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Simple Summary: The potentially important role of forests in climate change mitigation suggests a
strong need for a more detailed understanding of these ecosystems. Besides climatic conditions,
diverse forest vegetation creates varied conditions for the activity of soil microorganisms, and par-
ticular attention should be focused on a comprehensive study on the influence of different forest
types on microbial activities. We conducted an experiment on six different forest soils (two conifer-
ous, two deciduous, and two mixed sites comprising trees of different ages) collected from the same
region (Lublin Upland, Poland) to assess the relationship between forest type and seasonal changes
in microbial parameters. The annual mean values of the soil microbial indicators suggest that the
mature deciduous stand was the most sustainable in microbial activities among the forest soils in-
vestigated. The diversity of the forest environment and the multifactorial dependence of the micro-
biological activity of forest soils necessitates further research in this field, especially using the same
soil types. An understanding of forest ecosystem functioning can also be useful for forest manage-
ment.

Abstract: Understanding the functioning of different forest ecosystems is important due to their key
role in strategies for climate change mitigation, especially through soil C sequestration. In controlled
laboratory conditions, we conducted a preliminary study on six different forest soils (two conifer-
ous, two deciduous, and two mixed sites comprising trees of different ages) collected from the same
region. The aim was to explore any differences and assess seasonal changes in soil microbial param-
eters (basal respiration BR, microbial biomass Cmic, metabolic quotient qCO, dehydrogenase activ-
ity DHA, and Cnmic:Corg ratio). Indicator- and forest-specific seasonality was assessed. In addition to
litter input, soil parameters (pH, nutrient content, texture and moisture) strongly regulated the an-
alyzed microbial indicators. PCA analysis indicated similarity between mature mixed and decidu-
ous forests. Among annual mean values, high Cmic and DHA with simultaneously low qCO2 suggest
that the mature deciduous stand was the most sustainable in microbial activities among the inves-
tigated forest soils. Research on the interrelationship between soil parameters and forest types with
different tree ages needs to be continued and extended to analyze a greater number of forest and
soil types.

Keywords: forest soil; microbiology; enzymes; C cycle; basal respiration; soil microbial biomass;
dehydrogenase; GHGs; C sequestration

1. Introduction

An understanding of the microbial activity in forest soils is important given its role
in the maintenance of the biodiversity of these ecosystems whilst also contributing to car-
bon (C) storage and greenhouse gas (COz, CHs, N20) fluxes [1-3]. Consequently, forests
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with appropriate management practices are often an important part of global biodiversity
maintenance and underpin many strategies for climate change mitigation. Globally, for-
ests cover 31% of all land surface [2], including 35% of the area of Europe, with a coverage
of about 227 million ha in Europe [4]. Considering their types, coniferous stands dominate
in Europe (46%), followed by broadleaved (37%) and mixed (17%) stands. In terms of the
age of European forests, sites between 20 and 80 years dominate (accounting for 40%),
while 12% and 18% represent sites below 20 years and over 80 years, respectively [5]. For-
ests grow in a range of climatic conditions and soil types [6], which is associated with
various levels of biodiversity [2].

The soil ecosystem determines the growth environment for plants and forms a reser-
voir of available water and nutrients for trees, whose roots connect with soil microbial
communities [7,8]. The activity of soil microbes reflects the functioning and condition of
the forest ecosystem, since soil microorganisms are highly sensitive to changes and react
faster to disturbances than many multicellular organisms [9,10]. Soil quality can be as-
sessed using various microbial indicators [11]. Basal respiration (BR) is one of the oldest
parameters, reflecting the biological activity of soil microorganisms and C availability for
microbial growth. This includes the catabolic processes of aerobic microorganisms associ-
ated with organic matter decomposition and nutrient release or immobilization in the soil
[1,10,12,13]. Soil microbial biomass (Cmic) is an important ecological indicator of soil fertil-
ity and quality [14] and refers to the soil fraction that is responsible for the regulation of
the transformation of organic matter and the cycling of nutrients and energy [10]. The
metabolic quotient (qCQOz) is a sensitive indicator of the likely constraints on the soil mi-
crobial community and can be used to assess ecosystem development and soil disturbance
[15,16]. A low qCO2 value indicates that a greater part of C is built into the biomass and a
smaller part is emitted as CO2. Among the soil microbial enzymes, the activity of intracel-
lular dehydrogenase (DHA) is a bio-indicator of soil quality, health, and degradation and
provides information about overall microbial activity in soils, because the enzyme is
linked to viable cells [10,17-19]. Soil dehydrogenases act as carriers of electrons and hy-
drogen from the substrate to the acceptors during the early stages of soil organic matter
oxidation; thus, the activity of these enzymes is also considered an indicator of oxidative
metabolism in soils [18,19]. The Cmic:Corg ratio can be used as a measure of the deterioration
of soil quality [20], which determines the availability of soil C. In turn, C is necessary for
growth and microbial activity [16] and is closely associated with the capacity of the soil to
support populations of microorganisms [21]. Investigations that take into account this set
of contrasting parameters allow a comprehensive assessment of soil (in our case—forest
soil) quality.

