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Abstract: Several decades ago, many former pastures in Central Europe were afforested or colonized
by trees after being abandoned. Knowledge of the effects of tree species on soil properties is important
for planning of the composition of future forests. In this regard, a research location in Vrchdobroč
(Central Slovakia), which is former agricultural land used as pasture, enables the exploration of
ecosystem processes and properties in stands of different tree species after afforestation. The goal of
our study was to find out whether changes in soil properties, including soil microbial activity and
diversity among different stands, were already observable 45 years after the afforestation, and how
the effects differed among stands of different tree species. The study was conducted in the pure stands
of Norway spruce (Picea abies L. Karst.), Douglas fir (Pseudotsuga menziesi (Mirb.) Franco), European
beech (Fagus sylvatica L.) and sycamore maple (Acer pseudoplatanus L.). Multivariate analyses of
physico-chemical soil properties indicated an overlap between the soils under the Douglas fir and
the spruce, but a clear separation of beech from sycamore. In general, both microbial activity and
diversity were, surprisingly, highest under the Douglas fir, followed by the sycamore, with the beech
and the spruce showing mostly lower values.
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1. Introduction

Soil and plants are linked very tightly. Soil properties affect plant growth and, con-
versely, plants affect soil attributes. The effect of plants on soil properties is very distinct,
especially in forest ecosystems because of the long-term influence of forest stand on soil.
Trees can affect soil properties directly through the input of organic material (dead organic
matter, root exudates), living tissues (roots) and/or indirectly via modification of micro-
climate, e.g., radiation reaching the ground, evaporation from the soil surface, relative air
humidity, air circulation, water input to the soil, etc., [1–5]. The effects differ depending on
tree species, because of the different qualities and quantities of organic residues left on the
soil surface or going directly into the soil, as well as different crown and root architecture,
canopy openness, stemflow rate, etc., [5–7]. Numerous studies have shown that differences
in tree cover are reflected especially in the thickness of the surface organic layer, in the
soil acidity, in the base saturation, and in the carbon and nitrogen concentrations, and
consequently in the responses of the soil microbial biomass, the activity and structure, and
the diversity of the microbial communities [8–10].

Human activity has often caused decreases in forest areas—especially in favor of
agriculture—in many parts of the world, and deforestation has persisted. In Europe, the
minimum of forest cover occurred during the 18th and 19th centuries [1]. Increasing
demand for wood production led to the planting and extensive use of conifers in many
European countries, often at the expense of native deciduous tree species. Conifers and
deciduous trees are traditionally considered to differ in their effect on soil properties,
especially because of their different qualities of litter input which, in the case of conifers,
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can lead to soil acidification, deterioration and podzolization in the long term [11,12].
Nevertheless, there are also contradictory results indicating similar or even better soil
properties under certain conifer species in comparison to broadleaves [13,14]. According
to a meta-analysis by Augusto, et al. [1], the discrepancy can be partially explained by
variation between the soils of some of the study sites; therefore, they emphasized the
importance of experimental design. As they stated, there are only a few sufficiently
replicated studies with the same stand age and stand management, on the same soil type
and with the same land use history.

In Slovakia, the locality of Vrchdobroč is former agricultural land which was used
for decades as pasture. In 1960, the area, comprising 26,000 ha, was declared important
for water management, as it contained the source of two rivers. During 1960–1985, an
area of over 5166 ha was afforested to increase the forest cover from 29 to 49%. Within
this area, 283 ha, afforested by 17 tree species, was used for research and demonstration
purposes, managed by the Forestry Research Institute of the National Forestry Centre in
Zvolen (Slovakia). Some of the plots were damaged by drought, animals, snow, etc., and
nowadays conifers and broadleaves represent 85% and 15% of the area, respectively [15].

The research location allows for the exploration of ecosystem processes and properties
in stands of different tree species after afforestation. In this study, we used it to evaluate the
impact of different tree species on soil, with emphasis on chemical and microbial properties.
We focused on pure forest stands of two coniferous and two deciduous species of the same
age and management history, growing under almost identical environmental conditions
(soil type, altitude, climate, etc.). Our goal was to find out whether changes in soil properties
among different stands were already observable 45 years after the afforestation; what had
been the respective effects of the different tree species; and whether those effects had also
been reflected in the properties of the microbial community (biomass, activity, diversity).
We hypothesized that 45 years was sufficiently long enough for the effects of trees on soil
properties to be manifested, and that changes would have occurred especially in the surface
organic layer, which started to form after afforestation, and probably also in the top 10 cm
of the mineral soil horizons. As the quality of the litter of conifers essentially differs from
that of broadleaves, we expected differences to be especially notable between these two
groups of trees.

