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Abstract
To understand the role of microorganisms in the functioning of forest ecosystems, the structure of bacterial communities and the
enzymatic activity were determined in forest soils representing the following soil subtypes: Eutric/Dystric Brunic Arenosols (A),
Eutric/Endocalcaric Cambisols (C), and Haplic/Albic Luvisols (L). Their microbiological and biochemical properties were
compared based on bacterial counts and diversity, and activities of seven soil enzymes: dehydrogenases, catalase, urease, acid
phosphatase, alkaline phosphatase, arylsulfatase, and β-glucosidase. Organotrophic bacteria and actinobacteria were the most
abundant and featured the highest values of the EP (ecophysiological diversity index) in the Haplic/Albic Luvisol soil. In turn, the
CD (colony development index) values of these bacterial groups were the highest in the Eutric/Endocalcaric Cambisols. The
OTU number of bacteria allowed concluding that, at the class level, the Eutric/Dystric Brunic Arenosols and Haplic/Albic
Luvisols were predominated by Alphaproteobacteria belonging to Proteobacteria, whereas the Eutric/Endocalcaric Cambisols
by Actinobacteria. At the family rank, the Eutric/Dystric Brunic Arenosols were colonized in the highest numbers by
Mycobacteriaceae, Rhodospirillaceae, Koribacteriaceae, and Acidobacteriaceae; the Eutric/Endocalcaric Cambisols by
Nocardiaceae, Bradyrhizobiaceae, and Mycobacteriaceae, whereas Haplic/Albic Luvisols by Sinobacteriaceae and
Rhodospirillaceae. Four bacterial genera, i.e., Rhodoplanes, Burkholderia belonging to Proteobacteria,Mycobacterium belong-
ing to Actinobacteria, and Candidatus Solibacter belonging to Acidobacteria, were identified in all soils tested. The genetic
diversity of bacteria was proved the highest in Eutric/Endocalcaric Cambisols. In turn, the highest enzymatic activity was found
for Haplic/Albic Luvisols, while the lowest one for Eutric/Endocalcaric Cambisols. The present study results point out to
significant differences between the soil types analyzed in terms of the diversity and structure of their bacterial communities
and their enzymatic properties.
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1 Introduction

Forests are one of the most valuable and most important eco-
systems on the globe. They offer the habitat to many living
organisms, diverse in terms of species. The processes taking
place in these ecosystems are of global importance, making it
necessary to understand the composition and functions of their
microbiome and the processes occurring therein (Lladó et al.
2017). Each soil is unique due to the presence of parent ma-
terial and the activities of fauna and flora. It is a natural habitat
for various living organisms such as bacteria, archaea, fungi,
annelids, insects, small invertebrates, and plants. However,
the most significant role in the functioning of soil ecosystems
is ascribed to microorganisms (Baćmaga et al. 2020). The
enormous wealth and diversity of soil microorganisms are
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the core of the trophic chain. Microorganisms are responsible
for the functioning of terrestrial ecosystems, e.g., they provide
nutrients to other organisms inhabiting the soil, transform
sparingly available compounds into easily digestible ones, or
enter into ecological interactions with organisms and biogeo-
chemical processes (Baldrian 2017). Bacteria represent an in-
tegral part of the forest soil microbial community. They con-
tain genes encoding for enzymes capable of plant cell wall
degradation and enhance dead organic matter degradation
(Berlemont and Martiny 2013). They are also responsible for
the nitrogen cycle in forest ecosystems (Lladó et al. 2017) and
for the weathering of minerals, leading to the release of inor-
ganic nutrients (Uroz et al. 2011). Forest ecosystems offer
suitable habitats to bacteria, including the most frequently
colonized soil (Hardoim et al. 2015). According to Lauber
et al. (2009), the prevailing bacteria of forest soils are belong-
ing to Proteobacteria, Actinobacteria, Acidobacteria,
Firmicutes, and Bacteroidetes. Bacterial populations are sig-
nificantly affected by soil pH, organic matter content, avail-
ability of nutrients, climatic conditions, and interactions with
other organisms. The variety of these parameters determines
the number, structure, diversity, and activity of these micro-
organisms (Urbanová et al. 2015). The microbiological and
biochemical properties of forest soils are also significantly
influenced by tree species. Forest soils are characterized by a
high plant material content, which makes them rich in organic
carbon compounds and microbial biomass. The primary
sources of carbon in forest soils include forest litter and plant
roots (Hajnal-Jafari et al. 2016). Root secretions and plant
debris offer an excellent source of carbon and nutrients to
groups of microorganisms inhabiting specific ecological
niches (Klimek et al. 2016). The structure of the communities
is a key factor influencing the functioning of ecosystems and
the sustainability of soil resources. In addition, due to the great
responsiveness of microorganisms to changes in the soil mi-
croenvironment, they can serve as indicators of soil condition.
The functions of most microorganisms inhabiting the soils of
forest ecosystems, including bacteria, are still not fully ex-
plored (Liu et al. 2019; Wang et al. 2017). Determination of
the population numbers and structure of soil microbial com-
munities and the biochemical processes taking place will al-
low understanding the influence these organisms have on the
functioning of forest ecosystems in varying environmental
conditions (Lladó et al. 2017).

The ecological functions of soils are largely determined by
the microorganisms colonizing them, which have a positive
effect not only on the course of soil processes, but also on plant
communities. Soil microorganisms and enzymes respond very
quickly and differently to changes in the ecological processes in
soil and plant cover, which makes them reliable indicators
reflecting the quality of forest soils (Pająk et al. 2016).

Considering the above, a study was undertaken to deter-
mine the population numbers and diversity of bacteria as well

as the activity of enzymes in Eutric/Dystric Brunic Arenosols,
Eutric/Endocalcaric Cambisols, and Haplic/Albic Luvisol
soils, and to identify correlations between the microbiological,
enzymatic, and physicochemical properties of these soils.