Soil microbial biomass and activity in soils of different forest types show seasonal
dynamics and are regulated by changes in climate, soil chemical and physical properties —
mainly temperature, moisture, texture, pH, and nutrient availability [19,20,22-30]. The
seasonality of BR may be highly dependent on the dynamics of soil temperature variabil-
ity [31-33]. High microbial biomass was reported in pine forests in spring [34] and in a fir
stand in summer [35]. A high Cmic in autumn may be an effect of a large amount of litter,
which provides a source of nutrients and energy for soil microorganisms [36]. The meta-
bolic quotient (qCOz) was higher in a cedar forest during the winter season and lower in
a beech forest in the spring season [37], which demonstrates that changes in C use effi-
ciency can occur during the year. Soil DHA is stimulated by a rise in temperature [29],
with the decomposition of litter [38] reaching its lowest values in winter. Among the dif-
ferent physical parameters, soil texture influences microorganisms, since it regulates hy-
drology, aeration, and soil organic matter. Clay soils have a higher Cmic and DHA than
sandy soils [7,23,26,27,39].

A specific aspect of the forest ecosystem is the regulation of soil microbial activity by
trees of different ages representing different species, which produce diverse litters and
root exudates and thus change soil hydrological and physical properties [40-47]. The ef-
fect of trees on soil microbial communities was observed in unfavorable site conditions
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with a low nutrient content [8]. It was reported that site conditions and tree species are
very important factors defining the structure of the soil microbial community [48]. As well
as the underlying soil type, differences in soil respiration may be an effect of the influence
of different tree stands on the soil specific and on soil microorganisms [49]. Through the
different ways that trees of different ages regulate the soil environment (pH, litter quality),
this also results in changes in the enzymatic activity of soil [17,23,43]. Soil microbial pa-
rameters may also be significantly affected by nutrient (C, N, and P) content regulated by
trees of different age; for instance, young trees need more N but less P than old trees
[44,46]. Soil biota participation in C cycle results in their strong relationship with C se-
questration and soil-atmosphere GHG exchange. The microbial contribution to C seques-
tration is governed by the interactions between microbial (the amount of biomass, the
community structure, and microbial by-products) and soil properties (texture, clay min-
eralogy, and pore-size distribution) [50]. In addition to CO2 emission through the respira-
tion process, the activity of different soil microorganisms, such as methanotrophs or nitri-
fiers, causes CHs and N20 uptake.

To conduct preliminary research and better characterize the microbial populations
associated with soils of diverse forests and vegetation, a comprehensive approach was
taken in this study encompassing soils under different species and age of trees located in
the same region (under similar weather conditions, Lublin Upland in Poland). We focused
on a set of biochemical parameters related to microbial biomass/activity and C-use effi-
ciency, that, in combination, allowed for a better interpretation of their role(s) in con-
trasting forest soils at the local scale. We hypothesized that interactions between climatic
and soil parameters, forest type, and tree age significantly differentiate soil microbial in-
dicators. We assumed higher values of soil microbiological biomass and activity and
lower C use efficiency may be determined by:

(1) Higher temperatures in summer and spring;

(2) Higher water availability in spring than in autumn and winter (while drought con-
ditions in summer may reduce microbial activity);

(3) Higher water storage and nutrient (N,P,C) availability in heavy vs. light soils;

(4) Lower water and higher nutrient demand of younger trees;

(5) The presence of leaf litter, which is most abundant in mature deciduous forests, and
which could maintain a higher soil temperature in winter than in sites without litter
and protect against excessive water loss in summer.

The aim of the study was to determine and utilize the microbial parameters: basal
respiration, soil microbial biomass, metabolic quotient, dehydrogenase activity, and the
Chmic:Corg ratio for characterizing microbial activity and C use efficiency in six different for-
est soils in the same region (two coniferous, two deciduous, and two mixed sites) under
trees of different age.

2. Materials and Methods
2.1. Site and Soil Characteristics

Soil samples were collected from six different forest sites located in the Lublin Up-
land, Poland. The basic characteristic of the forests examined are presented in Table 1.

Table 1. Basic characteristic of the forests examined.

Contribution of

. Tree Trees Bio-
Dominant Tree

Forest Type Coordinates Tree Species Species * Age*  mass*
[%] [year] [m?3ha]
Coniferous Mature  51.109675, 22.455327 Scot pine Pinus sylvestris 100 100 83
Coniferous Young  51.036295, 22.993784 Norway spruce Picea abies 100 36 68

Deciduous Mature

51.034831, 22.993789 Oak Quercus robur 70 71 193
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Deciduous Young

Mixed Mature

Mixed Middle Aged

Aspen Populus tremula 30 63 87

51.217270,22.670177  Sweet cherry Prunus avium 100 12 26
Scot pine Pinus sylvestris 80 85 306

51220832, 22.676460 Oak Quercus robur 20 85 65
Oak Quercus robur 80 59 199

51.111152, 22.453757 Scot pine Pinus sylvestris 10 59 35
Black alder Alnus glutinosa 10 59 21

* Source: based on the Forest Data Bank, www.bdl.lasy.gov.pl (accessed on 30 August 2021).