2. Materials and Methods
2.1. Study Sites and Soil Sampling

The study area, Vrchdobroč, is located in the Veporské vrchy Mts., Central Slovakia.
The mean annual temperature is 5 ◦C; mean temperature in July 15 ◦C; and in January
−6 ◦C. The yearly precipitation reaches 920 mm. The dominant soil type is Cambisol with
a sandy loam texture formed from porphyric granodiorites and granites. The soil skeleton
content is 20–50%.

Pure 45-year-old stands of Norway spruce (Picea abies (L.) Karst.), Douglas fir
(Pseudotsuga menziesi (Mirb.) Franco), European beech (Fagus sylvatica L.) and sycamore
maple (Acer pseudoplatanus L.), randomly distributed across the area, were selected for the
study. Three stands of each species were chosen. The stand area of each tree species varied
between 0.40 and 1.59 ha. The plots were situated at the altitudes of 815–850 m a. s. l.,
with S-SE aspect, on a slope of 5–10◦. The stands were managed with sylvicultural meth-
ods, which are traditional in the Carpathian mountain forests: conifer stands underwent
cleaning every 20 years, and thinning from below at around 35 years; broadleaved stands
were cleaned twice (at 15 and 25 years), and subsequently thinned from above at the age of
40 years [15].

Five soil samples were collected along linear transects, with 10 m spacing in each
stand, in July 2015. Samples from the O-horizon were collected, using a 0.2 m × 0.2 m
frame placed on the soil surface, while the humus layer underneath the template was cut by
knife from its surroundings. After removing the surface organic layer, mineral soil samples
were taken from a depth of 0–0.1 m (the A-horizon), using the knife and shovel with a
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depth scale indication. We did not use a probe sampler because of high skeleton content in
the soil. Approximately 400 g of soil samples were put into plastic bags, i.e., a comparable
soil weight from all sampling plots. Visible coarse particles (e.g., roots, fauna, stones) were
removed. Samples from deeper layers were not taken because we assumed that the effect
of the trees would be notable, especially in the topsoil horizons. In total, 120 soil samples
were collected (4 tree species × 3 stands × 2 horizons × 5 replications).

2.2. Laboratory Analyses

After bringing the samples to the laboratory, they were divided into two parts. One
part, intended for microbial analyses, was stored in a refrigerator. The second part was
air-dried immediately after being brought in, and analyzed for chemical properties. For the
determination of soil moisture and dry weight, a gravimetric method was used, based on
oven-drying of fresh soil samples from the O-horizon at 60 ◦C and from the A-horizon at
105 ◦C until a constant weight. Soil acidity (pH-CaCl2) was determined potentiometrically
in suspension prepared from 2.5 g of litter or 10 g of mineral soil and 25 mL of 0.01 M CaCl2.
The C, N and S concentrations were measured using a VarioMacro Elemental Analyzer
(CNS Version, Elementar Gmbh, Langenselbold, Germany), employing the dry combustion
method. Exchangeable cations of Ca2+, Mg2+ and K+ were determined in 1 M extract of
NH4Cl, using atomic absorption spectrometry (GBC Avanta AAS, Dandenong, Victoria,
Australia), and evaluated only for samples from the mineral A-horizon.

Determination of basal respiration (BR) was performed according to Isermeyer’s
method [16]. The amount of CO2 released from a fresh soil sample in a glass container
for 24 h and absorbed in 0.05 M NaOH was measured. The amount of carbonate was
determined by titration with 0.05 M HCl after 5 mL of BaCl2 and phenolphthalein were
added. For the determination of substrate-induced respiration (SIR), 0.5 g and 0.125 g
of glucose was added to samples from the A-horizon and the O-horizon, respectively.
The evolved CO2 was measured, as described above, after 4.5 h [16]. Catalase activity
(Cat) was estimated according to the method described by Khaziev [17], based on the
measurement of the released O2, 10 min after 3% H2O2 was added to a fresh soil sample.
Microbial biomass carbon (Cmic) was determined using the microwave-irradiation proce-
dure [18]. C concentration was quantified titrimetrically, after the oxidation of the extract
with K2Cr2O7/H2SO4. N-mineralization (Nmin) was measured according to the procedure
described by Kandeler [19]. Soil samples under anaerobic conditions were incubated at
40 ◦C for 7 days, and the released NH4-N was estimated by a colorimetric procedure. Nmin
was determined only in the samples from the A-horizon.

