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Abstract: Temperate forest soils of Europe are regarded as an important sink of carbon and thought
to have potential to sequester CO2 from atmosphere. However, there are insufficient data not only
on organic carbon (OC) content in forest soils and its temporal changes but also on microbiological
activity and especially their relationship to carbon turnover. In this study seven research plots were
located on afforested land in the north-western part of Poland in Tuczno Forest District (Western
Pomerania) in order to examine seasonal variation in OC content and dehydrogenases activity (DHA)
during 2012–2016. Based on the studies conducted, statistically significant seasonal variation of
the OC content was observed. Higher amounts of OC in the A horizon were observed during
spring and autumn seasons and lower in summer. However, no seasonal variation on OC content
was observed in the organic horizon (O horizon). Although DHA is thought to exhibit strong
seasonal variability, no seasonal variation on DHA was observed. However, a statistically significant
difference was observed among studied years (2012–2016), a sharp drop of DHA was noted from
spring 2014. Statistical analyses revealed that OC content in soils was a function of forest stand age
and progressing acidification of soil. Moreover, OC content in O horizon was negatively correlated
with soil moisture and DHA, suggesting that periods with higher microbial activity lead to lower
accumulation of carbon in the O horizon. During 2012–2016 only for the O horizon was an increase
in OC content was observed.

Keywords: temperate forest soil; soil organic carbon; dehydrogenases activity; change point analysis;
seasonal variations

1. Introduction

Forest ecosystems play an important role in the global carbon cycle, accumulating the
largest amounts of this element among all terrestrial ecosystems. It is estimated that 80% of
the carbon resources contained in terrestrial ecosystem biomass are associated with forest
areas. Additionally, 70% of the pedosphere’s organic carbon resources are accumulated
in forest soils [1]. Thus, any consideration of carbon circulation in forest ecosystems must
also include soil. According to Lal [2–4], the pedosphere is the third largest global carbon
reservoir after oceanic and geological pools. The estimated carbon stocks in soil (to 1-m
depth) are 2500 Pg, including 950 Pg of inorganic carbon compounds and 1550 Pg of
organic carbon compounds. The carbon resources accumulated in soil exceed those in the
atmosphere by a factor of 3.3 and those in the biomass of the biosphere by 4.5. However,
the resources of this element in the pedosphere are not evenly distributed. The amount
of organic carbon in soils depends on climatic conditions. Research has shown that as
the air temperature increases by 10 ◦C, the soil’s organic carbon content decreases as a
result of exacerbate rate of soil organic carbon (SOC) mineralization [3]. Mean annual
air temperature affects SOC by shaping both biomass production (increasing C input)
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and affecting soil microorganism activity and in consequence the rate of decomposition
processes (increasing output). At the same time, higher biomass production and organic
carbon accumulation occur in areas with higher amounts of rainfall [5,6].

The content of the SOC is a result of dynamic equilibrium between the carbon input
and output, which are affected by land use type, plant species, climate factors, soil prop-
erties, anthropogenic or natural disturbances [7,8]. The rate of transformation of organic
carbon compounds, accumulated in forest soils, will vary depending on their biochemical
resistance to mineralization processes, as well as physicochemical availability [9–11]. Com-
monly SOC resources are partitioned into three fractions differing in decomposability and
protection mechanisms: active, intermediate and stable. Chemically active forms of organic
carbon include water-soluble forms, light fractions (density < 1.6–2.0 g·cm−3), as well as a
pool of compounds susceptible to microbial degradation, such as saccharides and proteins.
The stable fraction consists of compounds resistant to mineralization processes, composed
of condensed lignin-based aromatic rings, waxes, cutins or products of pyrogenic degra-
dation of organic compounds. Unlike the active carbon pool, their decomposition time is
measured in hundreds of years. The second factor determining resistance to degradation
processes is the physical availability of these compounds to microorganisms [5,9,12]. Forms
of carbon found inside soil aggregates are protected against both microbiological processes,
soil enzymes, and partly against the inflow of molecular oxygen. Physical protection of the
stable, residual fraction against mineralization processes involves the creation of bonds
with the clay, silt fractions or with iron and aluminum oxides. These mineral-organic com-
plexes are formed as a result of the formation of coordination bonds with ligands, bonds
through cationic bridges or hydrogen bonds [11]. All these factors mean that determining
SOC stocks is not an easy task, but extremely labor-intensive and time consuming. This
task in forest ecosystems encounters additional difficulties related to the uneven supply
of fresh debris to soils and the impact of past land use and historical disturbance legacies
(fires, tree falling/deforestation) on the current state of carbon resources [13].