During the sampling period (from July 2018 to April 2019), the annual mean temper-
ature in the study area was 8.5 °C and the total annual rainfall was 330 mm. In the studied
region, the highest mean temperature reached 20.7 °C in summer, while the lowest value
(0.4 °C) was recorded in winter. Based on the regional long-term data (2013-2018), the
mean air temperature was 8.5 °C and mean total precipitation was 556 mm. Data for indi-
vidual months are shown in Figure 1. The average temperature of the soils in situ were:
19.3 °C in summer, 9.9 °C in autumn, 2.5 °C in winter and 9.5 °C in spring.
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Figure 1. Meteorological parameters in the study region in 2018 and 2019, based on information
from the weather station of the Institute of Agrophysics PAS located in Lublin.

Basic soil properties (Table 2) were determined for samples collected from a depth of
0-15 cm (n = 3) in July 2018 before the main experiment.

Soil texture was measured by the laser diffractometer Mastersizer 2000 with the Hy-
dro G dispersion unit (Malvern Ltd., Malvern, UK). The following settings were used: two
light sources of laser (633 nm) and diode (466 nm), stirrer speed 700 rpm, and pump speed
1750 rpm, soil refractive index 1.52 and soil absorption index 0.1 [51]. Soil pH was deter-
mined potentiometrically at room temperature in a soil and water slurry, after the soil had
settled, with a ratio of soil:water of 1:2.5 w/w. The total C and N contents were determined
in soils ground in a mortar using a dry combustion method (an oven temperature of 1020
°C; a Thermo Scientific Flash 2000 Organic Elemental Analyzer). Soil inorganic (SIC) and
organic carbon (SOC) contents were determined with a TOC-VCPH analyzer (Shimadzu,
Kyoto, Japan). Phosphorus (total P) concentration was determined by ICP-OES (Induc-
tively Coupled Plasma Optical Emission Spectrometry) using a Thermo Scientific iCAP
Series 6500 equipped with a charge injection device (CID) detector [52]. Soil temperature
was measured during sampling using a TDR soil multimeter FOM/mts (n = 8). Undis-
turbed soil cores (100 cm? brass cylinders) were tested after equilibration on a Richard
chamber (Soilmoisture Equipment Corp., USA) in order to determine soil bulk density as
the mass of a dry sample divided by the volume of the sample.
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Table 2. Properties of the different forest soils (0-15 cm depth; n =3 avg. + SD).

Forest Type Coniferous Mature Coniferous Deciduous Mature Deciduous Young Mixed Ma- Mixed Middle
Young ture Aged
Soil Type Dystric Cambisol Albic D,y stric Leptic Cambisol Dystric Cambisol Dystric Cambi- Albic Luvisol
Luwisol sol
Texture loamy sand silt loam silt loam silt loam silt loam sandy loam
Clay Content [%] 1.6 +0.11 5.6+0.11 54+0.13 4.8+0.10 51+0.15 2.0+0.08
Silt Content [%] 229+1.29 72.4+0.35 69.7 £0.53 64.3 £1.40 69.4+0.76 27.7 +0.82
Sand Content [%] 75.5+1.40 22.1+0.38 24.9 +0.62 30.8+1.43 25.4+0.66 70.3+0.89
Bulk Density [g cm™] 1.20 0.94 1.14 1.23 1.13 1.23
pHm20 4.37 +0.006 4.82 +0.015 4.80 +0.006 5.34 +0.006 422+0.021 4.79+0.010
N [%] 0.074 +0.016 0.083+0.004  0.108 +0.017 0.107+£0.002  0.163+0.004 0.063 +0.001
Corg [%] 1.20 +£0.363 0.91 £ 0.068 1.73 +0.670 1.14 +0.065 2.25+0.103  0.82+0.074
C/N 16.12 +1.39 11.04 + 0.85 15.71 + 3.68 10.66 + 0.43 13.81+0.30 13.17+0.95
Prwot [mg/kg] 277.0+£6.74 273.6 £9.41 316.7 +23.81 456.8+159.5  458.2+20.36 264.2+14.55
c/p 42.4+12.94 32.3£2.51 51.2+18.03 18.6 +0.78 47.2+2.29 29.7 +£2.63
N/P 2.60 + 0.56 2.93+0.16 3.21+0.46 1.77 +0.016 3.41+0.16 2.25+0.04

2.2. Experimental Design

The study was conducted on soil samples collected at monthly intervals in summer
2018 (July, August), autumn 2018 (September, October, November), winter 2018/2019
(January, February), and spring 2019 (April). The samples (surface layer, i.e., 0-15 cm
depth after removal of litter) were collected at five randomly selected sites in each forest
site, mixed, and thoroughly homogenized, and combined into one representative sample
for the season and for each forest type. Representative samples were sieved through a 2
mm mesh, frozen (-20 °C) and next stored in the dark at 4 °C for four weeks before the
microbial analyses to minimize microbial activity. To represent field conditions, the anal-
yses were conducted at soil moisture levels corresponding to the natural conditions at the
time of sampling (Table A1l). The measurement procedures were performed after a two-
day preincubation to stimulate microorganism activity (5 g of air-dry soils was placed in
60 cm? glass vessels and incubated in the dark at 25 °C).