2 Material and Methods

2.1 Characteristics of Study Location

The research was conducted in the Stare Jabłonki Forest
District area located in the central-western part of the
Warmian-Masurian Voivodeship, north-eastern part of
Poland. The Stare Jabłonki Forest District is located between
53° 37′ 28″ and 53° 48′ 20″ of the northern latitude and be-
tween 20° 01′ 03″ and 20° 12′ 39″ of the eastern longitude,
and its total area is 9948.96 ha. It consists of one forest area,
which is divided into 8 forest units: Śmieszny Kąt,
Perkunicha, Laski, Draby, Barduń, Gąsiory, Białe Błota, and
Ostrowin. The Forest District lands are located in Eastern
Europe, the sub-area of the East European Lowlands, the
Eastern Baltic-Belarusian Lowlands province, the Eastern
Baltic Lake District sub-province, the Masurian Lake
District macroregion, and the Olsztyn Lakeland mesoregion.
The District is located at the collision site of the Atlantic cli-
mate and the continental climate influences. According to the
data of the Meteorological Station in Olsztyn, in the years
1993–2016, the average annual air temperature in the study
area was + 7.8 °C, the temperature of the growing season was
+ 14.7 °C, and the average annual precipitation was 636 mm.
The highest amount of precipitation occurs from May to July
(248mm), while in the growing season spanning fromApril to
September, it reaches 430 mm. The length of the growing
season is approx. 200 days; snow cover maintains for approx.
80 days on average (on average from December 17 to
March 7). The sunniest days are in June and July, while the
least sunny ones are recorded from November to January.
According to the data of the Institute of Meteorology and
Water Management, in 2018, the average annual air tempera-
ture in this area was + 9 °C, the annual precipitation was
550 mm, and the average air humidity was 81%. The growing
season lasted about 206 days, while the snow cover main-
tained for 70 days. The forest cover in the territorial range of
the Stare Jabłonki Forest District is 70.4%, whereas in the
Warmian-Masurian Voivodeship, it accounts for 31.2%, and
in Poland for 30.5%. The area of the Stare Jabłonki Forest
District is characterized by a varied topography, which is a
consequence of the Vistula glaciation. Forms of glacial and
hydro-glacial origin dominate in its geomorphological struc-
ture. The majority of this area is outwash plain made of sand
and sand with gravel.

The study was conducted at three Forest Units stands lo-
cated in the forest complex of the Stare Jabłonki Forest
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District, i.e., Perkunicha, Laski, and Draby. The Units were
characterized by varied soil conditions and proximity to each
other. The Perkunicha Forest Unit (53° 74′ 68″ N, 20° 04′ 14″
E) was predominated by soils belonging to the Brunic
Arenosols type (subtype Eutric/Dystric Brunic Arenosols),
where the dominant tree stands were oak (Quercus L.) and
hornbeam (Carpinus betulus L.). The soils of the Laski Forst
Unit (53° 71′ 58″N, 20° 10′ 93″ E) belonged to the Cambisols
type (subtype Eutric/Endocalcaric Cambisols) and were cov-
eredwith stands predominated byNorway spruce (Picea abies
L.), small-leaved lime (Tilia cordata L.), and warty birch
(Betula pendula L.). In turn, the soils found at the Draby
Forest Unit (53° 69′ 256″ N, 20° 09′ 59″ E) were classified
to the Luvisol type (Haplic/Albic Luvisol subtype) and were
covered in majority by Scots pine (Pinus sylvestris L.),
Norway spruce (Picea abies L.), hornbeam (Carpinus betulus
L.), and oak (Quercus L.).

2.2 Sampling Procedure

In November 2018, samples were collected from soils classi-
fied according to the World Reference Base for Soil
Resources (2014) to the subtypes Eutric/Dystric Brunic
Arenosols (A), Eutric/Endocalcaric Cambisols (C), and
Haplic/Albic Luvisols (L). The selected properties of these
soils are provided in Table 1. The soil material was sampled
from the areas belonging to the Stare Jabłonki Forest District,
Poland. The soil classified to the subtype Eutric/Dystric
Brunic Arenosols (A) was sampled from the area of the
Perkunicha Forest Unit that classified to Eutric/Endocalcaric
Cambisols (C)—from the Laki Forest Unit, and that classified
as Haplic/Albic Luvisols (L)—from the Draby Forest Unit.
Three plots were established on the areas of all three Forest
Units examined. After removing ca. 2 cm of the upper layer of
plant litter, 3 samples of soil were randomly collected from a
depth of 20 cm from each plot. The samples were collected
with using Egner-Riehm’s rod. Immediately after collection,
the soil samples were divided into two equal portions. One

portion (in the moist state) was intended for microbiological
and biochemical analyses, whereas the second one for the
physicochemical analyses of soil. The fresh soil material to
be used for microbiological and biochemical assays was
sieved through a screen with a mesh diameter of 2 mm and
stored at 4 °C until analyzed, whereas the soil samples
intended for physicochemical analyses were dried and sieved
through the same screen.

2.3 Physicochemical Analyses of Soil

The granulometric soil composition was determined using a
Mastersizer 2000 laser diffraction particle size analyzer
(Malvern, Worcestershire, UK). The selected physicochemi-
cal properties of soil were established acc. to the methods
described by Harris (2006). Soil pH was measured potentio-
metrically in 1 mol dm−3 KCl (1:2.5). Hydrolytic activity
(HAC) and the sum of exchangeable base cations (EBC) were
analyzed with the Kappen method, whereas organic carbon
content with the Tiurin method. The total nitrogen content of
soil was determined with an analyzer VarioMaxCube CN
Elementar. The determined HAC and EBC values allowed
computing the capacity of exchangeable cations (CEC) and
soil saturation with base cations (BS).

