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Tree species through aboveground biomass and roots are a key factors influencing the quality and 
quantity of soil organic matter. Our study aimed to determine the stability of soil organic matter in 
Luvisols under the influence of five different tree species. The study areas were located 25 km north 
of Krakow, in southern Poland. The study included five tree species - Scots pine (Pinus sylvestris L.), 
European larch (Larix decidua Mill.), pedunculate oak (Quercus robur L.), beech (Fagus sylvatica L.) 
and hornbeam (Carpinus betulus L.). Forest stands growing in the same soil conditions (Luvisols) with 
similar geological material (loess) and grain size were selected for the study. We evaluated labile and 
heavy fractions of soil organic matter (SOM). Additionally, basic physicochemical properties (pH, 
carbon and nitrogen content, base cation content) were determined in soil samples. The results of 
our study showed that soils under the influence of coniferous species were characterized by a higher 
content of carbon of free light fraction (CfLF) and carbon of occluded light fraction (CoLF) compared to 
deciduous species. Similar relationships were found with the nitrogen content of the free light fraction 
(NfLF) and nitrogen of occluded light fraction (NoLF). Higher CMAF and NMAF contents were recorded 
in soils influenced by deciduous species. The carbon, nitrogen and base cations content positively 
correlated with the C and N of free light fraction and occluded light fraction. PCA analysis confirmed 
the connection of C and N of heavy fractions (CMAF and NMAF) with deciduous species. Our research 
shows that avoiding single-species conifer stands and introducing admixtures of deciduous species, 
which increase SOM, is justified in forest management. The selection of suitable species will provide 
greater stand stability and contribute more to the carbon accumulation in the soil.
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Soils play a key role as carbon reservoirs, which has a significant impact on the regulation of the carbon cycle. 
Carbon stored in soils is mainly in the form of dead plant and animal matter, and microorganisms are involved 
in its decomposition. The soil’s ability to sequester carbon depends on a number of factors, such as soil type, 
moisture content, temperature, and management1. Additionally, grain size plays an important role in carbon 
sequestration, as the ability to form complexes with organic matter is directly proportional to the content of 
fine fractions in the soil2,3. Organic matter bound to silt and clay is more stable, which limits its availability to 
microorganisms and enzymes, thus slowing its mineralization4. Soil pH affects the activity of microorganisms 
and the dynamics of element cycling, which directly affects the rate of organic matter decomposition5,6. In 
turn, minerals such as iron (Fe) and aluminum (Al) can bind organic matter to form stable mineral-organic 
complexes. These complexes are less prone to decomposition, which promotes long-term carbon sequestration7. 
The chemical and physical properties of soils are influenced by the quantity and quality of litter provided, the 
ability of roots to take up nutrients, and the microclimate inside the forest8. Therefore, forest management 
and the selection of appropriate tree species are crucial in raising the soil’s potential for greater stabilization of 
organic C in the soil mineral layer9.

Decomposition of organic matter is one of the most important processes that affect element cycling and 
carbon storage10. Since fine roots make up the bulk of underground biomass, their decomposition has a significant 
impact on soil nutrient availability through faster turnover and higher metabolic activity11. The decomposition 
rate of deciduous species is faster compared to coniferous species due to their lower lignin and calcium content, 
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as well as other secondary metabolites that affect microbial decomposition12. Soil organic matter (SOM) consists 
of the labile fraction (fLF – free light fraction), which is not bound to soil mineral particles and consists mainly 
of undecomposed or partially decomposed plant debris, fine roots, and mycelium7. By not being bound to soil 
minerals, it is readily available to microorganisms13. Other fraction types include the occluded light fraction 
(oLF) and the mineral associated fraction (MAF). The light occluded fraction, although similar to the free light 
fraction in density, is more stable because soil aggregates protect it from rapid decomposition14. As a result, the 
mineralization process of this fraction is slower, allowing it to retain carbon in the soil longer15,16. The MAF 
fraction of soil organic matter is resistant to decomposition and microbial transformation17. The MAF fraction 
plays a fundamental role in the long-term stabilization of soil carbon. Due to the strong chemical bonds between 
organic matter and soil minerals, this fraction contributes to the permanent retention of carbon in the soil 
environment18. Carbon bound in unstable organic matter fractions is short-term, subject to frequent changes in 
the soil environment, while in heavy fractions it can remain in the soil for decades19.