Increasing emissions of CO2 and other greenhouse gases into the atmosphere and, as
a result, the progressive process of global warming has attracted the attention of many
research institutions towards methods that reduce the rate of climate change [4,14]. One
of the strategies adopted is the sequestration of atmospheric carbon dioxide, understood
as the process of transformation and accumulation of gaseous CO2 in the form of stable
compounds [4,10,15]. Forest ecosystems that accumulate carbon in the form of lignins and
other polymers resistant to decay are an ideal environment—a “trap” for the atmospheric
carbon pool. Wherein, carbon is accumulated not only in aboveground biomass but also
in the surface layers of soil. The process of carbon sequestration in forest soils takes place
in two ways: through the input and transformation of organic substances on the surface
and the activity of the root system [1]. Litter decomposition is one of the main sources
of SOC and thus the quality of the incoming organic substance (C:N ratio, content of
lignin compounds, hemicelluloses, celluloses, proteins, etc.) will significantly affect the
amount of sequestration of this element [7]. Among the chemical compounds present in the
litter, lignin and phenolic compounds are characterized by a high resistance to microbial
degradation, and thus slow down the process of its decomposition. The rate of the process
of carbon sequestration in the pedosphere is determined by soil properties, primarily its
texture, habitat and climate conditions, and ranges from 0–150 kg C·ha−1·year−1 in warm,
dry regions to 100–1000 kg C·ha−1·year−1 in a humid and cool climate [2]. At the same
time, research conducted in many institutions indicates that the accumulation of carbon in
forest soils will depend on the age of the stand, history of land use, climate and species
composition [16–20]. In a temperate climate, an increase in soil organic carbon stocks is
observed on average 10 years after afforestation of the area.

Afforestation is considered to be an effective and cost-efficient mitigating response to
climate change as these reforested sites sequestered CO2 from atmosphere and store it in
living and dead organic matter [8]. Humans, by changing land usage and modifying the
natural processes occurring in forests like insect outbreaks, have directly and indirectly
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altered the exchange of CO2 between forest and the atmosphere. The largest changes are
expected in the zone of temperate and boreal forests as they are the second largest forest
biome and the soil C density is greater than for soils of other forest biomes [13,21].

One of the major issues of global concern is carbon sequestration [22]. However,
despite decades of research, there are discrepancies regarding the possibility of carbon
accumulation in the forest soils. More research dealing with short- and long-term changes
in soil carbon stock is needed. The aim of the study was to determine the content of organic
carbon and its seasonal changes in the forest ecosystem growing on post-agricultural
soils. Additionally, seasonal changes of dehydrogenases activity was measured to analyze
possible mechanisms of carbon content fluctuation with time.

2. Materials and Methods
2.1. Description of the Research Area

The research area is located in the north-western part of Poland (Western Pomerania)
in Tuczno Forest District (Regional Directorate of State Forests in Piła, Forestry Martew,
53◦11′ N, 16◦05′ E, 180 m a.s.l), which is under the management of the State Forests National
Forest Holding. The analyzed area is situated in the buffer zone of Drawski National Park,
near the center of Tuczno research facility of Poznan University of Life Sciences. The
research plots were located in the Drawa Plain Mesoregion [23]. This area is covered with
fluvio-glacial and glacial formations of the Vistula glaciation. The oldest sediments are
fluvio-glacial sands and gravel with a thickness of 14 m, exposed over a large area at the
edges of valleys [24]. The forest was planted in 1953 on meadowland, commonly used by
local farmers for cattle grazing after 1945 and formerly as farmland when it was part of
Germany [25]. Pine (Pinus sylvestris L.) dominates and accounts for almost 99% of stand
species composition. The remaining 1% is an admixture of silver birch (Betula pendula
Roth). The underbrush is composed mainly of beech (Fagus sylvatica L.) and hornbeam
(Carpinus betulus L.).

2.2. Soil Sampling and Preparation

In order to determine localization of the research plots, preliminary studies were car-
ried out on the spatial variability of the OC content in post-agricultural Brunic Arenosols [26].
Based on applied geostatistical analysis [27], 7 research plots with a 20 × 20 m side were
designated to analyze changes in organic carbon content during the growing seasons in
the 2012–2016. These research plots were designated with a number code from 1 to 7
(Figure 1). Plots Nos. 2, 3, 5–7 were covered by 60-year-old pine and plots No. 1 and No. 4
by 52 and 50-year-old pine forest, respectively. However, plots of the same age in the same
forest stand are located in different hillslope positions [28]. Research plots Nos. 2 and 3
were located on a shoulder, Nos 5 and 6 in backslope and footslope, respectively, whereas
plot No. 7 (as well as Nos. 1 and 4) is on a summit.