2.4 Population Numbers, Colony Development Index,
and Ecophysiological Diversity Index

Population numbers of organotrophic bacteria and
actinobacteria were determined with the method of serial
dilutions, in 4 replications. Organotrophic bacteria were
isolated in the Bunt and Rovira (1955), whereas
actinobacteria on the Küster and Williams medium de-
scribed by Parkinson et al. (1971). The microorganisms
were incubated on Petri dishes at a temperature of 28 °C
for 10 days, and the grown colonies were counted every
day. After 10-day incubation, the colony-forming units
(cfu) were determined, which allowed calculating the CD

Table 1 Physicochemical properties of the soils tested

Forest unit
name

Soil subtype Granulometric
fraction (%)

Granulometric
sub-groups

pHKCl HAC
(mmol+

kg−1)

EBC
(mmol+

kg−1)

CEC
(mmol+

kg−1)

BS
(%)

Corg

(g kg−1)
Ntotal

(g kg−1)

Sand Silt Clay

Perkunicha Eutric/Dystric Brunic
Arenosols (A)

93.24 4.81 1.95 Loose sand 2.93 157.00 3.33 160.33 2.08 46.60 2.79

Laski Eutric/Endocalcaric
Cambisols (C)

77.36 14.72 7.02 Sandy loam 3.23 102.50 20.00 122.50 16.31 30.55 3.39

Draby Haplic/Albic
Luvisols (L)

91.68 5.00 3.32 Slightly loamy
sand

4.33 45.50 18.00 63.50 49.52 28.31 2.39

pHKCl, soil reaction; HAC, hydrolytic acidity; TEB, sum of exchangeable bases; CEC, sorption capacity; BS, base saturation; Corg, organic carbon
content; Ntotal, total nitrogen content
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(colony development index) according to the formula
provided by Sarathchandra et al. (1997) and the EP (eco-
physiological diversity index) according to the formula
given by De Leij et al. (1993). The microbiological anal-
yses were carried out as described by Borowik et al.
(2020).

2.5 Extraction of Genomic DNA, PCR Amplification,
and Illumina MiSeq Sequencing

The genomic DNA of bacteria was extracted from 1 g of soil
using a Genomic Mini AX Bacteria+ kit. The resulting bacte-
rial DNA was additionally purified with an Anti-Inhibitor Kit.
DNA concentration was determined fluorometrically using a
Qubit 4 Fluorometer. The presence of bacterial DNA was
confirmed via Real-Time PCR in an Mx3000P thermocycler
with an SYBR Green dye (A&A Biotechnology, Gdynia,
Poland). The bacterial fragment of the 16S rDNA gene was
amplified using universal primers: 1055F (5′-ATGG
CTGTCGTCAGCT - 3 ′ ) a n d 1 3 92R ( 5 ′ -ACGG
GCGGTGTGTAC-3′). The amplicon of the gene encoding
for 16S (SSU rRNA) was analyzed by the next-generation
sequencing (NGS) method using a MiSeq Illumina sequencer.
The hypervariable region V3–V4 was amplified using 341F
and 785R primers. Chimeric and incomplete sequences were
filtered off using a QIIME package based on reference data-
bases Greengenes v13_8 (Caporaso et al. 2010). The genomic
sequencing and the assembly of the metagenomic data library
were made by Genomed S.A. company (Warsaw, Poland).

2.6 Activity of Soil Enzymes

Activities of 5 soil enzymes representing the class of hydro-
lases involved in the conversion of phosphorus compounds
(acid phosphatase, alkaline phosphatase), nitrogen (urease),
sulfur (arylsulfatase), and carbon (β-glucosidase, and activi-
ties of 2 enzymes belonging to the class of oxidoreductases
(dehydrogenases, catalase) responsible for the course of redox
reactions were determined in the study. The activity of hydro-
lases was determined following the procedure provided by
Alef and Nannipieri (1998), that of dehydrogenases acc. to
the Öhlinger method (1996), whereas that of catalase acc. to
Johnson and Temple (1964). The classification of soil en-
zymes tested, their acronyms, units used to present analytical
data, as well as substrates and products used during the above
assays are presented in Table 2. The activities of enzymes
were determined using a Perkin-Elmer Lambda 25 spectro-
photometer, at the following wavelengths: λ = 485 nm for
dehydrogenases, λ = 410 nm for alkaline phosphatase and ac-
id phosphatase, λ = 420 nm for arylsulfatase, and λ = 400 nm
for β-glucosidase. Catalase activity was analyzed employing
the titration method with potassium permanganate.

2.7 Statistical Analyses

The statistical analyses were performed in Statistica 13.1 an-
alytical package (Dell Inc. 2016) employing a one-way anal-
ysis of variance (ANOVA) at a significance level of p ≤ 0.05.
Homogenous groups were calculated with the honestly signif-
icant difference (HSD) Tukey test. The counts of
organotrophic bacteria and actinobacteria were presented as
a dendrogram using cluster analysis (CA) and multi-
dimensional exploratory techniques. Also, Pearson correlation
coefficients were computed for the analyzed parameters. The
relative abundance of the bacteria was computed by means of
STAMP 2.1.3. software based on a two-way test of statistical
hypotheses: G-test (w/Yates’) + Fisher’s (Parks et al. 2014).
The metagenomic analysis data were presented in a circular
graph prepared using Circos 0.68 package. The diagrams il-
lustrate sequence similarities, proportional to each band used
for grouping. Grouped data are arranged radially into seg-
ments. The outer ring represents the total percentage of the
sequence while the inner ring represents the operational taxo-
nomic unit (OTU) values. In turn, the heat map depicting
bacterial families in the soils was prepared with RStudio
v1.2.5033 software (RStudio Team 2019), gplots library
(Warnes et al. 2020), and v3.6.2 system (R Core Team. R
2019). Data from the metagenomic analysis of bacteria were
presented for the classification range of ≥ 1%. Finally, the
determined OTU values of bacteria allowed computing their
Shannon-Wiener (H′) and Simpson (D) indices.