The Biolog® method was used to determine the activity of the microbial functional
groups [20]. 0.5 g of soil sample was placed into a plastic bank. After the addition of 50 mL
0.85% NaCl solution, the suspension was left for 45 min on automatic shaker, and then
filtered. Subsequently, the supernatant was diluted to 1:1000 and 1:10,000 for samples
from the O- and A-horizon, respectively. 150 µL of the extract was pipetted into BIOLOG
Ecoplates, and incubated at 27 ◦C for 5 days. Absorbance at 590 nm was measured spec-
trophotometrically using a Sunrise Microplate reader (Tecan, Salzburg, Austria) every
24 h. Absorbance values were blanked against the control well. The metabolic activity
was calculated as the area below the time–absorbance curve, and was used as a measure
of the abundance of the respective functional group. The richness of the soil functional
groups was assessed as the number of substrates with a non-zero response. The func-
tional diversity of the microbial community was assessed by Hill’s diversity index (N2)
Equation (1) [21]:

N2 = 1/∑pi2 (1)

where pi is the ratio of the activity on a particular substrate to the sum of activities on all
substrates.
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2.3. Statistical Analysis

The effect of different tree species on soil and microbial properties was evaluated by
one-way ANOVA (tree species being considered a fixed-effect factor), with subsequent
Tukey’s HSD post-hoc tests conducted separately for the O- and A-horizons, using Statistica
12 software [22].

As microbial richness and diversity do not completely explain how the structure of
community changes with stand-forming trees species, a multivariate analysis (canonical
correspondence analysis; CCA) was performed using CANOCO 5 software [23]. Analyses
were done separately for physico-chemical properties, microbial community parameters
and community-level physiological profiles assessed by the Biolog® method.

3. Results
3.1. Soil Chemical Properties

We observed significant differences in the effects of tree species on soil chemical
properties; however, the effects differed between soil horizons (Table 1). CCA ordination
diagrams (Figure 1), based on physico-chemical properties, clearly show the distinction
between sycamore maple, beech and coniferous stands. No significant differences were
found in soil chemical characteristics between the spruce and the Douglas fir stands in both
horizons; however, litter weight was higher in spruce stands. The differences between the
beech and sycamore stands in the O-horizon were less pronounced than in the A-horizon:
generally, chemical soil properties (SOC, nutrients, base saturation) were more favorable in
sycamore stands. Nevertheless, no general difference in favor of broadleaves compared to
conifers was observed.

Table 1. Basic statistics (means ± standard deviations) of physico-chemical soil properties in stands
of different tree species.

Physico-Chemical
Properties Horizon P Picea Pseudotsuga Fagus Acer

pH/CaCl2 O <0.1 4.85 ± 0.40 a 5.08 ± 0.35 a 5.06 ± 0.21 a 5.06 ± 0.35 a
A <0.001 3.73 ± 0.09 b 3.94 ± 0.28 b 3.89 ± 0.23 b 4.28 ± 0.26 a

Soil moisture (%) O <0.01 29.71 ± 6.90 c 61.62 ± 54.34 a 32.47 ± 12.37 bc 37.63 ± 13.76 b
A <0.001 17.10 ± 3.12 b 15.29 ± 5.52 b 23.28 ± 7.22 ab 36.80 ± 10.18 a

C (%) O <0.001 32.37 ± 10.05 a 32.53 ± 8.64 a 22.61 ± 7.79 b 21.42 ± 5.01 b
A <0.001 4.60 ± 0.85 b 4.15 ± 1.05 b 3.73 ± 0.71 b 7.19 ± 1.07 a

N (%) O <0.001 1.65 ± 0.48 a 1.70 ± 0.40 a 1.22 ± 0.35 b 1.48 ± 0.25 ab
A <0.001 0.37 ± 0.06 b 0.35 ± 0.08 b 0.34 ± 0.05 b 0.67 ± 0.09 a

S (%) O 0.92 0.24 ± 0.06 a 0.24 ± 0.05 a 0.23 ± 0.23 a 0.21 ± 0.05 a
A <0.001 0.07 ± 0.03 b 0.07 ± 0.02 b 0.06 ± 0.01 b 0.10 ± 0.02 a