Each plot was divided into six subplots. In five of these, composite samples from
mineral horizon were taken and in two from the O horizon (Figure S1). Samples for
analysis of dehydrogenases activity were collected from two subplots. Soil samples were
collected three times a year from each research plot during spring, summer and autumn.
Composite samples were taken in triplicate from the surface minerals soil horizon (A)
from the depth determined by the thickness of this horizon but not deeper than 20 cm
and from the O horizon (distinguished on the basis of morphological and organoleptic
characteristics). The naturally high spatial interchangeability of organic carbon content in
forest soils makes it difficult to estimate small changes of this parameter. This problem is
caused by, among others, high level of animal activity. Therefore data presented in this
article are average values of carbon content, both in A (average of five subplots) and O
(average of two subplots) horizons. During soil sampling, soil temperature was measured
at a depth of 7 cm b.g.l. Temperature measurements in the field were done with the use
of the PT-411 platinum thermometer by Elmetron. Moreover, samples were taken for the
analysis of the enzymatic activity of soils, which were tightly packed in polypropylene
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containers and transported to the laboratory at 4 ◦C. The enzymatic activity analyses were
performed the day after sampling.

Figure 1. Space arrangement of research plots in Tuczno research area.

2.3. Laboratory Methods and Analyses

Soil samples for physico-chemical and chemical analyses were dried at room tempera-
ture and then passed through a 2 mm sieve. Organic carbon (OC) in the soil samples was
determined by the dry combustion method (Multi N/C3100 Analytikjena). As the soil did
not contain carbonates, the carbon content obtained was treated as organic carbon [29,30].
For each sampling time, average values for OC content are presented in this work are by
averaging data from five subplots for the A horizon and two for the O horizon. The soil
reaction (pH) was measured potentiometrically in a water suspension at the soil: solution
ratio 1:1 for mineral samples and 1:10 for organic samples [31]. Exchangeable aluminum
was determined by the Sokołow method [32]. The dehydrogenases activity was assessed as
described by Tabatabai [33] with 2,3,5-triphenyltetrazolium chloride. Enzymatic analysis
was done in triplicate and presented as average values.

An internal laboratory reference material and reagent blank were used in order to
control the accuracy of soil analyses. The values obtained fall in the required range of
reference content. The instrument detection limit for OC in the samples was 0.03 mg·kg−3.

2.4. Statistical Analysis

Basic statistical measures of position and dispersion were used in the development
of data. For each research plot and season, the OC content distributions were tested for
normality using the Kolmogorov-Smirnov test. Taking into consideration that distribution
of OC content in particular seasons and years was not normal, the dates were normalized
(log2 transformation) and one-way ANOVA was done. This test was used to compare the
OC content between the analyzed years and seasons. Additionally the principal component
analysis (PCA) was used to identify the potential groups of factors influencing OC content
in forest stands. Statistical analyses were performed using the Statistica 13.3 program
(TIBCO Software Inc., Palo Alto, CA, USA). The change-point analysis was conducted with
Change-Point Analyzer v. 2.3. (Taylor Enterprises Inc., Libertyville, IL, USA).
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3. Results
3.1. Organic Carbon Content in Topsoil Horizons

Soil cover of the studied area was mainly represented by Brunic Eutric Arenosol
(Ochric) that developed from fluvio-glacial outwash materials (sand and gravel of 1 level
outwash plain). Only research plot 6 was represented by Brunic Eutric Arenosol (Cumullic,
Ochric), which was related to the location of this surface in a local depression. In the case of
the research plot located in the higher part of the relief (No. 7), soil was classified as Lamellic
Luvisol (Arenic, Ochric) [26]. The analyzed soils are characterized by a well-developed
A horizon, which abruptly and smoothly separates from the below endopedones, that is
a typical characteristic of post-agricultural soils. Due to the nature of incoming debris
and the nature of the parent materials, these soils, both in the O and A horizons, were
characterized by very strongly acid to strongly acid pH (pH of O horizon 3.38–4.40 and A
horizon 3.59–4.49). The organic carbon content in the analyzed profiles in the O horizon
ranged from 197.8–446.4 g·kg−1, while the thickness did not exceed 4 cm, except for the
research plot No. 6, where the thickness of this horizon was 6 cm. In the case of A horizon
OC range from 6.87 to 52.28 g·kg−1. The thickness of A horizon did not exceed 20 cm,
except research plot No. 6, where this horizon was noted to the 62 cm depth.

