainly found in the topsoil layer. It is well known that the soil carbon
in the topsoil occurs in a labile, easy-to-mineralize form. Below 30 cm, the soil carbon
that is absorbed becomes physically and biologically protected against mineralization,
forming an increasingly stabilized carbon sink [67]. As decomposition progresses, the
carbon is lost, while nitrogen becomes immobilized in the microbial biomass, thereby
remaining in the system, which frequently results in a lower C:N ratio in the subsoil
than the topsoil [68]. Subsequently, the immobilization and mineralization of organic
carbon can occur, depending on the C:N ratio in the decomposing organic matter [69].
The immobilization of MBC induced by the stabilization of organic carbon in the soil
is determined by an increase in the organic matter C:N ratio (a ratio of 25–30 favors
immobilization) and a significant increase in the microbial biomass and enzyme activity [70].
In this regard, the assimilation of carbon depends on its greater association with soil
saprotrophic and mycorrhizal fungi [71]. However, it has been found that, as the soil
C:N ratio decreases (to <20), microbial decomposition and mineralization become more
strongly related to higher bacterial abundances [72]. Our C:N ratios indicate the soil’s
higher capacity for carbon storage, except in the soil layers at 20–25 and 50–55 cm, with
the C:N ratios in the bulk of the soil being higher or similar to those in the surface layers.
A similar trend, with higher C:N ratios occurring in deeper soil horizons, has previously
been reported by Piotrowska-Długosz et al. [73].

In soil ecosystems, the soil microbial biomass takes on the role of major functional
maintenance, regulating the soil’s fundamental processes (i.e., organic matter decomposi-
tion, nutrient cycling, and gaseous fluxes) [74]. In addition, the microbial biomass acts as a
composite soil fungal and bacterial biomass contributor, usually with the quality and quan-
tity of the organic matter in the soil varying with the fungal/bacterial biomass ratios [75].
In our study, we estimated the MBC and MBN in the soil without determining the fungal
or bacterial origin. According to Delgado-Baquerizo and Eldridge [76], the soil carbon
content impacts the fungal/bacterial biomass richness. We assumed that, in the mineral
soil profile of the nutrient-poor Arenosol, the fungi and bacteria would share optimal
conditions for the development of biomass and diversity. Winding et al. [77] and Blaško
et al. [19] indicated that, in forest mineral soils, the MBC and MBN decrease with depth
due to SOC and STN stabilization, which limit substrate availability. Because substrates are
difficult for microorganisms to accumulate, this limits soil microbial biomass growth [78].
This may be a factor in why the microbial biomass significantly decreases with depth.
As soil nutrient conditions shift with depth, the nutrient assimilation efficiency changes
among the different soil microorganism groups [79]. However, it is possible that the soil
microorganism groups could modify or even shift their microbial biomass activities and
abundances [80].

During the study described in this article, it was expected that the highest soil fungal
abundances would be found in the uppermost soil layer (0–5 cm, forest floor). However, the
highest number of fungal reads and OTUs were found at 50–55 cm, when the sequencing
depth was taken into account on a log scale. According to another study, no clear changes
in fungal community composition have been found with soil depth [81]. It is likely that the
composition of, and differences in, fungal communities with depth could be influenced
by Scots pine root systems, preferential flow paths, or differences in oxygen availabil-
ity. Scots pine root systems can adapt to different environmental conditions, developing
both deep and shallow root systems. It is known that in loose, well-drained sandy soils,
the depth of root penetration in a Scots pine stand that is more than 100 years old can aim for
200 cm [82–85]. The Agaricomycetes (belongs to the phylum Basidiomycota) and Leomycetes
(belongs to the phylum Ascomycota) were the most abundant at all soil depths, with the
Basidiomycota being most abundant at the forest floor and below 150 cm, and the Ascomy-
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cota being the most abundant at all other depths. According to Clemmensen et al. [86],
Ascomycota is associated with the accumulation of organic matter and Basidiomycota
with further decomposition [86–88]. The Sordariomycetes and Agaricomycetes had the
highest observed richness values. Members of the Sordariomycetes can grow in soil, dung,
litter, and wood, acting as decomposers. Some species can be plant pathogens or parasites.
Members of the Agaricomycetes also act as decomposers, especially of wood, while some
are important ectomycorrhizal symbionts of forest trees.