C:N ratio O <0.001 19.40 ± 1.41 a 18.97 ± 2.07 a 18.19 ± 1.46 a 14.37 ± 1.05 b
A <0.001 12.46 ± 0.92 a 11.87 ± 1.02 a 10.81 ± 0.67 b 10.82 ± 0.70 b

Litter weight (kg·m−2) O <0.001 1.46 ± 0.36 a 1.24 ± 0.31 b 0.85 ± 0.27 b 1.45 ± 0.44 a
Ca2+ (mg·kg−1) A <0.001 475.1 ± 168.6 b 742.8 ± 413.1 b 692.7 ± 163.5 b 1272.5 ± 379.5 a
Mg2+ (mg·kg−1) A <0.001 116.0 ± 33.9 b 131.2 ± 21.9 b 135.6 ± 13.3 b 178.3 ± 29.8 a

K+ (mg·kg−1) A <0.001 49.13 ± 6.37 b 56.11 ± 36.41 b 67.23 ± 15.61 b 86.99 ± 27.51 a

P—probability associated with ANOVA F-test for tree species effect; different letters designate homogeneous
groups based on Tukey’s HSD post-hoc tests. O—forest floor; A—mineral horizon.

The O-horizon exhibited lower soil acidity, higher C/N ratio and higher concentration
of C, N, S than the A-horizon. Generally, higher decline of C and N content from the O-
to the A-horizon was observed under conifers in comparison to deciduous stands. Soil
pH of the O-horizon, surprisingly, did not differ significantly among tree species. On the
other hand, significantly higher C concentration was found in the litter of conifers than
the deciduous trees. Beech litter exhibited the lowest N content, and the litter of maple
the lowest C/N ratio. However, in the A-horizon the pattern differed. Soils in the maple
stands showed the lowest acidity and the highest content of all nutrients, in comparison to
other stands. Surprisingly, soil properties under beech stands did not differ significantly
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from those under the conifers. The C/N ratio was the only parameter that differed between
the two groups —conifers and deciduous stands.
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Figure 1. Canonical correspondence analysis for physico-chemical soil properties and different forest
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steepest increase of individual physico-chemical properties. Circles represent individual sampling
sites, with color distinctions of dominant tree species in the stands (blue—Pseudotsuga menziesii;
green—Picea abies; yellow—Fagus sylvatica; red—Acer pseudoplatanus).

3.2. Soil Microbial Characteristics

Like chemical properties, soil microbial characteristics also differed significantly be-
tween the stands of different tree species (Table 2). However, as shown by the CCA ordina-
tion, the pattern of differences did not follow completely that of the soil physico-chemical
properties, and especially in the O-horizon, clear differences in microbial characteristics
between the conifer stands were obvious (Figure 2). Again, in general, microbial character-
istics in deciduous stands did not significantly differ from those of the conifer stands.

Table 2. Basic statistics (means ± standard deviations) of soil microbial characteristics in stands of
different tree species.

Microbial Properties Horizon P Picea Pseudotsuga Fagus Acer

Basal respiration
(µg CO2·g−1·h−1)

O <0.001 1.37 ± 0.49 b 4.47 ± 2.89 a 1.88 ± 1.51 b 2.61 ± 2.38 ab
A 0.11 0.18 ± 0.04 a 0.16 ± 0.09 a 0.20 ± 0.09 a 0.42 ± 0.63 a

Substrate-induced
respiration (µg CO2·g−1·h−1)

O <0.001 5.02 ± 1.97 b 22.00 ± 23.62 a 5.37 ± 2.42 b 9.64 ± 6.67 b
A <0.001 1.09 ± 0.61 b 0.63 ± 0.29 b 1.11 ± 0.46 b 2.40 ± 0.82 a

Catalase activity
(ml O2·g−1·min−1)

O <0.05 5.26 ± 0.93 b 6.02 ± 2.26 ab 6.62 ± 1.26 ab 6.76 ± 1.39 a
A <0.001 0.65 ± 0.20 a 0.56 ± 0.17 a 0.62 ± 0.21 a 1.06 ± 0.26 a

N mineralization
(µg NH4

+-N·g−1·d−1)
A <0.001 0.74 ± 0.50 b 1.41 ± 1.04 b 4.00 ± 2.17 a 5.38 ± 4.36 a

Microbial biomass carbon
(µg·g−1)