For 2012–2016, the average content of organic carbon in the organic horizon (O) in the
analyzed research plots was in the range of 221.3–412.6 g·kg−1. In the mineral accumulation
horizon (A), the average organic carbon content in the studied period ranged from 9.40
(plot No. 1) to 15.68 g·kg−1 (plot No. 3) (Table 1). Despite the close location and similar age
of the stand, there were statistically significant differences in the chemical properties of soils
between the analysis plots. Comparing the OC content among the plots analyzed, it can be
concluded that the OC amount in the O horizon of plot No. 1 was significantly different
from others (Figure 2). Moreover, it was noted that plots No. 4 and No. 5 contained
significantly lower amounts of OC than research plot No. 7. In terms of organic carbon
content in the A horizon, plot No. 3, covered with 60-year-old pine, differed significantly
from other plots, except plot No. 2. Probably it was related to the localization of the plots
in a different microrelief and thus to a different water and matter cycle. Both plots No.1
and No. 2, covered by 60-year-old pine, were located in a shoulder section of the hill.
Additionally, plots No. 1 and No. 5, located in a 52-year-old stand and a 60-year-old stand,
respectively, were significantly different from research plots No. 2 (Figure 2). No significant
difference was found among plots No. 4, No. 6 and No. 7. For both horizon O and A OC
content was significantly lower in research plot No. 1 (52-year-old stand) in comparison to
other plots. There was no effect of soil type on the observed differences in organic carbon
content in the A horizon.

Table 1. Organic carbon content in the O and A horizons in g·kg−1.

Research Plot Descriptive Statistics

Plot Num-
ber/Age of
the Stand

Altitude
[m a.s.l.]

O Horizon (n = 28) * A Horizon (n = 75) *

Average Minimum Maximum Standard
Deviation Average Minimum Maximum Standard

Deviation

No. 1
52 year-old 106 221.3 120.0 392.1 75.86 9.40 5.16 17.02 2.71

No. 2
60 year-old 106 386.1 157.0 538.0 109.9 12.71 6.85 31.45 4.82

No. 3
60 year-old 105 357.0 124.2 557.0 119.5 15.79 6.25 37.91 6.37

No. 4
50 year-old 106 312.2 120.0 492.8 109.2 11.16 6.41 23.93 3.29

No. 5
60 year-old 106 307.6 156.0 485.2 97.96 9.61 5.28 17.76 2.89

No. 6
60 year-old 103 312.2 120 484.4 99.43 10.73 5.44 20.51 3.79

No. 7
60 year-old 108 412.6 248.2 520.7 85.49 11.06 6.91 18.49 3.09

* numbers of composite samples (three subsamples) collected from each plot during 2012–2016.
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Figure 2. The distribution of the data of OC content in the topsoil horizons (a) O horizon; (b) A horizon.

The Spearman’s correlation analysis (p < 0.05) showed that the content of organic
carbon in both A and O horizons were positively correlated with stand age (Table S1).
In the organic horizon of the 50-year-old stand (plot No. 4) the average OC content was
312.2 g·kg–1, while in the O horizon of the 60-year-old plots No. 2 and No. 3, these
values were higher: 386.1 and 357.0 g·kg–1, respectively. In the case of mineral epipedon
OC content in the youngest stand (plot No. 4) was 11.06 g·kg–1 and in the older stands
(No. 2 and 3) amounted to 12.71 and 15.79 g·kg–1, respectively. The carbon content was
also negatively correlated with soil pH and positively with exchangeable aluminum ions
(Figure 3). The lowest values of soil pH were observed in the older forest stands (plots
No. 2 and No. 3). With the age of stand, the influence of previous agriculture land use on
soil pH disappears. It is related to both the nature of the incoming fresh debris and the
predominance of precipitation over transpiration. Organic carbon content in the O horizon
was additionally, negatively correlated with soil moisture and dehydrogenases activity
(DHA). The influence of soil moisture on the carbon content in the O horizon was probably
related to the influence on the activity of soil microorganisms which require the presence
of available water for their proper functioning. As the soil water content decreased, the
microbial activity, measured by dehydrogenase activity, also decreased.
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Figure 3. Correlation network analysis between analyzed soil characteristic (n = 196). The correlation
network was built using Pearson correlation coefficients and visualized in Cytoscape 3.8.2. The
thickness of the edges is proportional to absolute value of Pearson correlation coefficients (red—
positive correlations; blue—negative correlations; *: p < 0.05; **: p < 0.01).

Principal component analysis (PCA) was performed to identify the potential groups
of factors influencing soil organic carbon stock. The first four principal components with
eigenvalues >1 were extracted through PCA and explained 68.479% of the total variance
(Table S2). Approximately 25% of the total variance was explained by factor 1 (F1), showing
moderately positive loadings of pH of O horizon and pH of A horizon, F1 mainly presented
the soil reaction contribution in C cycle in soil. Factor 2 (F2), accounting for 18.420% of the
total data variance, had moderately positive loadings of soil moisture and dehydrogenases
activity (DHA). Therefore, F2 might be ascribed to microbial processes of C cycle. Factor 3
(F3, 13.081% of the total variance) had positive loadings of forest stand age and organic
carbon content in the A horizon. The F3 could represent the influence of human disturbance
(past land use and time that passed since afforestation). Factor 4 (F4) accounted for 11.972%
of the total variance and had strong positive loadings on soil temperature. Taking this into
consideration, F4 might be identified as a climate factor influencing the carbon cycle.