In the era of climate change, there is an increased frequency of weather extremes, and seasonal anomalies 
can negatively impact the soil environment and forest ecosystems, affecting their stability20. It is important to 
know the influence of tree species on the fractional composition of soil organic matter. Research on carbon 
sequestration in forest soils is crucial for sustainable management of forest resources and combating climate 
change. The purpose of our study was to determine the effects of five different tree species on the fractional 
composition of soil organic matter in Luvisols. Additionally, attempts were made to determine the relationship 
between the fractional composition of soil organic matter and the activity of enzymes involved in the cycling 
of C, N and P. The study included primary tree species: Scots pine (Pinus sylvestris L.), European larch (Larix 
decidua Mill.), Pedunculate oak (Quercus robur L.), European beech (Fagus sylvatica L.) and European hornbeam 
(Carpinus betulus L.) occurring in stands of temperate climates21. The fractional composition of soil organic 
matter was correlated with basic soil properties and enzymatic activity. In the study, it was assumed that deciduous 
and coniferous species significantly differ in the fractional composition of soil organic matter. Furthermore, 
it was hypothesized that the physico-chemical characteristics of soil are closely associated with the fractional 
composition of soil organic matter. The study also posited that the diversity in the fractional composition of soil 
organic matter, influenced by the type of tree species, directly impacts soil enzymatic activity. We hypothesize 
that the various fractions of organic matter exhibit differing degrees of availability to microorganisms, which are 
the primary agents responsible for enzyme production. We assume that the type of organic matter fraction plays 
a pivotal role in shaping microbial dynamics and, consequently, the enzymatic processes within the soil.

Materials and methods
Study sites
The study was carried out on experimental plots belonging to the Department of Ecology and Silviculture at 
the University of Agriculture in Kraków, Miechów Forest District, Poland (50º11.46.35 N, 20º3.54.28E). The 
study covered five species of trees––Scots pine (Pinus sylvestris L.), European larch (Larix decidua Mill.), English 
oak (Quercus robur L.), European beech (Fagus sylvatica L.) and European hornbeam (Carpinus betulus L.). 
The research areas were located in one large forest complex with an area of ​​approximately 1000 ha. Within it, 
single-species stands of Scots pine, European larch, English oak, European beech and European hornbeam were 
distinguished. The forest stands contained single species, without admixtures of other species, of similar age (70–
80 years) and stand density. Before designating the research areas, we studied existing documentation of the area, 
especially geological maps. Analysis of the materials confirmed that the research area includes loess formations. 
The study area was characterized by the same geological material (loess) and texture, in addition the area is 
subject to the same silvicultural treatments appropriate to the developmental phase of the stand. The whole area 
was characterized by the presence of Luvisols (IUSS-WRB soil classification22 developed from homogeneous 
loess) (Fig. 1). The soil profile described in the study area has the following sequence of horizons: A-Eet-Bt-BC. 
In the deeper horizon, i.e. BC, the occurrence of calcium was noted. The studied area was characterized by similar 
contents of sand, silt and clay (average contents were 16%, 76%, 8%, respectively). Study plots were selected in a 
1000 ha forest complex. Each of the five plot variants (0.1 ha study plots) was studied in twenty-five replicates. A 
total of 125 study plots (five tree species × twenty-five repetitions = 125 study plots) were used for the study. In 
each test points, soil samples were taken for soil properties analysis, and in addition, soil samples were taken for 
enzymatic activity analysis. Soil samples were taken from the surface horizon from the A horizon, which were 
humus-mineral horizon 15 cm thick after removal of the organic horizon. Soil samples for laboratory analyses 
were taken at a location approximately 100 cm from the stumps of the trees of the species under study, within 
the range of their root systems. Sampling and analysis was performed in 2022.