O <0.001 6440 ± 1250 ab 7869 ± 3339 a 4338 ± 1047 c 4894 ± 1747 bc
A <0.001 568.2 ± 169.7 b 420.3 ± 99.2 c 361.8 ± 105.3 c 912.4 ± 185.4 a

Richness of functional groups O <0.001 26.87 ± 2.13 c 28.93 ± 1.79 a 27.47 ± 1.99 ab 28.40 ± 1.59 ab
A <0.001 27.80 ± 1.01 a 26.87 ± 2.13 a 25.07 ± 1.79 b 26.93 ± 1.75 a

Diversity of functional groups O <0.001 10.48 ± 2.63 b 17.60 ± 1.97 a 16.55 ± 2.33 a 13.53 ± 3.01 b
A 0.01 11.45 ± 1.88 c 15.18 ± 2.63 a 12.99 ± 1.37 b 11.18 ± 1.78 c

P—probability associated with ANOVA F-test for tree species effect; different letters designate homogeneous
groups based on Tukey’s HSD post-hoc tests. O—forest floor; A—mineral horizon.
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Figure 2. Canonical correspondence analysis for soil microbial community properties in relation to
stand tree species composition within the O-horizon (left) and A-horizon (right). Arrows represent
the direction of the steepest increase of individual microbial properties. Circles represent individual
sampling sites, with color distinctions of dominant tree species in the stands (blue—Pseudotsuga
menziesii; green—Picea abies; yellow—Fagus sylvatica; red—Acer pseudoplatanus).

Generally, the Douglas fir litter exhibited higher microbial activity, as well as richness
and diversity of functional groups, than the spruce litter. Unlike the conifers, the differences
in microbial characteristics (except the diversity index) between the broadleaves were
negligible. Interestingly, the litter of deciduous trees exhibited lower microbial biomass
than the litter of conifers. The highest microbial biomass activity, as well as richness and
diversity of microbial functional groups, were typical for the litter in the Douglas fir stands.

While, in the O-horizon, the Douglas fir litter differed significantly from the others in
microbial characteristics, in the A-horizon the situation was quite different and, generally,
no differences were found between the soils of the spruce and the Douglas fir stands (except
the diversity index). On the other hand, while basal respiration and enzyme activity did
not differ between the beech and the maple stands, the microbial biomass, SIR and indices
of microbial community structure did. In soils under the maples, higher microbial biomass
occurred, and there seemed to be a trend of higher activity as well. Within the A-horizon,
N-min was the only microbial property that distinguished deciduous and coniferous forest
stands.

The community structure, based on the Biolog® method, showed differences in the
utilization of 25 substrates in the O-horizon, and of only 16 in the A-horizon between the
evaluated forest stands (Figure 3, Table S1). The Douglas fir litter showed high utilization in
the majority of substrates, followed by the litter of the beech and the maple, while the litter
of the spruce generally showed the lowest utilization rates. Surprisingly, the most distinct
differences in utilization were observed between the litter of two conifers. Glycogen was
the only substrate for which utilization was found to be the lowest in the Douglas litter.
Xylose showed different utilization between the litter of the conifers and the broadleaves,
with higher intensity in coniferous stands. For the sycamore, maple and beech stands,
differences in utilization were observed only in five substrates—D-xylose, α-cyclodextrin,
glycogen, α-ketobutyric acid and putrescine.



Diversity 2022, 14, 515 7 of 11

Diversity 2022, 14, 515 7 of 11 
 

 

litter. Xylose showed different utilization between the litter of the conifers and the broad-
leaves, with higher intensity in coniferous stands. For the sycamore, maple and beech 
stands, differences in utilization were observed only in five substrates—D-xylose, α-cy-
clodextrin, glycogen, α-ketobutyric acid and putrescine.  

In the A-horizon, the utilization pattern of substrates differed compared to litter. 
While in the Douglas fir stands, litter exhibited higher utilisation activity than the spruce 
litter, in the A-horizon four substrates were found (glycogen, D-glucosaminic acid, α-ke-
tobutyric acid, D-malic acid) with higher utilization in soils under the spruce. In the soils 
under the beech stands, L-asparagine, α-cyclodextrin, glycyl-L-glutamic acid and α-D-
lactose were more utilized, while D-xylose was less utilized than in the sycamore maple 
stands. 