3.2. Variability in OC Content and DHA

The analysis of the organic carbon content in the A horizon in 2012–2016 indicates the
existence of a certain pattern of seasonal variations in this parameter. In the spring and
autumn period, the organic carbon content was higher than the average values recorded in
the summer seasons (Figure 4b). In the case of organic carbon content in the O horizon,
such regularity was not observed (Figure 4a). In the research plots No. 4 and No.6, an
increase in the content of organic carbon in the soil was observed from spring to autumn.
A downward trend was observed on plot No. 5 from spring to autumn. In the case of
research plots No. 1, No. 3 and No. 7, the same trend of variations was observed as in the A
horizon. Research plot No. 2 was characterized by a different course of seasonal variations
in organic carbon content; the highest values were recorded in the summer period. Despite
the statistically significant seasonality of the organic carbon content in the A horizon, no
significant differences were found for the O horizon in any of the research plots.



Forests 2021, 12, 459 8 of 20

Figure 4. The average seasonal content of OC in the (a) O horizon and (b) A horizon.

Analyzing the content of organic carbon for particular plots in individual years, no
statistically significant differences were observed between them, both in the O and A
horizons. However, in both O and A horizons, some variations in the content of organic
carbon were observed in certain years of the study. These fluctuations were more visible
in the mineral, A horizon. For the O horizon in research plots No. 1, No. 3, No. 4 and
No. 7 higher mean values of OC content in 2016 (268.4–477.5 g·kg−1) than in 2012 (181.1–
342.9 g·kg−1) were recorded (Figure 5a). In the rest of research plots (No. 2, No. 5, No. 6)
the highest average OC content was noted in 2014. The Tukey test conducted for all data
(n = 196) obtained for the O horizon showed that the content of OC in 2012 and 2013 was
statistically different from years 2014, 2015 and 2016. In the A horizon, in contradiction to
the O horizon, there was no increase in the OC content in the subsequent research years.
Average values of the OC content were either lower in 2016 or similar to those in 2012
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(Figure 5b). In the mineral horizon of all of the research plots a decrease in OC content was
observed in 2013 (8.7–14.55 g·kg−1) and maximum was noted in 2014 (9.81–18.15 g·kg−1).
The analysis of all data of OC content in A horizon (one-way ANOVA, without considering
plots division, n = 525) showed that a statistically significant difference was observed
between 2013 and 2014 and additionally between 2014 and 2016.

Figure 5. Annual average organic carbon content in (a) O and (b) A horizons.

Although previous statistical analyses showed the dependence of dehydrogenase
activity on the age of the stand, soil moisture and carbon content at the O horizon, the
research plots analyzed did not differ from each other in terms of the activity of this
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enzyme (Figure 6). Only research plot No. 4 (the youngest one) exhibited significantly
lower dehydrogenases activity than plots No. 2, 3 and 7, and plot No. 1 (52-year-old stand)
in comparison to plot No. 3. On the youngest forest stands (No. 4 and No.1), lower values
of this enzyme activity were recorded than on 60-year-old stands, on average 0.01, 0.014
and 0.025 µmol TPF·g d.m.−1·20 h−1, respectively.

Figure 6. The distribution of data of dehydrogenases activity in A horizon.

Analyzing temporary changes in DHA, no seasonal pattern was found. The obtained
results (Figure 7) depict a small increase in dehydrogenases activity in autumn in compari-
son to other seasons, however this pattern was observed in research plots Nos. 2–3 and
Nos. 5–7. The mean values for spring, summer and autumn from the entire research period
range 0.013–0.029, 0.008–0.030 and 0.016–0.056 µmol TPF·g d.m.−1·20 h−1, respectively.

Figure 7. The average seasonal dehydrogenases activity.
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Despite the lack of seasonal differences in DHA, visible variability was observed among
analyzed years. The highest value of DHA, independently of a research plot, was noted in
2012 (range 0.030–0.106 and mean 0.069 µmol TPF·g d·m−1·20 h−1) (Figure 8). Next year
DHA significantly decreased and ranged from 0.010 to 0.050 µmol TPF·g d·m−1·20 h−1

(mean 0.022). This reduction was observed till the end of the study, 2016 (range 0.001–0.002
and mean 0.001 µmol TPF·g d·m−1·20 h−1).

Figure 8. Annual average dehydrogenases activity in A horizons.