2.3. Analysis of Microbial Parameters

Soil basal respiration (BR, expressed in pug CO2-C/g/h) was measured after 2 h incu-
bation at 25 °C. Soil microbial biomass (Cmic) was determined using the substrate-induced
respiration (SIR) method. Emission of CO2 was measured after enrichment of the soil with
a glucose solution (10 mg per gram of soil) that provided an easily available source of
carbon and energy [53]. After 2 h incubation with shaking at 25 °C in a water bath, the
CO: produced was collected by injection and measured chromatographically using a Shi-
madzu GC-14A (Shimadzu Corp., Kyoto, Japan). Microbial biomass content was recalcu-
lated according to Simek and Kal¢ik, 1998 [54]. The activity of soil dehydrogenases (DHA)
was determined with the Casida et al., 1964 [55] method using triphenyl tetrazolium chlo-
ride (TTC); this analysis was based on the amount of triphenyl formazan (TPF) produced
after a 20 h incubation of the soil samples at 30 °C. After filtration, DHA (mg TPF/g/20 h)
was measured spectrophotometrically at an absorbance of 485 nm (UV-1601PC, Shimadzu
Corp., Kyoto, Japan). In total, 216 soil samples were used in this study to assess the mi-
crobial indicators. Based on the measured parameters, the Cmic:Corg ratio and BR:Cmic ratio
(the metabolic quotient qCO:z expressed as pg CO2-C/mg Cmic/h) were calculated [56].

2.4. Calculation and Statistical Analysis

The values of the microbiological parameters were calculated for each season and
each forest type. Based on the seasonal indicators, the average annual values of BR, Cumi,
qCO2, DHA, and Cmic:Corg were calculated for each study site. The value of BR and qCO2
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was corrected for CO: dissolution in soil solution according to the Henderson-Hasselbach
equation.

The results were statistically analyzed with Statistica 13 software (StatSoft Inc., Tulsa,
OK, USA). A non-parametric Kruskall-Wallis test was used to evaluate the significance
(at the 5% level) of the differences in soil parameters between the seasons in each forest
and between the annual values for each forest separately. Principal component analyses
(PCA) were carried out to examine the relationships among soil microbial indicators (BR,
Cmic, qCO2 DHA, Cnic:Corg), tree age, and soil parameters (sand, silt, and clay contents,
moisture, pH, N, C, and P concentration, C:N, N:P, and C:P).

3. Results

The studied microbiological parameters of the forest soils showed different annual
mean values (Figure 2). The preliminary results of seasonal variability of the tested micro-
bial parameters are shown in Figures 3-7.

3.1. Annual Mean of Microbiological Parameters of Forest Soils

The annual mean values of each analyzed microbiological parameter are shown in
Figure 2.
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Figure 2. Annual mean microbial parameters of soils: (a) BR—basal respiration; (b) Cmic—microbial biomass; (¢) gCO2—
metabolic quotient; (d) DHA —dehydrogenase activity, (e) and Cmic:Corg ratio) collected from different forests (average
values * standard deviation). Different letters indicate significant differences (a non-parametric Kruskal-Wallis test, p <
0.05, was carried out separately for each parameter and for each forest).
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The highest BR was recorded in the soil from the young coniferous forests. It was
about 20% lower for the rest of the studied forest soils. The mean annual Cmic had signifi-
cantly higher values for the silty soils collected from the young coniferous forest and from
the mature deciduous forest. It was about 40% lower for the sandy soil and the mature
coniferous forest. The mean qCO2 value in silty soil from deciduous mature forest was
significantly lower than in other stands, and the highest values were found in the sandy
soils from the mature coniferous forest. The annual soil DHA values decreased in the fol-
lowing order: young deciduous > mature deciduous > mature and young coniferous and
mixed. The highest annual Cmic:Corg ratio was found for the silty soil of the young conifer-
ous and middle-aged mixed forest, and values for these mature forests were approxi-
mately 50% lower.

3.2. Seasonal Changes in Soil Basal Respiration (BR)

Seasonal changes in BR were observed in all studied forest soils (Figure 3), although
the pattern varied and differences between seasons were not significant.
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Figure 3. Basal respiration (BR) in soil samples collected in summer, autumn, winter, and spring from different forest sites
(average values + standard deviation; n = 3). (a) Coniferous Young (silt loam); (b) Coniferous Mature (loam sand); (c)
Mixed Middle-aged (sandy loam); (d) Mixed Mature (silt loam); (e) Deciduous Young (silt loam); (f) Deciduous Mature
(silt loam). Different letters indicate significant differences (a non-parametric Kruskal-Wallis test, p < 0.05, was carried out
separately for each season and for each forest).
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In the mature coniferous forest on the sandy soil, BR was about 40% higher in winter
compared to the other seasons. A higher BR in winter was also observed in the young
coniferous forest on the silty soil; a similar level of BR was observed in autumn, but lower
values were recorded in summer and spring. For the sandy soil from the middle-aged
mixed forest, a higher BR was recorded in samples collected in summer; BR was about
24% lower in the soil collected in autumn and spring. In samples from the mature mixed
forest on silty soil, the highest BR was found in winter and the lowest in summer. Silty
soils of both deciduous forests had the highest BR value in autumn and the lowest value
in spring, which did not differ significantly from the level observed in summer and win-
ter.

3.3. Seasonal Changes in Microbial Biomass (Cimic)

The seasonal changes in microbial biomass (Cmic) are shown in Figure 4.
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Figure 4. Soil microbial biomass (Cmic) in samples collected in summer, autumn, winter, and spring from different forests
(average values + standard deviation; n = 3). (a) Coniferous Young (silt loam); (b) Coniferous Mature (loam sand); (c)
Mixed Middle-aged (sandy loam); (d) Mixed Mature (silt loam); (e) Deciduous Young (silt loam); (f) Deciduous Mature
(silt loam). Different letters indicate significant differences (a non-parametric Kruskal-Wallis test, p < 0.05, was carried out
separately for each season and for each forest).