  
Figure 3. Canonical correspondence analysis based on community-level physiological profiles in 
different forest stands in O-horizon (left) and A-horizon (right). Arrows represent the direction of 
the steepest increase of activity within individual functional groups. Triangles represent individual 
tree species (2—β-methyl-D-glucoside; 3—D-galactonic acid γ-lactone; 4—L-arginine; 5—pyruvic 
acid methyl ester; 6—D-xylose; 7—D-galacturonic acid; 8—L-asparagine; 9—Tween 40; 10—i-eryth-
ritol; 11—2-hydroxy benzoic acid; 12—L-phenylalanine; 13—Tween 80; 14—D-mannitol; 15—4-hy-
droxy benzoic acid; 16—L-serine; 17—α-cyclodextrin; 18—N-acetyl-D-glucosamine; 19—γ-hy-
droxybutyric acid; 20—L-threonine; 21—glycogen; 22—D-glucosaminic acid; 23—itaconic acid; 
24—glycyl-L-glutamic acid; 25—D-cellobiose; 26—glucose-1-phosphate; 27—α-ketobutyric acid; 
28—phenylethyl-amine; 29—α-D-lactose; 30—D,L-α-glycerol phosphate; 31—D-malic acid; 32—pu-
trescine). 

4. Discussion 
Conversion of agricultural land to forest is known to change soil chemical properties, 

including carbon stocks serving as the main energy source for soil microbiota [24–26]. 
Shifts in vegetation cover, whether through afforestation or natural colonization of agri-
cultural areas by trees, cause changes in carbon sequestration [27]. They also affect the 
storage of soil organic matter by changing the quality and quantity of litter entering the 
soil [28–31]. This has been the main focus of studies hitherto: the effect of tree species was 
mostly studied in relation to soil organic matter content, carbon sequestration and soil 
reaction. Several studies have shown that in forest soils more SOC was stored under co-
niferous trees in the upper horizons than under broadleaves, while in afforested agricul-
tural soils SOC sequestration did not differ between broadleaf and coniferous trees [32]. 

Figure 3. Canonical correspondence analysis based on community-level physiological profiles in
different forest stands in O-horizon (left) and A-horizon (right). Arrows represent the direction of the
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methyl ester; 6—D-xylose; 7—D-galacturonic acid; 8—L-asparagine; 9—Tween 40; 10—i-erythritol;
11—2-hydroxy benzoic acid; 12—L-phenylalanine; 13—Tween 80; 14—D-mannitol; 15—4-hydroxy
benzoic acid; 16—L-serine; 17—α-cyclodextrin; 18—N-acetyl-D-glucosamine; 19—γ-hydroxybutyric
acid; 20—L-threonine; 21—glycogen; 22—D-glucosaminic acid; 23—itaconic acid; 24—glycyl-L-
glutamic acid; 25—D-cellobiose; 26—glucose-1-phosphate; 27—α-ketobutyric acid; 28—phenylethyl-
amine; 29—α-D-lactose; 30—D,L-α-glycerol phosphate; 31—D-malic acid; 32—putrescine).

In the A-horizon, the utilization pattern of substrates differed compared to litter. While
in the Douglas fir stands, litter exhibited higher utilisation activity than the spruce litter, in
the A-horizon four substrates were found (glycogen, D-glucosaminic acid, α-ketobutyric
acid, D-malic acid) with higher utilization in soils under the spruce. In the soils under the
beech stands, L-asparagine, α-cyclodextrin, glycyl-L-glutamic acid and α-D-lactose were
more utilized, while D-xylose was less utilized than in the sycamore maple stands.

4. Discussion

Conversion of agricultural land to forest is known to change soil chemical properties,
including carbon stocks serving as the main energy source for soil microbiota [24–26]. Shifts
in vegetation cover, whether through afforestation or natural colonization of agricultural
areas by trees, cause changes in carbon sequestration [27]. They also affect the storage of
soil organic matter by changing the quality and quantity of litter entering the soil [28–31].
This has been the main focus of studies hitherto: the effect of tree species was mostly
studied in relation to soil organic matter content, carbon sequestration and soil reaction.
Several studies have shown that in forest soils more SOC was stored under coniferous trees
in the upper horizons than under broadleaves, while in afforested agricultural soils SOC
sequestration did not differ between broadleaf and coniferous trees [32]. Generally, soils
under conifers were found to be more acid, with higher thickness of surface organic layer
and C:N ratio, and less water-soluble substances leached from litter [8]. This is explained
by the chemical composition of conifer litter containing more components recalcitrant to
decomposition than broadleaf litter, which can result in litter accumulation on the soil
surface, and the formation of acidic compounds [7]. Tree species also exert differential
effects on soil fauna (microarthropods, earthworms, nematodes), while litter quality seems
to be an important factor [33]. Soil fauna also mediates the effect of trees on soil prop-
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erties such as layer thickness or carbon accumulation [34]. The dominant tree species
have a greater effect on soil biota richness and composition than tree richness per se [35].
Changes in soil properties affect the function, structure and activity of the soil microbial
community [36,37]. As the quality of litter and root exudates vary considerably among tree
species, the effects on soil microbial community composition and microbial activity are ex-
pected to differ depending on dominant tree species, stand management and other factors,
and need not necessarily be positive in terms of diversity and microbial functions [38].