Furthermore, change-point analysis was used to depict possible abrupt changes in OC
content in the studied horizons and dehydrogenases activity. Change-point analysis is one
of the statistical approaches that have been widely adopted by researchers to detect change
points in a data stream [34]. Change-point is a point that shows where a shift in the data
pattern occurs. It is also defined as a point at which the parameters (mean, variance, and
trend, etc.) of an underlying distribution or the parameters of a model used to describe
time series abruptly changes [35]. Conducted analyses for OC content showed that in the
case of the O horizon abrupt changes in data stream occurred in research plots No. 1 and
Nos. 4–7 (Figure 9). For plots No. 1, No. 4 and No. 5 such a change appeared only once
after 7th, 6th and 7th sampling time, respectively. For plots No. 5 and No. 6 two change
points were found, both after 5th and 10th sampling time. However, in the A horizon such
a change-point was found only for research plot No. 7, where twice during measurement
a period shift in the data pattern was observed. The change was noticed after 7th and
11th sampling time (beginning of 2014 and end of 2015). More consistence results were
obtained for dehydrogenases activity—in all research plots a sharp change occurred after
6th sampling time (2014 spring) (Figure 10).
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Figure 9. Cont.
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Figure 9. Change—point analysis for OC content in the O horizon on research plots: (a) No. 1, (b) No. 4, (c) No. 5, (d) No. 6,
(e) No. 7.

Figure 10. Cont.
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Figure 10. Change—point analysis for dehydrogenases activity on research plots: (a) No. 1, (b) No. 2, (c) No. 3, (d) No. 4,
(e) No. 5, (f) No. 6, (g) No. 7.

4. Discussion
4.1. Factors Controling OC Content

Organic carbon is a key component that has a significant impact on the function-
ing of terrestrial ecosystems. Its content in soil is the result of the interaction between
the dynamic processes of photosynthesis, degradation and soil respiration. While cli-
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matic conditions largely account for the global patterns of changes in soil organic carbon
content, other factors, interacting with the climate, shape local spatial and temporal vari-
ability in the distribution of this element. The statistical analyses conducted indicated
that OC content in forest soil was partly a function of the age of the stand. Higher val-
ues were noted for older forest stands. Similar results were obtained by Zak et al. [36],
Vesterdal et al. [37], Ritter [38], Laganiere et al. [39], Kang et al. [40] and Dłużewski et al. [41],
who also observed an increase of organic carbon in soil with the age of stands. However,
the age of the forest stand was not the only one factor influencing the organic carbon stock
in the soil. Another factor was the soil pH, which presented a negative correlation with OC
content. The analogous relationship between these parameters was reported by Komisarek
and Wiatrowska [27]. Six et al. [42] Busse et al. [43] and Kang et al. [40] suggested that low
pH level favor fungal growth, which (i) incorporates more C into biomass than bacteria,
(ii) has more recalcitrant cell walls than bacteria and (iii) promotes C stabilization and pro-
tects by enhancing soil aggregation. Moreover, soil moisture and dehydrogenases activity
was found to be shaping OC stocks. The influence of soil moisture on the carbon content
in the O horizon was probably related to the influence on the activity of soil microorgan-
isms which require the presence of available water for their proper functioning. As the
soil water content decreases, the microbial activity, measured by dehydrogenase activity,
also decreases. Dehydrogenases are one of the most important groups of oxidoreductase
enzymes class [44], commonly used as an indicator of overall soil microbial activity [44–46],
because they occur intracellularly in all living microbial cells [47–49]. It was reported by
Geisseler et al. [50] and Wolińska and Stępniewska [51] that when the water potential
increases the microbial activity and intracellular enzyme activity slows down. As a result,
the processes of microbiological decomposition of organic debris are slowed down and the
stock of organic matter in the soil is increased.

4.2. Variations in OC Content and DHA

Our study indicates an existent of a seasonal pattern of OC content change. During
spring and autumn months, higher amounts of OC were noted in comparison to summer
months. The pattern of variations obtained is probably associated with lower soil tempera-
ture values and higher soil moisture in spring and autumn, which limits the intensity of
abiotic mineralization. In the spring, the soil temperature still slows down the activity of
microbes, thus the active forms of soil organic matter have not yet been broken down by
heterotrophs. Bolat [52] and Babur and Dindaroglu [53] observed a similar seasonality of
organic carbon content in the mineral epipedons of forest soils. These studies also took
into account the differences in the species composition of forests. The seasonal character
of soil organic carbon content was recorded only for coniferous stands: Caucasian fir,
Cedar of Lebanon and Black pine. Moreover, Dłużewski et al. [41] observed the seasonality
of the OC content in pine stands, but obtained significantly higher carbon values in the
autumn period.