Chemical analysis
Soil samples were dried at 65 °C for 72 h, then all samples were sieved through a 2 mm sieve. Physicochemical 
properties were determined in the prepared samples: pH was determined by potentiometric method in water. 
Total nitrogen and carbon content was determined using LECO CNS True Mac Analyser (Leco, St. Joseph, MI, 
USA). ICP-OES (iCAP 6500 DUO, Thermo Fisher Scientific, Cambridge, Great Britain) was used to determine 
the content of base cations (Ca2+, Mg2+, K+, Na+). Fresh soil samples with natural moisture were sieved 
through a 2 mm sieve and stored at + 4 °C to determine enzyme activity. The activities of extracellular enzymes 
β-glucosidase (BG), β-D-cellobiosidase (CB), β-xylosidase (XYL), N-acetyl-β-D-glucosaminidase (NAG), 
phosphatase (PH) and arylsulfatase (SP) were determined using fluorogenically labeled substrates. Fluorescence 
was measured on a plate reader at an excitation wavelength of 355 nm and an emission wavelength of 460 nm. 
Dehydrogenase (DH) activity was determined using the Lenhard method according to the Casidy procedure23. 
Physical fractionation of SOM was performed according to the method described by Sohi et al.24. A 10-g soil 
sample was placed in a 200-ml centrifuge tube and 90 ml of NaI (1.7 g cm-3) was added. Each sample was 
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sonicated (60 watts for 200 s) to destroy aggregates, shaken for 1 min, and centrifuged for 30 min. The free light 
fraction (fLF) was removed by pipetting and collected on a glass fiber filter. The soil remaining at the bottom 
of the centrifuge tubes was mixed with another 90 ml of NaI. After centrifugation, the material released from 
the aggregate-occluded light fraction (oLF) was collected on a glass fiber filter. The remaining fraction was 
assumed to consist of the mineral associated fraction (MAF) of SOM25. The fractions were analyzed for carbon 
and nitrogen (CfLF, CoLF, CMAF, NfLF, NoLF, and NMAF, respectively) using a LECO CNS True Mac Analyzer.

Fig. 1.  Soil profile removed from the study area.
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Statistical analysis
One-way analysis of variance was used to find the significance of differences between the mean values of the 
analyzed chemical parameters, soil fractional composition and enzymatic activity according to the stands. The 
normality of the distribution was checked using the Shapiro-Wilk test. A post-hoc test was used to evaluate 
differences between the mean values of the characteristics. Results were considered statistically significant at 
< 0.05. Spearman correlation coefficients were calculated between individual soil organic matter fractions and 
soil properties and enzymatic activity. Principal component analysis (PCA) was used to group variables by 
tree species, which included chemical properties, soil biological properties and individual soil organic matter 
fractions. Using PCA analysis, we identified the variables that most contribute to the variability of the data. All 
statistical analyses were performed using R statistical software (R Core Team, 2022), R Studio26 and Statistica 
13 software27.

Results
The highest average C content was recorded in the soils of pine and larch stands (5.17 and 4.96%, respectively) 
and it differed significantly from the C content in the soils of oak, hornbeam and beech stands (3.30, 2.80 and 
2.70%, respectively) (Fig. 2a, b). For N content, the soils of pine stands showed significant differences from the 
soils influenced by the other stands (Fig. 2). The highest pH was recorded in the soils of beech and hornbeam 
stands (4.25 and 4.28, respectively), while the lowest pH was recorded in the soils of larch stands (3.81). Ca 
content ranged from 2.13 cmol(+)·kg− 1 in the soils of pine stands to 1.18 cmol(+)·kg− 1 in the soils of hornbeam 
stands. The soils of larch stands differ from those of other stands and showed the lowest Mg content. In addition, 
the soils of conifer stands differed from those of deciduous stands in terms of Na content. Soils of coniferous 
stands showed the highest BC values, and soils of hornbeam stands showed the lowest (Table 1). Analysis of the 
content of individual micronutrients in the studied soils showed statistically significant differences between the 
studied tree species. The highest contents of Al, Cu, Fe, P, Pb and Zn were recorded in soils of coniferous stands, 
while the highest contents of Cd, Co, Mn were recorded in soils of beech and hornbeam stands (Table 2).