Our results confirmed that a period of 45 years is long enough for the manifestation of
changes in soil properties in the uppermost soil horizons triggered by the tree layer. The
succession of all communities associated with trees (including soil microbiota) started in a
relatively homogeneous area: pasture grasslands with small variation in the herbaceous
vegetation, located within a narrow altitudinal range on a shallow slope with the same
aspect, covered by the same soil type. Consequently, soil properties can reasonably be
expected to have been quite similar across the area. In spite of this homogeneity, both
soil physical and chemical properties and soil microbiota composition diverged during
the 45 years, depending on the dominant tree species. However, the differences in suc-
cessional trajectories cannot be simplified as contrasts between conifers and broadleaves.
Multivariate analyses of physico-chemical soil properties indicated an overlap between the
soils under the Douglas fir and the spruce, but a clear separation of beech from sycamore.
Acidifying effect has frequently been attributed solely to conifers [11,39,40]. However,
more recent studies contradict this assumption [14]. Soil pH and base saturation is often
lower in stands dominated by beech compared to other temperate broadleaves [41,42].
This was confirmed by our study: no difference was observed in the O-horizon, and beech
stands exhibited the same pH in the A-horizon as both conifers, while only the soils under
the sycamore stands were less acidic, and richer in base cations. Conifers also exhibited
generally higher C and N content in the O-horizon, but in the top 10 cm of mineral soil
the C and N content was significantly higher only under the maple stands. Litter quality,
especially with regard to the content of recalcitrant substances and decomposition rate,
seems to be the main driver of nutrient cycling and soil chemical properties [42–44].

Changes in soil properties also mean changing living conditions for soil microbiota.
Plant species are unique in their effects on the belowground system. Providing the matter
decomposed by soil microorganisms, trees influence soil microbiota essentially in the
same way as other plants, but their effect is potentially stronger because of a greater
biomass [45,46]. The effect of afforestation on the composition, biomass and activity of
microbial communities after afforestation is thus usually dramatic [31,37,47,48]. As in the
case of physico-chemical properties, soil microbial community parameters in our study
significantly differed depending on the stand-forming tree species, but again without a
clear conifer-broadleaf contrast, and with different patterns in the soil horizons. In general,
both microbial activity and diversity were, surprisingly, highest under the Douglas fir,
followed by the sycamore, with the beech and the spruce showing mostly lower values.
Utilization patterns of Biolog® substrates also differed between tree species, although by
no means identically in both soil horizons. This is not surprising, as in the A-horizon the
organic fraction represented only a small part of the soil mass compared to the surface
organic layer, and had undergone chemical transformation.

5. Conclusions

Land cover in central Europe has undergone dramatic changes during the last few
centuries, especially in mountainous areas. Initially, large areas were deforested to gain
pastures and partly also arable land. Currently, this trend was reversed, and many former
pastures were afforested or colonized by trees after being abandoned. The same applies to
tree species composition of forest stands: since the 18th century Norway spruce monocul-
tures gradually replaced natural broadleaved and mixed forests on a large scale because of
its relatively fast growth and wood quality, but prolonged drought periods and climate
warming during the last decades have led to increasing spruce mortality especially in
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pure stands. Alternatives to spruce are currently sought also among introduced species;
Douglas fir, which seems to be more tolerant to heat and drought, is considered a suitable
replacement of Norway spruce in many parts of Europe [49,50]. The knowledge of the
effects of tree species on soil processes is thus indispensable for planning of the composition
of future forests. Objects such as the Vrchdobroč area, where stands of various species have
been planted in a relatively homogeneous area and have undergone various sylvicultural
treatments, are invaluable for studying the effects on soil properties and soil microbial
community.
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17. Khazijev, F.C. Fermentativnaja Aktivnost’ Počv; Metodičeskoje Posobje: Moskva, Russia, 1976; p. 180. (In Russian)
18. Islam, K.R.; Weil, R.R. Microwave irradiation of soil for routine measurement of microbial biomass carbon. Biol. Fertil. Soils 1998,