3 Results

3.1 Diversity and Structure of Bacterial Communities

The Haplic/Albic Luvisols offered the most favorable condi-
tions for bacteria proliferation. The count of organotrophic
bacteria in this soil subtype was at 3.63 109 cfu kg−1 DM of
soil and that of actinobacteria at 2.02 109 cfu kg−1 DM of soil.
The counts of organotrophic bacteria and actinobacteria in
Haplic/Albic Luvisols were higher than in Eutric/
Endocalcaric Cambisols (2.9-fold and 3-fold, respectively)
and in Eutric/Dystric Brunic Arenosols (1.7-fold and 1.1-fold,
respectively) (Table 3).

The effect of soil subtype on differences in the counts of
organotrophic bacteria and actinobacteria is depicted in a den-
drogram presented in Fig. 1. Three clusters of organotrophic
bacteria and actinobacteria were distinguished in three soil
subtypes. The first cluster was formed by organotrophic bac-
teria and actinobacteria colonizing Dystric Brunic Arenosols
and actinobacteria colonizing Haplic/Albic Luvisols. The sec-
ond cluster included organotrophic bacteria and actinobacteria
from Eutric/Endocalcaric Cambisols, whereas the last one,
only organotrophs colonizing Haplic/Albic Luvisols.
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The condition of the soil environment is reliably indicated
by values of the colony development index (CD) and the
ecophysiological diversity index (EP). The CD values deter-
mined for the organotrophic bacteria (Fig. 2) showed their
highest growth rate in Eutric/Endocalcaric Cambisols, then
in Eutric/Dystric Brunic Arenosols and Haplic/Albic
Luvisols (CD = 45.85, CD = 43.37, and CD= 34.78, respec-
tively). In the case of actinobacteria, the highest CD value was
recorded in Eutric/Endocalcaric Cambisols (CD = 26.95),
followed by Haplic/Albic Luvisols (CD = 21.95), and Eutric/
Dystric Brunic Arenosols (CD = 19.44). Opposite dependen-
cies were noted regarding the ecophysiological diversity index
(Fig. 2). The highest EP value was determined in Haplic/Albic
Luvisols and reached EP = 0.74 for organotrophic bacteria
and EP = 0.77 for actinobacteria. In contrast, the lowest EP
values were determined for organotrophic bacteria and
actinobacteria from Eutric/Dystric Brunic Arenosols (EP =
0.45 and EP = 0.61, respectively).

The predominating bacteria in Eutric/Dystric Brunic
Arenosols and Eutric/Endocalcaric Cambisols were
Proteobacteria, and their OTU numbers reached 33.24%
and 28.90%, respectively. In turn, the Haplic/Albic Luvisol
soi l subtype was most abundant ly colonized by
Actinobacteria, which accounted for 45.31% of the total
microbiome. The analyzed soils were also colonized by
Acidobacteria, which accounted for 18.84% in Eutric/
Dystric Brunic Arenosols, for 21.97% in Eutric/Endocalcaric
Cambisols, and for 6.11% in Haplic/Albic Luvisols (Fig. 3).

Considering the OTU number, Alphaproteobacteria be-
longing to Proteobacteria were the most representative bac-
teria at the phylum rank in Eutric/Dystric Brunic Arenosols

and Haplic/Albic Luvisols. Their OTUs reached 22,945 and
18,811, respectively. In both these soil subtypes, high OTU
numbers were also determined for Actinobacteria and
Termoleophilia belonging to Actinobacteria, and for
Acidobacteria representing the Acidobacteria phylum. In the
case of Haplic/Albic Luvisols, high counts were also recorded
for Gammaproteobacteria representing Proteobacteria and
for DAO52 belonging to Acidobacteria. In turn, in the
Eutric/Endocalcaric Cambisols, the predominating bacteria
belong to Actinobacteria, and their OTU number reached
20,039. This soil subtype was also characterized by high
OTUs of Termoleophilia and Alphaproteobacteria. The pre-
vailing orders found in the class Alphaproteobacteria, belong-
ing to Proteobacteria, included Rhizobiales (from 4.98 to
14.91%) and Rhodospirillales (from 5.78 to 9.61%). In turn,
the Actinomycetales order prevailed in the class
Actinobacteria with its OTUs ranging from 9.81% (Eutric/
Endocalcaric Cambisols) to 23.58% (Haplic/Albic Luvisols).
The predominating bacteria among the Termoleophilia were
these representing the order Solirubrobacterales, which con-
stituted from 4.60% in Eutric/Endocalcaric Cambisols to
9.29% in Haplic/Albic Luvisols (Fig. 4).