Fig. 2.  Content of carbon - C and nitrogen - N (%) in soils of various forest stands; lowercase letters (a, b) 
indicate significant differences between the species covered by the study B-beech, H-hornbeam, L-larch, 
O-oak, P-pine.
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The highest CB activity was recorded in soils of oak and hornbeam stands (3.91 and 3.20 nmol MUB 
g− 1·C·h− 1, respectively) and the lowest in soils of beech stands (0.54 nmol MUB g− 1·C·h− 1). Soils of larch stands 
differed from those of other stands in terms of BG and NAG activity. The soils under larch showed the highest 
values of 34.03 and 26.23 nmol MUB g− 1·C·h− 1. For XYL activity, the values ranged from 8.67 to 0.89 nmol MUB 
g− 1·C·h− 1 in the soils of pine and beech stands, respectively. The highest PH and SP activities were recorded in 
soils of beech stands and the lowest in soils of larch stands (Table 3).

The highest CfLF contents were found in soils with coniferous species and they show statistically significant 
differences with respect to soils with deciduous species. The lowest contents were found in soils with beech and 
hornbeam (Fig. 3A). Soils with pine, larch and oak differ significantly from soils with hornbeam and beech in 
terms of CoLF content, (Fig. 3B). The heavy fraction of CMAF in soils with beech and hornbeam stands differs 
significantly from soils with larch stands (Fig. 3C). The amount of NfLF differed significantly between soils with 
coniferous and deciduous species. The highest NfLF values were recorded in soils of larch stands, and the lowest 
in soils of beech stands (Fig. 4A). The NoLF content showed differences among species. The highest values were 
recorded in soils of larch stands (Fig. 4B). In contrast, higher NMAF content was recorded in soils of deciduous 
species compared to soils of coniferous species (Fig. 4C). The correlations between the fractional composition 
of soil organic matter and the basic physicochemical properties of the studied soils were strong. There was a 
positive strong correlation between the light fraction (fLF) and the occluded light fraction (oLF) and C and N 
content. A negative correlation with soil pH was also found for these fractions (Fig. 5). NAG and XYL activity 
showed a positive correlation with the light fraction (fLF) and the occluded light fraction (oLF), C and N (Fig. 6). 
The content of Cu, Fe, P, Pb, Zn in the soil positively correlated with the light fraction (fLF) and the occluded 
light fraction (oLF). The heavy fraction (MAF) negatively correlates with Cu content while positively correlates 
with Mn content (Fig. 7). The principal component analysis PCA conducted explains in total 47.58% of the 
variation. The analysis confirmed the distinctiveness of deciduous and coniferous stands (Fig. 8). Soils of pine 

CB BG NAG XYL PH SP

Larch 2.12 ± 1.70ab 34.03 ± 16.78a 26.23 ± 13.24a 7.75 ± 4.69a 46.18 ± 18.85c 0.99 ± 1.98b

Beech 0.54 ± 0.74b 12.90 ± 10.32b 11.77 ± 5.36cd 0.89 ± 0.92b 100.36 ± 20.52a 2.27 ± 2.35a

Hornbeam 3.20 ± 2.46a 11.12 ± 4.97b 10.45 ± 3.65d 1.66 ± 1.53b 80.38 ± 29.37ab 1.32 ± 1.18ab

Pine 2.48 ± 2.36ab 13.29 ± 8.59b 21.39 ± 11.48ab 8.67 ± 4.54a 87.02 ± 48.73a 1.28 ± 1.01ab

Oak 3.91 ± 4.35a 14.99 ± 13.61b 17.69 ± 8.53bc 7.23 ± 3.36a 58.77 ± 24.88bc 1.15 ± 1.08ab

Table 3.  Enzymatic activity (nmol MUB g− 1 ·C ·h− 1) of soils in various forest stands. mean ± SD; CB—β-
D-cellobiosidase,, BG—β-glucosidase, NAG—N-acetyl-β-D-glucosaminidase, XYL—β-xylosidase, PH—
phosphatase, SP – arylsulphatase; (a, b) mean significant differences between tree species.

 