In all soils collected from the coniferous and mixed forests, the highest soil microbial
biomass (Cmic) was observed in winter. The young coniferous forest soil was the only case
where the lowest Cmic was found in autumn and was almost two-fold lower than in sam-
ples collected in summer, autumn, and winter. The sandy (from mature coniferous and
middle-aged mixed stands) and silty soils (from deciduous forests) showed the lowest
Chmic in summer. The lowest Cmic in the silty soil from the mature mixed forest was recorded
in spring, although this value did not differ significantly from the results obtained in sam-
ples from summer and autumn. The highest Cmic was recorded in samples from autumn
only in the soils from the deciduous forests. Inconsistency due to the large standard devi-
ation should be considered in the case of young coniferous and mature deciduous stands.

3.4. Seasonal Changes in Soil Metabolic Quotient (gCO2)
The results of the metabolic quotient (qCOz) are presented in Figure 5.
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Figure 5. The metabolic quotient (qCOz) in soil samples collected in summer, autumn, winter, and spring from different
forests (average values + standard deviation; # = 3). (a) Coniferous Young (silt loam); (b) Coniferous Mature (loam sand);
(c) Mixed Middle-aged (sandy loam); (d) Mixed Mature (silt loam); (e) Deciduous Young (silt loam); (f) Deciduous Mature
(silt loam). Different letters indicate significant differences (a non-parametric Kruskal-Wallis test, p < 0.05, was carried out
separately for each season and for each forest).

In summer, soils from most forests (mature coniferous, mature and young deciduous,
middle-aged mixed) showed the highest metabolic quotient (qCOz2). For the sandy soil
collected from the mature coniferous forest, qCO2 was also high in autumn, while similar
and significantly lower values were found in winter. For the young coniferous forest, the
highest qCO:z was recorded in the autumn, and the values for the other seasons were ap-
proximately 3 times lower. The soils from the deciduous forests and the mature mixed
forest had the lowest qCO:z values throughout all seasons. The lowest qCO: values were
noted in the silty soils collected from these forests in autumn (both deciduous forests),
winter (mature deciduous and mature mixed site), and spring (young deciduous site). The
greatest (approximately 4-fold) difference in qCO: values between the highest (in sum-
mer) and lowest (in the other seasons) was recorded in the sandy soil from the middle-

aged mixed forest.

3.5. Seasonal Changes in Soil Dehydrogenase Activity (DHA)

Significant seasonal changes in DHA occurred in all soils, apart from those collected
from the mature coniferous forest (Figure 6).
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Figure 6. Dehydrogenase activity (DHA) in soil samples collected in summer, autumn, winter, and spring from different
forests (average values + standard deviation; # = 3). (a) Coniferous Young (silt loam); (b) Coniferous Mature (loam sand);
(c) Mixed Middle-aged (sandy loam); (d) Mixed Mature (silt loam); (e) Deciduous Young (silt loam); (f) Deciduous Mature
(silt loam). Different letters indicate significant differences (a non-parametric Kruskal-Wallis test, p < 0.05, was carried out
separately for each season and for each forest).

Conic:Corg [%]

Values for DHA in the sandy soil of the mature coniferous forest did not differ sig-

nificantly across all seasons, although the highest numbers were observed in soil samples
collected in spring. The silty soil from the young deciduous forest had particularly low
values that were approximately 10 times higher in spring compared to the other seasons.
In the soils from both mixed forests, the highest DHA was observed in samples from sum-
mer and autumn. The silty soil of the mature deciduous forest was the only soil that
reached the highest DHA in summer. The value was three times higher than in the other
seasons. The lowest DHA was recorded in the soils from winter in all the studied forests.

3.6. Seasonal Changes in Soil Cmic:Corg Ratio
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The seasonal changes in the Cmic:Corg ratio in the forest soils are shown in Figure 7.
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Figure 7. Cmic:Corg ratio in soil samples collected in summer, autumn, winter, and spring from different forests (average
values + standard deviation; n = 3). (a) Coniferous Young (silt loam); (b) Coniferous Mature (loam sand); (c) Mixed Middle-
aged (sandy loam); (d) Mixed Mature (silt loam); (e) Deciduous Young (silt loam); (f) Deciduous Mature (silt loam). Dif-
ferent letters indicate significant differences (a non-parametric Kruskal-Wallis test, p < 0.05, was carried out separately for
each season and for each forest).

In soils collected from both coniferous forests, the highest Cmic:Corg ratios were found
for samples collected in winter, reaching values that were approximately two times
greater than those from the younger forest. The lowest Cmic:Corg values were found in the
sandy soils of the mature coniferous forest collected in summer and in the silty soil of the
younger coniferous forest collected in autumn. For the mature mixed forest, the highest
Chmic:Corg values were found in winter. For the sandy soil of the middle-aged mixed forest,
the highest Cmic:Corg ratios were recorded in autumn and winter and were about 3 times
lower than those collected in the summer. The Cmic:Corg ratio in the silty soil of the mature
deciduous forest did not differ significantly across all seasons, but the highest value was
noted in autumn and the lowest in summer and spring. Similarly, in the silty soil collected
from the young deciduous forest, the highest Cmic:Corg ratio was recorded in the autumn
samples. It was about half that of the samples collected in summer.