27, 408–416. [CrossRef]
19. Kandeler, E. Bestimmung der N-mineralisation im anaeroben Brutversuch. In Bodenbiologische Arbeitsmethoden; Schinner, F.,

Ohlinger, R., Kandeler, E., Margesin, E.R., Eds.; Springer: Heidelberg, Germany, 1993; pp. 160–161. (In German)
20. Insam, H. A new set of substrates proposed for community characterization in environmental samples. In Microbial Communities:

Functional Versus Structural Approaches; Insam, H., Rangger, A., Eds.; Springer: Berlin, Germany, 1997; pp. 260–261.
21. Hill, M.O. Diversity and evenness: A unifying notation and its consequences. Ecology 1973, 54, 427–432. [CrossRef]
22. StatSoft, Inc. STATISTICA Data Analysis Software System, Version 12.0; StatSoft, Inc.: Tulsa, OH, USA, 2013.
23. Ter Braak, C.J.F.; Smilauer, P. CANOCO Reference Manual and User’s Guide to Canoco for Windows: Software for Canonical Community

Ordination (Version 4); Centre of Biometry Wageningen: Winnipeg, MA, Canada, 2002; p. 353.
24. Lal, R. Forest soils and carbon sequestration. For. Ecol. Manag. 2005, 220, 242–258. [CrossRef]
25. Armolaitis, K.; Aleinikoviene, J.; Baniuniene, A.; Lubyte, J.; Zekaite, V. 2007 Carbon sequestration and nitrogen status in Arenosols

following afforestation or following abandonment of arable land. Balt. For. 2007, 13, 169–178.
26. Cerli, C.; Celi, L.; Kaiser, K.; Guggenberger, G.; Johansson, M.B.; Cignetti, A.; Zanini, E. Changes in humic substances along an

age sequence of Norway spruce stands planted on former agricultural land. Org. Geochem. 2008, 39, 1269–1280. [CrossRef]
27. Kuzyakov, Y. Sources of CO2 efflux from soil and review of partitioning methods. Soil Biol. Biochem. 2006, 38, 425–448. [CrossRef]
28. Hiltbrunner, D.; Zimmermann, S.; Hagedorn, F. Afforestation with Norway spruce on a subalpine pasture alters carbon dynamics

but only moderately affects soil carbon storage. Biogeochemistry 2013, 115, 251–266. [CrossRef]
29. Guidi, C.; Magid, J.; Rodeghiero, M.; Gianelle, D.; Vesterdal, L. Effects of forest expansion on mountain grassland: Changes

within soil organic carbon fractions. Plant Soil 2014, 385, 373–387. [CrossRef]
30. Saiz, G.; Bird, M.; Wurster, C.; Quesada, C.A.; Ascough, P.L.; Domingues, T.; Schrodt, F.; Schwarz, M.; Feldpausch, T.R.;

Veenendaal, E.M.; et al. The influence of C3 and C4 vegetation on soil organic matter dynamics in contrasting semi-natural
tropical ecosystems. Biogeosciences 2015, 12, 5041–5059. [CrossRef]

31. Ortiz, C.; Fernandez-Alonsó, M.J.; Kitzler, B.; Díaz-Pines, E.; Saiz, G.; Rubio, A.; Benito, M. Variations in soil aggregation,
microbial community structure and soil organic matter cycling associated to long-term afforestation and woody encroachment in
a Mediterranean alpine ecotone. Geoderma 2022, 405, 115450. [CrossRef]

32. Hübblová, L.; Frouz, J. Contrasting effect of coniferous and broadleaf trees on soil carbon storage during reforestation of forest
soils and afforestation of agricultural and post-mining soils. J. Environ. Manag. 2021, 290, 112567. [CrossRef] [PubMed]

33. Peng, Y.; Holmstrup, M.; Kappel Schmidt, I.; De Schrijver, A.; Schelfhout, S.; Heděnec, P.; Zheng, H.; Ruggiero Bachega, L.;
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