Al. Cd Co Cr Cu Fe Mn Ni P Pb Zn

Larch 13657.20±
907.32a

0.30±
0.12ab

3.67±
0.50cd

25.29±
2.35a

8.88±
3.05a

9142.75±
1212.39ab

150.82±
34.25c

6.90±
2.00c

315.83±
109.25a

61.35±
24.62ab

44.33±
12.59a

Beech 13188.40±
1262.87ab

0.37±
0.13a

4.29±
0.74a

2.61±
0.43c

6.19±
1.44b

8761.12±
933.25ab

486.82±
247.46a

9.27±
1.30ab

287.65±
63.80ab

54.21±
16.14bc

41.04±
10.04ab

Hornbeam 12572.40±
1099.26bc

0.38±
0.14a

4.14±
0.74ab

25.17±
2.09a

5.93±
0.81b

8527.88±
995.48bc

364.07±
190.58ab

9.30±
1.97ab

267.69±
51.49ab

41.85±
13.74c

35.64±
9.55b

Pine 13689.00±
1088.58a

0.34±
0.09a

3.79±
0.43bc

14.39±
14.64b

8.32±
1.67a

9591.78±
1384.85a

273.54±
101.96bc

10.20±
1.89a

306.54±
67.20a

68.36±
17.10a

46.34±
9.63a

Oak 12069.16±
1520.95c

0.22±
0.06b

3.26±
0.50d

25.59±
3.34a

5.95±
0.96b

7854.38±
1188.54c

286.06±
147.13b

8.25±
1.43bc

244.68±
56.94b

48.97±
13.23bc

34.67±
6.92b

Table 2.  The content of microelements (mg/kg) in the tested soils depending on the species analyzed. 
mean ± SD; (a, b) mean significant differences between tree species.

 

pHH20 C N Ca K Mg Na BC

Larch 3.81 ± 0.13c 4.96 ± 1.95a 0.27 ± 0.11b 1.37 ± 0.59b 0.11 ± 0.04c 0.26 ± 0.10c 0.03 ± 0.01a 1.78 ± 0.71b

Beech 4.25 ± 0.15a 1.70 ± 0.70b 0.14 ± 0.05b 1.26 ± 0.65b 0.14 ± 0.05bc 0.27 ± 0.12bc 0.02 ± 0.00b 1.69 ± 0.82b

Hornbeam 4.28 ± 0.18a 2.80 ± 0.68b 0.22 ± 0.04b 1.18 ± 0.59b 0.14 ± 0.05bc 0.34 ± 0.15bc 0.02 ± 0.00b 1.67 ± 0.77b

Pine 3.98 ± 0.18b 5.17 ± 1.57a 0.33 ± 0.07a 2.13 ± 0.78a 0.19 ± 0.07a 0.47 ± 0.12a 0.03 ± 0.01a 2.82 ± 0.94a

Oak 3.94 ± 0.20b 3.30 ± 1.03b 0.26 ± 0.06b 1.29 ± 0.66b 0.16 ± 0.06ab 0.37 ± 0.12ab 0.02 ± 0.01b 1.84 ± 0.82b

Table 1.   Table 1 Basic physicochemical properties of the tested soils depending on the species. mean ± SD; C 
and N (%); Ca, K, Mg, Na, BC-sum of cations (cmol(+)·kg− 1); (a, b) mean significant differences between tree 
species.
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and larch stands are associated with a higher content of free and occluded light fraction, while soils of deciduous 
stands are associated with a higher content of heavy fraction. Soils of deciduous stands were characterized by 
significantly higher pH. PCA analysis confirmed higher pH in the soils of beech and hornbeam stands, and at the 
same time the soils of these stands were characterized by high PH and SP activity (Fig. 8).

Discussion
Influence of species on the chemical properties of soils
The experiment conducted indicates the significant influence of stand species composition in shaping the 
fractional composition of SOM. The analyzed stands grew under similar climatic and soil conditions, thanks to 
which it was possible to capture the influence of individual species on detailed soil properties. Soils of deciduous 
such as beech, oak or hornbeam and coniferous species differ significantly in the fractional composition of 
SOM. Deciduous and coniferous tree species provide different types of organic residues to the soil, which have 
different chemical structures and decomposition rates which consequently affect the quantity and quality of 
SOM28,29. Soils under deciduous trees such as beech and hornbeam were characterized by higher pH and higher 
nutrient availability, which promoted faster decomposition of organic matter, formation of the more stable 
SOM fraction stronger bound to mineral fractions and faster mineralization. In pine and larch stands, the light 
fraction of SOM was dominant because needles and other organic residues contain more lignin and phenolic 
compounds, which slows their decomposition30. As a result, the light fraction under conifers is less dynamic and 
limitation of mineralization, and there is a lower proportion of fractions that form more permanent connections 
with the mineral fraction of the soil. In our study, we found higher C content in coniferous stands due to 
slower decomposition rates due to high lignin content31,32. Coniferous stands are generally less abundant in 
macronutrients such as N, P, K, Ca and Mg than deciduous stands. The study by Laganiere et al.33 demonstrated 
an increase of up to 25% in humus-associated C stocks by introducing deciduous species, this is because 
rapidly decomposing leaf litter is immediately stabilized in mineral horizons34. In addition, the content of Fe 
and Al oxides and hydroxides affect the adsorption of organic compounds into the soil slowing down their 