Even though, in general, there were no statistically significant differences in OC
content between the study years, some differences were observed between certain years.
In the case of O horizon significant difference were observed between two first years
of studies and years 2014, 2015 and 2016. While, in the A horizon such difference was
found only between 2013 and 2014 as well as between 2014 and 2016. Additionally,
Gubler et al. [54] analyzing OC changes in the topsoil of Swiss cropland over 25 years
reported no statistically significant changes between study years. They observed inconsis-
tent changes among site studied ranging from −12 to +11% over 10 years. Whereas our
results showed variations in the A horizon from −22 to +11.2% within five years. Other
authors Leinweber et al. [55] and Wuest [56] reported variations of 15% within one year
and 14–16% within 39 months, respectively. The decrease in OC content in mineral horizon
noted for 2013 and later increase in the next years was probably caused by a combination
of microorganism activity and meteorological conditions. Taking into consideration that
dehydrogenases play a significant role in the biological oxidation of soil organic matter by
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transferring hydrogen from organic substrates to inorganic acceptors [51,57] activity of this
enzyme group may significantly change the content of active pool of organic matter. The
activity of soil microorganisms, assessed on the basis of dehydrogenase activity, was the
highest in 2012 (Figure 6). This could be due to the higher amount of rainfall recorded this
year (657 mm- very wet year) (Figure S2). Wolińska & Bennicelli [58] and Wolińska & Stęp-
niewska [51,59] reported that DHA is strongly affected by soil moisture. They associated
this relationship with the fact that the metabolism and the survival of soil microorganisms
are also strongly impacted by the water availability. Consequently, low water availability
can inhibit microbial activity and reduce enzymes activity. Periods with high soil moisture
may support microbial communities and thus increases the rate of organic matter turnover.
Additionally, the distribution of precipitation in 2013 changed, over 75% of annual rainfall
was recorded before the end of June. During summer and autumn seasons combination of
higher air temperature (average 16.22 ◦C) and small amounts of precipitation (127 mm)
favor mineralization processes. Considering the fact that the content of organic carbon
in the mineral horizon is the result of the dynamic equilibrium between the input of or-
ganic substance and the processes of its mineralization taking place over several years,
the dry year effect was visible in the results of the next research years. According to
Lűtzow et al. [12], active fractions of organic carbon undergo changes within 1–2 years.
Therefore, no identical trends in changes in the organic carbon content in the horizons of O
and A were observed for the research plots in the subsequent study years.

Despite the fact that many authors reported a seasonal variation in soil enzyme ac-
tivity [49,60], the obtained results do not coincide with their observations. These authors
linked the observed seasonal changes of enzyme activity with the combined effects of
temperature, moisture, substrate availability and other environmental factors. As dehy-
drogenases are only active in living cells, these enzymes display strong fluctuations in
their activities during the year. The lowest value of DHA were noted in winter and the
highest in autumn [49]. However other authors found the highest DHA in the spring
period [60]. In this study only a small increase in DHA was observed during autumn
months. The difference in these results might be connected to different weather patterns
and availability of easily decomposable organic substance. In the case of this study lack
of significant seasonality of DHA might be caused both by not taking into account the
winter period and a different plant community (a different type of fresh organic matter
inflow with diverse susceptibility to microbial attack). Additionally, this might be related
to the slow process of microorganism’s population modification after the land use change
from agricultural to forestry. According to the research of Kang et al. [40], Dłużewski [61],
after the afforestation of farm land, the population of bacteria and actinomycetes slowly
decreases with a simultaneous increases in the share of fungi. The different nature of
incoming organic matter and changes in nutrient availability in young forest stand result in
lower microbiological and thus enzymatic activity [62]. In order to recognize sharp changes
in the parameters studied, change-point analysis was applied. An abrupt decrease in DHA
was observed in spring 2014, which continued to the end of research period. A decrease
in the activity of this enzyme’s group could be a result of lower amounts of precipitation
observed in 2014 and 2015 and also a change in the distribution of rainfall. Moreover, the
higher temperatures noted in these years increase evapotranspiration leading to lower soil
moisture affecting microbial communities through starvation (Figure S3). In the case of OC
content a marked increase in the O horizon was observed in 2013. This change coincides
with a period of lower precipitation (538 mm, 525 mm and 509 mm in 2013, 2014 and 2015,
respectively) compared to previous years and the multi-year average (553 mm) [25]. Lower
sums of precipitation together with a decrease in environmental humidity contributed to a
decrease in microbial activity, measured by DHA. This was probably one of the reasons
for the increase in OC content in the O horizon. At the same time, studies by Urbaniak
et al. [63], showed that during research years, the meteorological conditions had a greater
impact on the photosynthesis process (gross ecosystem photosynthesis (GPP)) than on
the respiration of the ecosystem. The GPP decrease from 58.21 in 2013 to 53.65 and 48.87
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(MgCO2·ha−1) in 2014 and 2015, respectively. At the same time, ecosystem respiration in
2013 amounted to 15.82 and in the following years 13.79 and 10.51 (MgCO2·ha−1), thus
suggesting that an increased inflow of plant residues to the litter horizon contributed to
the higher content of OC.