3.7. Principal Component Analysis

Principal component analysis (Figure 8), including a total of five microbial indicators
(BR, Cmic, DHA, qCOz, Cnic:Corg) and twelve parameters (tree age, sand, silt, and clay con-
tents, pH, C, N, P content, moisture, C:P, N:P and C:N) in six forests, confirmed the high
sensitivity of different microbial parameters to soil characteristics. The analysis generated
two principal components. The first and second principal components (PC1 and PC2) ex-
plained 64.67% of the total variability of the data set. PC1 was negatively correlated with
DHA, Cni, pH, P, moisture, silt and clay content, N, Corg, and N/P and positively corre-
lated with BR, qCO2, Cmic:Corg, sand content, tree age, C:N, and C:P. PC2 was negatively
correlated with Cmic:Corg, DHA, qCOz, BR, sand content, pH, P, moisture and positively
correlated with Cnic, tree age, clay and silt content, N, Corg, N:P, C:P, and C:N.

Loadings
C/P

0.5f

o
o

PC. 2: 29.08%

Cmic:Corg

-1.0 -0.5 0.0 0.5 1.0
PC. 1: 35.59%

Figure 8. Principal component analysis (PCA)—biplot presentation between microbial and physi-
cochemical parameters of six forest soils.

The PCA analysis of forest soils clearly distinguished different forest types and tree
age, although it failed to separate the mixed mature forest from the mature deciduous
forest (Figure 9).
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Figure 9. PCA plot of the properties of soils from mature and young coniferous, deciduous, and
mixed forests.

The mature coniferous and middle-aged mixed forests had positive PC1 scores,
whereas the young coniferous and deciduous forests and the mature mixed and decidu-
ous forests had negative PC1 scores. Clusters of samples from the mature forests had
mostly positive PC2 scores, while those from the younger forests were found in the nega-
tive PC2 fields.

4. Discussion

The potentially important role that forests may have in climate change mitigation,
especially through C sequestration, suggests the need to identify the variability and driv-
ers of soil microbial activity in different forest types and stand ages. It is well-known that
interactions among vegetation, climate and soil conditions have a combined effect on soil
microbes. It was previously reported that forest type may affect soil microbial structure
and activity through the presence of different tree species of different ages, and that this
controls the soil biota [7,8,22,23]. Diverse stands also produce diverse litters, produce dif-
ferent amounts and type of root exudates, and influence soil hydrology and nutrient con-
tent [40-47]. As revealed by the PCA (Figure 9), different stands generally have con-
trasting impacts on soil microbiology. Interestingly, this analysis indicates that stand age
is also an important factor regulating microbial activity. Although research on the same
soils and different trees would show more precise differences, this preliminary study on
forest soils from the same region (with similar weather conditions) presents results that
are valuable and are important for understanding local scale variation.

4.1. Soil Basal Respiration (BR)

Seasonal differences in BR were most clearly visible in the soils collected from the
coniferous forests but were not evident in the other forested sites. Unexpectedly, the high-
est BR was recorded in the winter samples (and in the autumn soil from the young forest),
which may be the result of the thawing process on the growth and activity of soil bacteria
[57,58]. However, these results should be interpreted taking into account the litter layer
and the snow cover that protect the soils from complete freezing. The samples taken were
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stored at 4 °C before tests and analyzed in 25 °C according to standard procedures. In-
creasing temperatures may result in the enhanced growth of some bacteria, while during
thawing, C and N can be released [59]. Low BR during spring (Figure 3) may be a result
of quite low soil temperatures (about 10 °C) [31-33], while a high soil BR suggests the
rapid decomposition of organic residues and the stimulation of heterotrophic microor-
ganisms in coniferous forests.

A study on different soils in Germany reported that forest type had a significant effect
on BR only in nutrient-poor sites, and BR in soils collected from a pure beech forest was
65% higher than in soils under Douglas fir [8]. In our study, soil collected from the young
coniferous forest had a high mean annual BR (Figure 2). Malchair and Carnol (2009) [60]
also showed higher BR values in soils under two spruce forests, which was explained by
low substrate quality resulting in lower C use efficiency, as well as a low quality of litter
or high organic matter content.

4.2. Soil Microbial Biomass (Cumic)

The seasonal dynamics of Cmic relates to changes in soil microbial biomass. The lowest
Chmic values for most of the analyzed soils were found in the summer samples and were
especially low in the soils of the mature coniferous and middle-aged mixed forests (Figure
4). This may be a result of low moisture combined with higher temperatures, which may
limit the growth and activity of soil microorganisms [61,62]. A positive correlation be-
tween soil moisture and Cmic is shown in Figure A1l. Although other studies have shown
that the soil microbial biomass may be resistant to drought [62], the high metabolic quo-
tient (qCOz) in the soil collected in the summer from the young mixed forest (Figure 5)
may suggest a greater degree of stress than in other seasons in this stand. The highest Crmic
values in the deciduous forests were recorded in the soils sampled in autumn (Figure 4);
this may be related to the large amount of litter, which provides nutrients and energy for
topsoil microorganisms during this season [36]. It is notable that the autumn Cnmic in the
soil under the mature deciduous forest was about three times higher than in the soil from
both coniferous forests, which we assume was a consequence of the thicker litter layer in
the deciduous site [34,63,64]. There was also an approximately three-fold larger amount
of tree biomass in the mature deciduous forest compared to the coniferous forests (Table
1). Soil microbial biomass may also increase with the diversity of trees [65] and was high
in the mature mixed forest analyzed in the present study (Figure 2).