Fig. 3.  Carbon content in soil organic matter fractions in soils of various forest (CfLF - carbon of free light 
fraction (g.kg− 1), CoLF – carbon of occluded light fraction (g.kg− 1), CMAF – carbon of mineral associated 
fraction (g.kg− 1); B-beech, H-hornbeam, L-larch, O-oak, P-pine; (a, b) mean significant differences between 
tree species.
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decomposition. In our study, we recorded higher Fe and Al. values in coniferous stands which may have a direct 
bearing on the sorption complex (BC). Similar relationships have been reported in other studies where the 
sorption of organic compounds to clay minerals and Fe and Al oxides and hydroxides was found to be strongly 
pH dependent35,36.

Effects of individual tree species on soil organic matter fractions and microbial community
Soils of beech stands are characterized by a higher proportion of the heavy SOM fraction compared to other 
species, especially conifers. Similar relationships were observed in the soils of mountainous areas, where the 
variation in the proportion of individual fractions was analyzed depending on the tree species and altitude 
location. In this experiment, the content of the fraction bound to mineral particles (MAF) was found to be 
higher, up to 50%, in beech stands at the same position in the altitude gradient as fir stands37. In the study area, 
the occurrence of calcium in deeper horizons was noted, which is taken up by beech trees and transported 
to the surface horizons. In addition, Ca rich beech litter contributes to a healthy soil structure by helping to 
loosen and stabilize organic matter, which increases the soil’s ability to retain water and essential nutrients38. 
The turnover of basic nutrients in the soil depends on the availability of elements, the buffering capacity of 
the soil, and the activity of the rhizosphere of different tree species39. The higher accumulation of C in mineral 
horizons may be due to a higher concentration of fine roots and, at the same time, increased enzymatic activity 
of soil microorganisms stimulated by the diversity of litter40. The study by Staszel-Szlachta et al.10 demonstrated 
differences in the composition of bacterial and fungal communities in the soil of deciduous species compared to 
coniferous species such as pine and larch. Soil samples obtained in ash stands differed in the number and diversity 
of microorganisms compared to soils under the influence of other species. The increase in microbial activity is 
influenced by dead organic matter from the roots. Then, decomposing fine roots affect mineralization and root 
decomposition processes in the soil profile. In addition, the amount of nutrients released as a result of the death 
of this fraction of roots is much higher than as a result of the decomposition of plant residues37,41. In addition, 
root secretions, which are used by microorganisms as a carbon source, are considered a key determinant of 

Fig. 4.  Nitrogen content of soil organic matter fractions in soils of different stands (NfLF - nitrogen of free light 
fraction (g.kg− 1), NoLF – nitrogen of occluded light fraction (g.kg− 1), NMAF – nitrogen of mineral associated 
fraction (g.kg− 1); B-beech, H-hornbeam, L-larch, O-oak, P-pine; (a, b, c) mean significant differences between 
tree species.
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microbial structure in the rhizosphere42. As a result, the secretions play an important role in enzymatic activity 
formation, which can influence the expression of microorganisms or limit their activity in the rhizosphere43.