In Eutric/Dystric Brunic Arenosols, the lower taxon was
predominated by Mycobacteriaceae belonging to
Act inobacter ia , Rhodospir i l laceae belonging to
Proteobacteria , as well as Koribacteriaceae and
Acidobacteriaceae belonging to Acidobacteria. The most
abundant bacteria found in Eutric/Endocalcaric Cambisols
were from the Nocardiaceae and Mycobacteriaceae families
representing the Actinobacteria phylum and from
Bradyrhizobiaceae belonging to Proteobacteria. In turn,

Table 2 Determination of the activity of soil enzymes

Enzymes EC Abbreviation Substrate name Product name/unit name

Dehydrogenases EC 1.1 Deh 2,3,5-Triphenyltetrazolium chloride Triphenylformazan (TFF), μmol kg−1 DM of soil h−1

Catalase EC 1.11.1.6 Cat Hydrogen peroxide O2, mol kg−1 DM of soil h−1

Alkaline phosphatase EC 3.1.3.1 Pal 4-Nitrophenylphosphate disodium 4-nitrophenol (PNP), mmol kg−1 DM of soil h−1

Acid phosphatase EC 3.1.3.2 Pac

Arylsulfatase EC 3.1.6.1 Aryl 4-Nitrophenyl sulfate

β-Glucosidase EC 3.2.1.21 Glu 4-Nitrophenyl-β-D-glucopyranoside

Urease EC 3.5.1.5 Ure Urea N-NH4, mmol kg−1 DM of soil h−1

Table 3 Counts of organotrophic
bacteria and actinobacteria in the
soils tested, 109 cfu kg−1 DM of
soil

Soil subtype Organotrophic bacteria (Org) Actinobacteria (Act)

Eutric/Dystric Brunic Arenosols (A) 2.17 ± 0.61b 1.79 ± 0.11b

Eutric/Endocalcaric Cambisols (C) 1.27 ± 0.02c 0.68 ± 0.02c

Haplic/Albic Luvisols (L) 3.63 ± 0.15a 2.02 ± 0.11a

Homogenous groups denoted with letters a–c were computed separately for organotrophic bacteria and
actinobacteria
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Haplic/Albic Luvisols were mostly colonized by
Sinobacteriaceae and Rhodospirillaceae belonging to
Proteobacteria (Fig. 5).

The Venne analysis (Fig. 6) allowed distinguishing bacte-
rial genera unique for the three subtypes of forest soils. The
highest number of unique bacterial genera was identified in

Fig. 1 Dendrogram depicting the
counts of organotrophic bacteria
and actinobacteria in the soils
tested. Org, organotrophic
bacteria; Act, actinobacteria; A,
Eutric/Dystric Brunic Arenosols;
C, Eutric/Endocalcaric
Cambisols; L, Haplic/Albic
Luvisols

Fig. 2 Values of the colony development index and ecophysiological
diversity index of organotrophic bacteria and actinobacteria in the soils
tested. Org, organotrophic bacteria; Act, actinobacteria; CD, colony

development index; EP, ecophysiological diversity index; A, Eutric/
Dystric Brunic Arenosols; C, Eutric/Endocalcaric Cambisols; L, Haplic/
Albic Luvisols
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Fig. 3 Relative count of the prevailing bacterial phylum in the soils tested with the difference between ratios at ≥ 1%. A, Eutric/Dystric Brunic Arenosols;
C, Eutric/Endocalcaric Cambisols; L, Haplic/Albic Luvisols
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Eutric/Endocalcaric Cambisols (Aeromicrobium, Pilimelia,
Methylibium, Pseudonocardia, Kribbella, Cellulomonas,
Streptomyces, Nocardioides, DA101), then in Haplic/Albic
Luvisols (Paenibaci l lus , Bdel lovibrio , Baci l lus ,
FFCH10602, Sporosarcina, Clostridium, Solibacillus),
whereas the lowest number in Eutric/Dystric Brunic
Arenosols (Pedosphaera, Chthoniobacter). Four bacterial
genera were identified as common for all three soil subtypes,
i .e. , Rhodoplanes and Burkholderia belonging to
Proteobacteria, Mycobacterium to Actinobacteria, and
Candidatus Solibacter to Acidobacteria.

The calculated values of the Shannon-Wiener index (H′)
and the Simpson (D) index showed that the most diversified in
terms of bacterial structure turned out to be Eutric/
Endocalcaric Cambisols, followed by Haplic/Albic Luvisols,
and Eutric/Dystric Brunic Arenosols (Table 4). The highest
value of the Shannon-Wiener index was noted in Eutric/
Endocalcaric Cambisols at the family rank (H′ = 3.20), where-
as the highest value of the Simpson index in Haplic/Albic
Luvisols at the order level (D = 0.94).

3.2 Activity of Soil Enzymes

The activities of all soil enzymes, except for β-glucosidases,
were the highest in Haplic/Albic Luvisols, whereas β-
glucosidase activity in Eutric/Dystric Brunic Arenosols. The
largest differences were noted among the soil subtypes regard-
ing urease activity, which in Eutric/Dystric Brunic Arenosols
and Eutric/Endocalcaric Cambisols was almost 4-fold lower
than in Haplic/Albic Luvisols. In turn, the greatest differences
in the activities of dehydrogenases, catalase, alkaline phospha-
tase, and arylsulfatase were noticeable between Haplic/Albic
Luvisols and Eutric/Endocalcaric Cambisols. Their activities
determined in Eutric/Endocalcaric Cambisols were 2.7-fold,
1.8-fold, 2.1-fold, and 3-fold lower, respectively, than these
assayed in Haplic/Albic Luvisols. In turn, acid phosphatase
activity was found the lowest in Eutric/Dystric Brunic
Arenosols (Table 5).