In our study, the soils under the coniferous and mixed forests showed the highest
Cmic values in winter, as they may have been protected and more active under litter and
snow cover [66]. During freezing-thawing events that could occur locally, microbial cells
are destroyed, and damaged cells release nutrients that can be used by the surviving mi-
crobes, which can be highly active during soil thawing [67]. A high microbial biomass in
the winter season was also observed in pine and oak stands, which was explained by the
larger proportion of fungi in the biomass [68-70]. Similar to our study, a lower Cmic was
observed in summer than in winter, which may suggest that the water availability may
have limited Cmic more than temperature [68,69].

The mean annual Cmic decreased in the following order: young coniferous forest >
mature deciduous forest > mature mixed forest > young deciduous forest > middle-aged
mixed forest > mature coniferous forest (Figure 2). Some authors suggest that the Cumic con-
tent is often higher in soils of older forests compared to younger-aged forests [71-73],
which in our experiment was confirmed only in the soil of the deciduous and mixed
stands. In contrast, the Cmic value in the coniferous forests was significantly higher in the
soil of the young forest compared to the older one. Texture also regulates Cmic, and in our
study, silty soils showed a higher Cmic than the sandy soils (Figure 2). Texture influences
microbial biomass since it affects the distribution of micro-, mezo- and macropores that
create different microenvironments and determines water holding capacity, nutrient
availability and oxygen concentration [7,26,27,39]. Soil with a higher clay fraction can
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maintain larger microbial communities due to the greater absorption and accumulation
of organic C, and the maintenance of a higher water storage capacity [23,34,74,75].

4.3. Microbial Metabolic Quotient (qCO2)

The seasonality of the qCO: value reflects variations in the bioenergetic status of mi-
crobial biomass [76] and the proportion of Corg that can be easily metabolized [77]. In soils
from the mature coniferous forest and from the middle-aged mixed forest, the qCO2 value
was almost four times higher in summer than in the other seasons (Figure 5). It is known
that a higher qCO: is a result of lower metabolically efficient microbial activity due to the
effects of stress or ecosystem disturbances [15,78,79]. One of the unfavorable factors lim-
iting the soil microbial activity may be summer droughts, which have been reported in
European forests with increasing frequency [80-83]. In our study, the lower the moisture,
the higher the qCO2 value that was observed (Figure A1l). An explanation for the summer
sensitivity of the qCO: of the soils from the mature coniferous forest may be their sandy
texture (Table 2), which store less water than silty soils. We also observed a higher qCO:
in the soils collected in autumn from both coniferous forests (Figure 5). Malchair & Carnol,
(2009) [60] showed that, in September, the highest qCO:2 was found in soils from a spruce
forest compared with other forest types (beech, oak, Douglas fir) because of the poor litter
quality of coniferous stands. Moreover, a higher qCOz may also be linked with a lower C
use efficiency in young stands [84,85] and a higher BR in a spruce forest [60].

The annual summary shows a clear relationship between the forest stand and the
qCO:2 value (Figure 2); qCO: decreased in the following order: mature coniferous > middle
aged mixed > young coniferous > young deciduous > mature mixed > mature deciduous.
Almost a four-fold higher qCO: was recorded in topsoil under coniferous compared to
mixed forest in a study conducted in Italy by Agnelli et al. (2001) [86]. Higher seasonal
changes (Figure 5) and higher annual qCO: values (Figure 2) in soils from coniferous com-
pared to deciduous stands may be a result of the presence of decomposition-resistant litter
[87] associated with waxes, phenolic acids, and lignin contained in coniferous litter [88—
90].

4.4. Soil Dehydrogenase Activity (DHA)

All preliminarily analyzed soils, except the sample collected from the mature conif-
erous forest, showed seasonal variations in DHA (but not always significant, Figure 6),
reflecting changes in the overall activity of soil microorganisms. These differences may be
associated with temperature changes. As reported by Wolinska & Stepniewska, (2012)
[29], the highest DHA was observed at 20-30 °C, which may correspond to temperatures
characteristic of summer and early autumn in the studied period (Figure 1). Moreover,
this temperature range is comparable to the optimal value for the growth and activity of
soil microorganisms [91]. DHA can also be stimulated by compounds released during lit-
ter decomposition [38], which is more intensive under wet conditions. Based on the mete-
orological data, we assume that the summer may have created near optimal conditions
for DHA activity, since July 2018 was also distinguished by the highest rainfall (Figure 1).
As a consequence, soil from the mature deciduous forest had the highest DHA value in
this season (Figure 6), in contrast to the soil collected in the summer from the young de-
ciduous stand where there was less aboveground biomass (Table 1) and a low litter level.