Influence of physicochemical parameters on the enzymatic activity of forest soil
Microbial activity is largely dependent on the habitat and tree species, and the decomposition processes 
occurring in the soil environment are controlled by the quantity and quality of biomass supplied44,45. In our 
study, higher enzymatic activities of β-D-cellobiosidase and arylsulphatase were recorded in soils of deciduous 
stands. The fractional composition of soil organic matter (SOM) is correlated with enzymatic activity due to 
the close relationship between microbial decomposition processes of organic matter and the soil enzymes 
that catalyze these processes19,46,47. A strong correlation was noted between the light fraction of soil organic 
matter (free and occluded) and the activity of selected enzymes. Enzymatic activity in soil is strongly dependent 
on the availability of substrates, i.e., organic compounds that can be transformed by enzymes. The light 
fraction promotes rapid growth and activity of microorganisms, which in turn leads to an increased enzyme 
production19. Microorganisms derive energy from readily available organic compounds, which drives enzymatic 
activity. The heavy fraction is characterized by higher stability and lower energy availability for microorganisms, 
leading to reduced microbial activity and lower enzyme production28,48. In terms of basic chemical properties, 
fractional composition of SOM and enzymatic activity, soils of beech stands are closer to those of coniferous 
stands than to those of deciduous stands. Beech litter in stands developing on acidic, carbonate-free soils leads 
to soil acidification, similar to that of coniferous litter28,49. The high content of lignin and other resistant to 
degradation organic compounds in beech organic debris is conducive to lowering soil pH. Lower soil pH inhibits 
the activity of many microorganisms responsible for the rapid decomposition of organic matter, which in turn 
slows down the nutrient cycle, making soil chemical properties similar to those observed in soils influenced by 
pine stands50–52. Carbonate-free soils under beech stands, like those under conifers, tend to accumulate organic 
compounds that are less susceptible to decomposition and relatively resistant to mineralization16,53. This leads to 
the formation of a higher accumulation of weakly mineral particle-bound SOM fractions, resulting in reduced 
nutrient availability and slower organic matter cycling, making these soils similar to soils under conifers52.

Fig. 5.  Relationships between the fractional composition of soil organic matter and the basic physicochemical 
properties of the tested soils (significant correlations above 0.32).
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Conclusions
Soils influenced by deciduous species differ from soils under coniferous stands in terms of the proportion of 
the various SOM fractions. Coniferous species such as pine and larch, due to their ability to lower soil pH 
through root secretions and organic precipitation, lead to a slowdown in the processes of decomposition and 
mineralization of SOM, so that the share of the light fraction of SOM increases. The presence of a higher 
proportion of the heavy fraction of soil organic matter (SOM) in the soils of beech, oak and hornbeam stands 
is due to the peculiarities of organic residues, microbial processes and interactions between organic matter and 
mineral components of soil. The high activity of microorganisms in the soils of deciduous stands, confirmed 
by enzymatic activity, leads to the efficient decomposition of organic compounds and the formation of stable 
compounds that constitute the heavy fraction of SOM. Analysis of the fractional composition of SOM in soils 
under different stands allowed us to assess which tree species most favorably influence soil properties including 
enzymatic activity, which is of direct relevance to sustainable forest management. The results we obtained can be 
used in maintaining soil fertility and forest ecosystem health. Studies of the fractional composition of SOM can 
serve as an indicator of changes in forest ecosystems as a result of climate change, changes in forest management 
or the effect of human activities.

Fig. 6.  The relationship between the fractional composition of soil organic matter and the enzymatic activity 
of the tested soils (significant correlations above 0.32).
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Fig. 7.  Correlation between the fractional composition of soil organic matter and the content of 
microelements in the soil (significant correlations above 0.32).
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Data availability
The data that support the findings of this study are not openly available due to reasons of sensitivity and are 
available from the corresponding author upon reasonable request- karolina.staszel@urk.edu.pl.

Received: 12 September 2024; Accepted: 7 January 2025

References
	 1.	 Achilles, F. et al. European beech leads to more bioactive humus forms but stronger mineral soil acidification as Norway spruce 

and scots pine–results of a repeated site assessment after 63 and 82 years of forest conversion in Central Germany. For. Ecol. Manag. 
483, 118769. https://doi.org/10.1016/j.foreco.2020.118769 (2021).

	 2.	 Amann, T., Hartmann, J., Hellmann, R., Pedrosa, E. T. & Malik, A. Enhanced weathering potentials—the role of in situ CO 2 and 
grain size distribution. Front. Clim. 4, 929268. https://doi.org/10.3389/fclim.2022.929268 (2022).

	 3.	 Załuszniewska, A., Bieniek, A. & Nogalska, A. The organic matter content and pH of forest soils in the Brodnica Forest Division. 
Pol. J. Agron. 43, 70–75. https://doi.org/10.26114/pja.iung.434.2020.43.07 (2020).