3.3 Correlations between Bacterial Diversity, the
Structure of Bacterial Communities, Enzymatic
Activity, and the Physiochemical Properties of Soil

Table 6 presents the coefficients of a simple Pearson correla-
tion between the microbiological and enzymatic properties of
soil and its physicochemical parameters. The microbiological
and enzymatic properties of soil were significantly influenced
by its pH, which was significantly positively correlated with
the count of organotrophic bacteria, EP of organotrophic bac-
teria and actinobacteria, Shannon-Wiener index at the taxo-
nomic levels from phylum to order, Simpson index at the class
level, and activities of dehydrogenases, catalase, alkaline
phosphatase, and acid phosphatase. In turn, negative

correlations were observed between soil pH and CD of
organotrophs, Shannon-Wiener index at the species level,
Simpson index at the family level, and β-glucosidase activity.
The microbiological and enzymatic properties of soil were
also significantly affected by organic carbon content, which
was significantly positively correlated with β-glucosidase ac-
tivity and Shannon-Wiener index at the species level, and
negatively correlated with the CD value of actinobacteria,
the EP values of organotrophic bacteria and actinobacteria,
the Simpson index at the species level, and acid phosphatase
activity. The significant negative correlations were observed
between a total nitrogen content and the count of
organotrophic bacteria and actinobacteria; activities of dehy-
drogenases, catalase, alkaline phosphatase, arylsulfatase, and
urease; Shannon-Wiener index; and Simpson index at the
phylum, class, and order level. There was a significant posi-
tive correlation between the total nitrogen content and CD
value of organotrophic bacteria and actinobacteria, Shannon-
Wiener index at the family and species level, and Simpson
index at the family, genus, and species level.

4 Discussion

4.1 Diversity and Structure of Bacterial Communities

Forest soils are considered an environment whose functioning
is determined by multiple factors like, e.g., soil fraction size,
organic matter content, pH value, and nutrient content. All
these factors can radically modify the composition of soil
microbiota (Baldrian 2017). In the present study, the counts
of organotrophic bacteria and actinobacteria were the highest
in Haplic/Albic Luvisols characterized by the highest pH val-
ue and, thus, by the highest sum of exchangeable base cations
and soil saturation with base cations, which could consequent-
ly promote their development. Wasak et al. (2020) have con-
firmed that the activity of microorganisms is significantly af-
fected by the physicochemical properties of soil, which may
change under the influence of natural or anthropogenic fac-
tors. Among all microorganisms, bacteria are the major con-
stituents of the live biomass of organisms colonizing the soil
environment. They are the most abundant in the soil environ-
ment and the most diverse in terms of their metabolism (Liu
et al. 2019). They play a meaningful role in ecological systems
as they degrade organic matter (e.g., plant litter or dead ani-
mals), provide nutrients to other organisms, promote plant
growth and development, and are involved in biochemical
cycles (Baldrin 2017). The activity of bacteria in forest soils
is largely determined by the forest stand, which affects both
the quantity and quality of organic compounds provided in the
form of leaves and root litter (Žifčáková et al. 2016). The
forest litter can offer an adequate medium for the growth of
bacteria and a reservoir of nutrients indispensable for their
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Fig. 4 Relative counts of the
prevailing classes (a) and orders
(b) of bacteria in the soils tested
with the difference between ratios
at ≥ 1%. A, Eutric/Dystric Brunic
Arenosols; C, Eutric/
Endocalcaric Cambisols; L,
Haplic/Albic Luvisols
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development. Plant root secretions can also positively affect
their proliferation and survivability, suggesting correlations
between the microorganisms and the forest flora (Wu et al.
2011). Diversified species composition of trees in forest eco-
systems can influence the quantity and quality of organic mat-
ter in soil and the microclimate, which may—in turn—con-
tribute to changes in the structure of bacterial communities.
Coniferous trees are more resistant to degradation than decid-
uous trees due to their waxy surface layer and a high concen-
tration of sparingly degradable phenolics (Burton et al. 2010).
Hackl et al. (2004) have demonstrated that the structure of
bacterial communities in Australian forests was strongly asso-
ciated with the species composition of the forest stand, i.e.,
Alphaproteobacteria prevailed in pine forests, Holophagae
and Acidobacteria in oak forests, while Verrucomicrobia
and Alphaproteobacteria in spruce-fir-beech forests. In turn,
forest soils analyzed by Tripathi et al. (2012) and Miyashita
et al. (2013) were mainly colonized by Proteobacteria, in-
cluding copiotrophic bacteria featuring various carbon

metabolism, that can proliferate under various environmental
conditions (Bastida et al. 2015). In the present study,
Proteobacteria were found to predominate in Eutric/Dystric
Brunic Arenosols and Eutric/Endocalcaric Cambisols, where-
as Actinobacteria in Haplic/Albic Luvisols. He et al. (2006)
have also demonstrated the predominance of Proteobacteria,
Actinobacteria, and Acidobacteria in forest soils.
Actinobacteria were also detected in forest soils by
Žifčáková et al. (2016), Liu et al. (2019), and Zhang et al.
(2019), while Acidobacteria by Deng et al. (2019a) and Li
et al. (2019). These differences in the structure of bacterial
communities in particular soil types can be associated with
their physicochemical properties, particularly with their pH
value being the major influencing factor in this respect
(Preem et al. 2012). Lazzaro et al. (2006) have noticed con-
siderable changes in the structure of bacterial communities in
the soil having pH 5.8, while no changes in the soil with
pH 6.7. The acidic soils are heavily colonized by bacteria
belonging to Acidobacteria and Alphaproteobacteria,

Fig. 5 Heat map and associations
between bacterial families in the
soils tested with the difference
between ratios at ≥ 1%. A, Eutric/
Dystric Brunic Arenosols; C,
Eutric/Endocalcaric Cambisols;
L, Haplic/Albic Luvisols
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whereas soils with increased pH are predominated by
Actinobacteria. Still, the prevalence ofAcidobacteria in acidic
soils depends on their organic carbon content. Bacteria be-
longing to Betaproteobacteria, including, i.e., the genus
Burkholderia and Collimonas that are involved in the
weathering of minerals, are commonly found in forest soils.
The Burkholderia genus bacteria were detected in all soil sub-
types analyzed in the present study. As reported by Žifčáková
et al. (2018), forest soils were predominated by Pseudomonas,
Beijerinckia, and Acidiphilia bacteria. Furthermore, they were
strongly colonized by Candidatus Koribacter and

Rhodoplanes. The forest soils are characterized by vertical
stratification due to organic litter degradation and mineral ho-
rizon weathering. A reduction in the organic matter content of
soil can contribute to a smaller biomass of microorganism,
poorer soil respiration, and lower activity of extracellular en-
zymes (Lladó et al. 2017).