We also found that saprotrophs and ectomycorrhizal fungi were dominant functional
groups. In a similar study to ours, Frey et al. [25] found that saprotrophs and ectomycor-
rhizal fungi dominated over plant pathogens, animal pathogens, ericoid mycorrhizae, and
endophyte fungi. We showed that litter saprotrophs were most abundant at all soil depths.
Prada-Salcedo et al. [89] determined that traits of absorptive roots and leaf litter affected
specific fungal guilds. It is likely that differences in the abundance of litter saprotrophs
in our soil profile were caused by organic layers versus mineral soils, possibly driven by
differences in predominant energy sources [90]. In terms of wood saprotrophs, their abun-
dance increased with depth and their numbers were the highest in the deeper soil profile. It
is likely that the decomposition of organic matter was more active in the deeper soil layers,
where the wood saprotrophs decompose wood residues, removing small-molecule organic
compounds from them.

High abundances of ectomycorrhizal fungi were found, as is typical in forest soils. At
50–55 cm, they were most likely actively involved in the decomposition of organic matter,
while decreasing in the deeper soil layers, possibly due to the relative decrease in plant roots
in those layers (ectomycorrhizal fungi have a symbiotic, mutualistic relationship with plant
roots). Clemmensen et al. [86] found that the presence of living roots and ectomycorrhizal
fungi lead to a rapid mass loss of organic substrates.

5. Conclusions

When assessing soil stability, it is not enough to estimate only the chemical parameters
of the soil. The processes involved are much more complicated. For example, a lot of
information can be obtained by determining the abundance and diversity of the soil fungi.
Predictably, in terms of the chemical composition of the soil, the topmost layer (0–5 cm)
was very different from the other layers because it includes the mineral layer and the forest
floor. In this layer, we measured the highest concentrations of STC, SOC, and STN, which
then significantly decreased with depth (p < 0.05). Between 50–55 and 100–105 cm, the
MBC, MBN, and soil chemical composition changed considerably. The C:N ratio gradually
decreased to 50–55 cm and then increased below this (from 50–55 to 195–200 cm). The C:N
ratio mainly reflected the stabilization of organic carbon in the soil profile, which itself
reflected the extent of carbon assimilation by the soil saprotrophic and mycorrhizal fungi.
Thus, the rate of mineralization only increased between 20–25 and 50–55 cm, where the
decomposition of organic carbon was stimulated.

Even in this light-textured and infertile Arenosol, fungi were recorded at different
depths up to 200 cm. The fungal community composition was significantly independent of
soil depth (F = 0.99; p > 0.48).

Saprotrophic fungi were found to be dominant at all depths up to 200 cm. Ectomycor-
rhizal fungi were most abundant in the topmost layer, decreasing with increasing depth.
The highest diversity of fungal species occurred at 50–55 cm (F = 5.19; p < 0.05), perhaps
because the ectomycorrhizal fungi were still abundant at this depth, while the saprotrophic
fungi were increasing.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/d16010066/s1, Table S1: Pearson correlation coefficients between the
analyzed chemical and biological parameters along the studied Arenosol (0–200 cm depth) in a Scots
pine stand; Table S2: p values of soil microbial biomass carbon (MBC) and soil microbial biomass
nitrogen (MBN) statistical analysis using Fisher’s LSD test; Table S3: p values of soil total nitrogen,
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soil total carbon, soil organic carbon, soil inorganic carbon, and pH based on Duncan’s multiple
range test.
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