Tree species composition has been suggested as one of the main factors influencing
soil DHA variations in forests [19], since the presence of vegetation may indirectly affect
DHA by increasing fine root biomass in the soil [92] and influence litter amount and qual-
ity [93]. Mean annual DHA was significantly higher in the soils under deciduous forests
and significantly lower in soils under the coniferous and mixed forests (Figure 2). With
the increasing dominance of conifers, the conditions for organic matter decomposition
were less favorable and associated with decreasing soil pH [17,23]. Soils under coniferous
forests have an acidic pH, which may result in lower DHA compared to soils under de-
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ciduous forests [23]. The highest DHA was observed in the soil under the young decidu-
ous forest (Figure 2), which was also characterized by the highest pH of all studied sites
(Table 1). Similar to our results, a higher DHA in soils with a higher pH was confirmed in
other studies on forest soils [22,23,28]. However, the impact of soil pH may be determined
by the range of values to which the microbes are exposed. In our study, the soil pH varied
from 4.25-5.37, while the optimum pH for DHA was reported to be about 7 [94-96].

4.5. Soil Cmic.'Carg

The studied soils showed seasonal differences in Cmic:Corg, although the differences
were not always significant between all seasons (Figure 7). High Cmic:Corg indicates a fa-
vorable environment for microbial growth, whereas a low ratio may be related to poor
quality of the soil organic matter [24]. In our study, higher qCO2 values were observed
under higher soil moisture (Figure A1). In the summer, the Cmic:Corg values were at similar
levels in most soils, although higher values were found in the soil collected from the
young coniferous forest. This may suggest that different forests may create similar soil
conditions during the summer season. In our study, winter was the season with the high-
est Cmic:Corg ratio in the coniferous and mixed forests, which could be a result of a higher
soil moisture despite the lower temperatures [97].

The annual summary shows that the highest Cmic:Corg in our study was found in the
younger stands of the coniferous and mixed forests (Figure 2), which confirms that these
stands created favorable conditions for microbial growth. Other studies have shown con-
trasting values for the soil Cmic:Corg ratio in different forest types, with the lowest value in
coniferous forests and the highest value in a deciduous forest [98] that reflects the contri-
bution of microbial biomass to soil organic C [99].

Differences in the allocation of C, N, and P (Table 2, Figure 10) in the different forest
types may also affect the microbial parameters. The uptake of C, N, and P normally con-
strains the growth of a range of organisms. Uptake from the environment is a key function,
as these are the most important elements building living organisms [100], and the ratios
of C, N, and P are key indicators of the nutritional status of soils [25].
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Figure 10. Contribution of Corg, Ntot, and P content in the analyzed forest soils.

Tree age may be also connected with soil nutrient ratios [40—42,44—47]. The contribu-
tion of N to nutrient content was lower in the younger forests in comparison to the mature
stands (Table 2, Figure 10), which may be a consequence of the higher N demand of young
compared to older trees [44]. An opposite trend is observed in the case of P, and soils
associated with young forests may contain more P than old sites (Table 2, Figure 10),
which may be related to the increase in P uptake with stand age [46]. European forest soils
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were reported to have C:N ratios below 20, with a mean C/N ratio of 16.5 and 15.3 for
Cambisols and Luvisols, respectively [40]. These values were close to the mean C:N ratios
in our soils (Table 2).

5. Conclusions

We concluded that the presented preliminary studies on forest soils from the same
region showed seasonal and annual diversification of microbial parameters. Among the
annual mean values, a high Cmic and DHA with a simultaneously low qCO2 suggests that
the deciduous mature stand is the most sustainable in terms of microbial activities of the
investigated forest soils. Based on the microbial parameters, we may predict that this eco-
system may be the most efficient in C use, considering the contribution of soil microbes in
mitigating GHG emissions and enhancement of C sequestration, since it creates favorable
conditions for microbiological activity. We revealed similarities between mature mixed
and deciduous forests, which may indicate similar conditions for microbial activity. The
soils may be more active in summer, autumn and spring than in winter, as confirmed by
enzymatic (DHA) activity, as an effect of higher temperatures and litter, especially in soils
from the mature deciduous forest and from both mixed forests. Since litter provides nu-
trients for soil microorganisms in the surface layer, we suggest that this may explain the
highest Cmic in the soils collected in autumn from the deciduous forests. A low Cmic and
high qCO: were usually recorded in summer, which suggests that the conditions during
this period limited the growth of soil microorganisms, probably due to low moisture. The
results are valuable and are important for understanding local scale variation. The diver-
sity of the forest environment and the multifactorial dependence of the microbiological
activity of forest soils warrant further research in this area, especially in soil-tree interac-
tions and their relationship with C sequestration and GHGs exchange.
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Appendix A

Table A1. Soil moisture content at the time of sampling tested soils [% v/v].

Forest Type Summer Autumn Winter Spring
Coniferous Mature 2.4% 1.9% 11.4% 10.6%
Coniferous Young 10.6% 4.9% 26.7% 4.9%
Deciduous Mature 4.3% 6.7% 22.0% 20.5%
Deciduous Young 14.8% 25.6% 24.3% 32.2%

Mixed Mature 11.0% 5.6% 32.8% 11.5%

Mixed Middle-aged 2.7% 12.9% 14.4% 8.7%
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Figure Al. Correlations between soil moisture content and microbial parameters based on mean values for each season
for all studied forests (n = 24).
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