Comparing the diversity of forest soil bacteria in terms of
their physicochemical properties has allowed identifying
some unique bacterial communities (Carnovale et al. 2019).
In the present study, the highest number of unique bacterial
genera was found in Eutric/Endocalcaric Cambisols, whereas

Fig. 6 Venne’s diagram presenting the unique and the common bacterial genera in the soils tested, plotted based on all OTU data. A, Eutric/Dystric
Brunic Arenosols; C, Eutric/Endocalcaric Cambisols; L, Haplic/Albic Luvisols

Table 4 Values of Shannon-Wiener’s index (H′) and Simpson’s index (D) calculated based on the OTU number of bacteria in the soils tested

Soil subtype Phylum (P) Class (C) Order (O) Family (F) Genus (G) Species (S)
Shannon-Wiener’s (H′) index

Eutric/Dystric Brunic Arenosols (A) 1.81 ± 0.06b 2.64 ± 0.06b 2.83 ± 0.05b 2.65 ± 0.05b 0.89 ± 0.06b 0.28 ± 0.03a

Eutric/Endocalcaric Cambisols (C) 1.52 ± 0.6c 2.51 ± 0.05c 2.85 ± 0.05b 3.20 ± 0.08a 1.50 ± 0.05a 0.19 ± 0.04b

Haplic/Albic Luvisols (L) 2.02 ± 0.08a 2.97 ± 0.03a 3.15 ± 0.04a 2.55 ± 0.05c 0.76 ± 0.03c 0.17 ± 0.03b

Simpson (D) index

Eutric/Dystric Brunic Arenosols (A) 0.78 ± 0.02a 0.89 ± 0.04b 0.92 ± 0.04a 0.84 ± 0.03b 0.31 ± 0.04b 0.35 ± 0.05c

Eutric/Endocalcaric Cambisols (C) 0.68 ± 0.02b 0.86 ± 0.03b 0.90 ± 0.06a 0.89 ± 0.04a 0.48 ± 0.05a 0.72 ± 0.05a

Haplic/Albic Luvisols (L) 0.80 ± 0.04a 0.92 ± 0.03a 0.94 ± 0.04a 0.78 ± 0.03c 0.24 ± 0.03c 0.50 ± 0.04b

Homogenous groups denoted with letters a–c were computed separately for each taxonomic level and for Shannon-Wiener’s and Simpson’s indices
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the lowest one in Haplic/Albic Luvisols. As demonstrated by
Zhang et al. (2019), the OTU number of unique bacteria was
higher in the forest than in the arable soils. They showed more
significant differences in the structure of bacterial communi-
ties in the soils having a diversified vegetation cover than in
the soils covered with one plant species.

The bacterial diversity was determined based on the values
of the Shannon-Wiener and Simpson indices, which are reli-
able indicators of the diversity of soil systems and thereby
enable comparing the structure of bacterial communities and
their sensitivity to various environmental factors. The higher
the values of these indices, the greater is the diversity of mi-
croorganism communities (Zhao et al. 2020). In the present
study, the greatest diversity of bacteria was observed in Eutric/
Endocalcaric Cambisols and the lowest one in Eutric/Dystric
Brunic Arenosols. As reported by Lauber et al. (2009), the
diversity of forest soil bacteria can change upon the influence
of environmental factors and species composition of the forest
tree stand. Presumably, the structure of bacterial communities
and their diversity can be determined by the interactions of
physical and chemical factors in the soil environment (Wei
et al. 2018; Deng et al. 2019b). What is more, Zhang et al.
(2019) claimed that the bacterial diversity of forest soils could
be directly associated with the plant cover and soil type.

4.2 Enzymatic Activity

The enzymatic activity plays a key role in the course of bio-
chemical processes in soil. Therefore, it can serve as a reliable
quality indicator of soil ecosystems (Baćmaga et al. 2019;
Notaro et al. 2018). The soil enzymes are natural mediators
and catalysts of, e.g., transformation of organic matter, pro-
duction and degradation of humus, conversion of organic
compounds into mineral compounds available to plants, or
participation in the organic matter cycle and energy flow
(Błońska et al. 2017). Determining the enzymatic activity in
the soils of the forest ecosystems is necessary to assess soil
fertility and quality, soil metabolic potential, and correlations

be tween i t s b iochemica l , mic rob io log ica l , and
physicochemical properties. Januszek et al. (2015) have
claimed that the activity of soil enzymes, dehydrogenases in
particular, depends on the soil granulometric composition,
organic matter content, and the physicochemical properties
of soil, including its pH, hydrolytic activity, sum of exchange-
able base cations, sorptive capacity, and saturation with base
cations. In the present study, the highest activities of soil en-
zymes, except for β-glucosidase, were determined in Haplic/
Albic Luvisol soil subtype, which was characterized by the
highest pH value and the lowest value of hydrolytic activity.
The statistical analyses demonstrated positive correlations be-
tween soil pH and activities of dehydrogenases, catalase, al-
kaline phosphatase, and acid phosphatase, and also a negative
correlation between soil pH and β-glucosidase. The above
results enable concluding that soil pH has the greatest impact
on the activities of soil enzymes. This factor could significant-
ly affect the counts and diversity of organotrophic bacteria and
actinobacteria, thereby contributing to the increased enzyme
secretion by these microorganisms (Błońska et al. 2017).
According to Rous et al. (2010), strongly acidified soils are
characterized by a low activity of soil enzymes, including
dehydrogenase, probably due to the predominance of fungi
over bacteria. Also, Januszek et al. (2015) have reported a
low dehydrogenase activity in poor and strongly acidified
forest soils. In the present study, the highest activity of
dehydrogenases was determined in Haplic/Albic Luvisols,
whose pH was the highest among all soils analyzed. Bueis
et al. (2018) have determined higher activities of dehydroge-
nases, catalase, and urease in lime than acid soils, whereas
Turner (2010) have claimed that soil pH can significantly
affect enzyme content in the soil environment through the
modification of the ionic active form of enzymes, three-
dimensional structure of enzymes, and substrate affinity to
the enzyme. In the present study, the highest activity of β-
glucosidase was demonstrated in Eutric/Dystric Brunic
Arenosols, probably due to the abundance of organic matter,
which turned out to be a rich source of nutrients to the