5. Conclusions

The results of a five-year study on the seasonal variability of organic carbon content
in topsoil horizons showed that during the spring and autumn period, the organic carbon
content was higher than the average values recorded in the summer. However, there was
no such regularity regarding the content of organic carbon in the O horizon. Moreover, no
statistically significant differences were observed between the content of organic carbon
in individual years but only for certain years. During the research period, an increase
in OC content was observed only in the O horizon whereas in the A horizon it either
remained at the same level or was slightly lower. The result of PCA analysis showed that
OC content in the study area was a function of the interaction of four groups of factors:
soil reaction, rate of microbial processes, human disturbance and meteorological. The
correlation analysis indicated that OC content in soils were a function of forest stand
age and progressive acidification of soil. Furthermore, OC content in the litter horizon
was negatively correlated with soil moisture and dehydrogenases activity, suggesting
that periods with higher microbial activity lead to lower accumulation of carbon in the
O horizon.

Dehydrogenases activity was related to the presence of OC in the O horizon and soil
moisture and the age of forest stand. Despite the fact that dehydrogenase shows a strong
seasonality, such a phenomenon has not been recorded in this pine forest. However, a
difference in DHA was observed in the years studied. An abrupt drop of DHA was noted
in spring 2014 and an increase in OC content in the O horizon was recorded.

In order to confirm these seasonal variations in OC content and dehydrogenases
activity, further studies with time-series data are needed. A much longer period of study
is required, especially to recognize the potential of carbon sequestration by terrestrial
ecosystems in the temperate forest zone.
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25. Ziemblińska, K.; Urbaniak, M.; Chojnicki, B.H.; Black, T.A.; Niu, S.; Olejnik, J. Net ecosystem productivity and its environmental

controls in a mature Scots pine stand in north-western Poland. Agric. For. Meteorol. 2016, 228–229, 60–72. [CrossRef]
26. World reference base for soil resources 2014. In International Soil Classification System for Naming Soils and Creating Legends for Soil

Maps Update; FAO: Rome, Italy, 2015.
27. Komisarek, J.; Wiatrowska, K. Changes in organic carbon content in post-agricultural forest soils in Tuczno reaserch area. In

The Role of the Forest in Absorbing Carbon Dioxide from the Atmosphere; Olejnik, J., Małek, S., Eds.; University Publisher, Poznan
University of Life Sciences: Poznan, Poland, 2020; pp. 271–291.

28. Schoeneberger, P.J.; Wysocki, D.A.; Benham, E.C. Soil Survey Staff. In Field Book for Describing and Sampling Soils, Version 3.0;
Natural Resources Conservation Service, National Soil Survey Center: Lincoln, NE, USA, 2012.

29. Schumacher, B.A. Methods for the Determination of Total Organic Carbon (TOC) in Soils and Sediments; United States Environmental
Protection Agency, Environmental Sciences Division National, Exposure Research Laboratory: Washington, DC, USA, 2002.

30. Santi, C.; Certini, G.; D’Acqui, L.P. Direct Determination of Organic Carbon by Dry Combustion in Soils with Carbonates.
Commun. Soil Sci. Plan. 2006, 37, 155–162. [CrossRef]

http://doi.org/10.1126/science.1097396
http://www.ncbi.nlm.nih.gov/pubmed/15192216
http://doi.org/10.1016/j.geoderma.2004.01.032
http://doi.org/10.1098/rstb.2007.2185
http://www.ncbi.nlm.nih.gov/pubmed/17761468
http://doi.org/10.1016/S0378-1127(01)00740-X
http://doi.org/10.1016/j.gecco.2015.12.004
http://doi.org/10.1038/nature10386
http://doi.org/10.1016/j.foreco.2013.01.026
http://doi.org/10.1016/0038-0717(87)90034-4
http://doi.org/10.1186/s40663-019-0161-7
http://doi.org/10.1111/j.1365-2389.2006.00809.x
http://doi.org/10.1146/annurev.energy.28.050302.105515
http://doi.org/10.1890/10-0697.1
http://doi.org/10.1007/s11104-008-9538-z
http://doi.org/10.1371/journal.pone.0121862
http://doi.org/10.1016/j.foreco.2013.01.025
http://doi.org/10.1093/forestry/cps067
http://doi.org/10.1016/j.agrformet.2016.05.022
http://doi.org/10.1080/00103620500403531


Forests 2021, 12, 459 19 of 20

31. Rebecca, B. (Ed.) Soil Survey Laboratory Methods Manual. In Soil Survey Investigations Report No. 42 version 4.0 November 2004;
NRCS Natural Resources Conservations Service: Washington, DC, USA, 2004.
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