Table 5 Enzymatic activity in the soils tested

Soil subtype Dehydrogenases
(Deh) μmol TFF
kg−1

DM of soil h−1

Catalase (Cat)
mol O2 kg

−1

DMof soil h−1

Alkaline
phosphatase
(Pac)

Acid
phosphatase
(Pal)

Arylsulfatase
(Aryl)

β-
glucosidase
(Glu)

Urease (Ure)
mmol
N-NH4 kg

−1 DM
of soil h−1mmol PNP kg−1 DM of soil h−1

Eutric/Dystric
Brunic
Arenosols (A)

14.79 ± 0.39b 0.28 ± 0.01b 0.54 ± 0.01b 2.98 ± 0.01c 0.40 ± 0.03b 0.80 ± 0.01a 0.50 ± 0.06b

Eutric/Endocalcaric
Cambisols (C)

9.91 ± 0.12c 0.27 ± 0.01b 0.40 ± 0.02c 3.33 ± 0.01b 0.16 ± 0.01c 0.55 ± 0.01b 0.50 ± 0.06b

Haplic/Albic
Luvisols (L)

26.79 ± 0.29a 0.48 ± 0.01a 0.86 ± 0.03a 4.37 ± 0.01a 0.47 ± 0.03a 0.47 ± 0.01c 1.97 ± 0.06a

Homogenous groups denoted with letters a–c were computed separately for each group of enzymes
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microorganisms capable of producing enzymes involved in
carbon compounds degradation, like, e.g., β-glucosidase
(Błońska et al. 2017). In turn, Madejón et al. (2012) have
reported organic matter degradation to be the main process
in biogeochemical cycles. Poor degradation of organic matter,
resulting from climate conditions or soil acidification, can
limit the availability of organic matter to the microorganisms
colonizing soil, leading to changes in its enzymatic activity.
Veres et al. (2015) indicate that the forest soils have the
highest contribution of the light fraction composed in part of
degraded plant and animal debris and a high number of cells
of microorganisms, which may contribute to their higher en-
zymatic activity. In addition, changes in the enzymatic activity
of these soils can be determined by the species composition of
tree stands. For instance, Błońska et al. (2017) have reported a
higher β-glucosidase activity in the soils of fir stands than in
hornbeam or maple stands. They have demonstrated that firs
stimulateβ-glucosidase activity by root secretions of nutrients
available to microorganisms, thus increasing their number and
activity. According to these authors, β-glucosidase activity
could be rapidly decreased by the small mass of plant roots
and depleting forest litter layer (Veres et al. 2015), whereas
activities of dehydrogenases, urease, and protease did not dif-
fer significantly among the soils of fir, hornbeam, and maple
stands. In the present study, the activity of β-glucosidase was
the highest in Eutric/Dystric Brunic Arenosols overgrown
with a tree stand predominated by hornbeam and oak. This
tree stand composition could contribute to greater accumula-
tion of organic matter, as evidenced by the highest organic
carbon content in this soil type. In turn, the activities of the

other studied enzymes were the highest in Haplic/Albic
Luvisols overgrown with Scots pine, hornbeam, Norway
spruce, and oak. Błońska et al. (2017) have determined the
highest activities of dehydrogenases and urease in soils
covered with deciduous trees. Finally,Wang et al. (2017) have
reported that tree species determine soil properties due to the
varying content of organic matter pervading to the soil
environment.

5 Conclusions

The study results allow concluding that the microbiological
and enzymatic properties of forest soils were strongly corre-
lated with their physicochemical properties. The most benefi-
cial conditions for bacteria proliferation occurred in Haplic/
Albic Luvisols, as evidenced by the highest counts of
organotrophic bacteria and actinobacteria and by the highest
value of the ecophysiological diversity index (EP) determined
for this soil subtype. In turn, the highest value of the colony
development index (CD) of organotrophic bacteria and
actinobacteria was determined for Eutric/Endocalcaric
Cambisols. The Eutric/Dystric Brunic Arenosols and Eutric/
Endocalcaric Cambisols soils were predominated by
Proteobacteria , whereas Haplic/Albic Luvisols by
Actinobacteria. The highest genetic diversity of bacteria was
found in the Eutric/Endocalcaric Cambisol soil subtype.
These differences can be due to the analytical methods used.
The Haplic/Albic Luvisols showed the highest activities of
dehydrogenases, catalase, acid phosphatase, alkaline

Table 6 Coefficients of Person’s simple correlation between the soil parameters tested
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phosphatase, arylsulfatase, and urease, whereas Eutric/Dystric
Brunic Arenosols, β-glucosidase. The evaluation of soils of
forest ecosystems based on microbiological and biochemical
analyses allows for a better understanding of their functioning
and helps planning further activities associated with the mon-
itoring and improvement of this environment quality.
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