	 4.	 Lemanowicz, J. et al. The effect of enzyme activity on Carbon Sequestration and the cycle of available Macro- (P, K, mg) and 
Microelements (Zn, Cu) in Phaeozems. Agriculture 13 (1), 172. https://doi.org/10.3390/agriculture13010172 (2023).

	 5.	 Carter, M. R. & Stewart, B. A. Structure and organic matter storage in agricultural soils. CRC press. pp.3–11 (2020).
	 6.	 Kästner, M., Miltner, A., Thiele-Bruhn, S. & Liang, C. Microbial necromass in soils—linking microbes to soil processes and carbon 

turnover. Front. Environ. Sci. 9, 756378. https://doi.org/10.3389/fenvs.2021.756378 (2021).
	 7.	 Gruba, P., Socha, J., Błońska, E. & Lasota, J. Effect of variable soil texture, metal saturation of soil organic matter (SOM) and tree 

species composition on spatial distribution of SOM in forest soils in Poland. Sci. Total Environ. 521, 90–100. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​
1​6​/​j​.​s​c​i​t​o​t​e​n​v​.​2​0​1​5​.​0​3​.​1​0​0​​​​ (2015).

Fig. 8.  Projection of variables onto the plane of the first and second PCA factors. (pH, Ca, K, Mg, Na 
BC-sum of cations (cmol(+)·kg− 1); CB—β-D-cellobiosidase,, BG—β-glucosidase, NAG—N-acetyl-β-D-
glucosaminidase, XYL—β-xylosidase, PH—phosphatase, SP – arylsulphatase; CfLF - carbon of free light 
fraction (g.kg− 1), CoLF – carbon of occluded light fraction (g.kg− 1), CMAF – carbon of mineral associated 
fraction (g.kg− 1), stands (NfLF - nitrogen of free light fraction (g.kg− 1), NoLF – nitrogen of occluded light 
fraction (g.kg− 1), NMAF – nitrogen of mineral associated fraction (g.kg− 1)).

 

Scientific Reports |         (2025) 15:1286 11| https://doi.org/10.1038/s41598-025-85883-6

www.nature.com/scientificreports/

https://doi.org/10.1016/j.foreco.2020.118769
https://doi.org/10.3389/fclim.2022.929268
https://doi.org/10.26114/pja.iung.434.2020.43.07
https://doi.org/10.3390/agriculture13010172
https://doi.org/10.3389/fenvs.2021.756378
https://doi.org/10.1016/j.scitotenv.2015.03.100
https://doi.org/10.1016/j.scitotenv.2015.03.100
http://www.nature.com/scientificreports


	 8.	 Diers, M., Weigel, R. & Culmsee, H. Soil carbon and nutrient stocks under scots pine plantations in comparison to European beech 
forests: a paired-plot study across forests with different management history and precipitation regimes. Ecosyst. 8, 47. ​h​t​t​p​s​:​/​/​d​o​i​.​o​
r​g​/​1​0​.​1​1​8​6​/​s​4​0​6​6​3​-​0​2​1​-​0​0​3​3​0​-​y​​​​ (2021).

	 9.	 Grüneberg, E., Schöning, I., Riek, W., Ziche, D. & Evers, J. Carbon stocks and carbon stock changes in German forest soils. In: 
Wellbrock N, Bolte a (eds.) status and dynamics of forests in Germany. Ecol stud 237. Springer nature, pp 167–198. (2019). ​h​t​t​p​s​:​/​
/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​9​7​8​-​3​-​0​3​0​-​1​5​7​3​4​-​0​​​​​​​

	10.	 Staszel-Szlachta, K., Lasota, J., Szlachta, A. & Błońska, E. The impact of root systems and their exudates in different tree species on 
soil properties and microorganisms in a temperate forest ecosystem. BMC Plant Biol. 24 (45). ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​8​6​/​s​1​2​8​7​0​-​0​2​
4​-​0​4​7​2​4​-​2​​​​ (2024). (2024).

	11.	 McCormack, M. L., Eissenstat, D. M., Prasad, A. M. & Smithwick, E. A. Regional scale patterns of fine root lifespan and turnover 
under current and future climate. Glob Change Biol. 19, 1697–1708. https://doi.org/10.1111/gcb.12163 (2013).

	12.	 Lorenz, M. & Thiele-Bruhn, S. Tree species affect soil organic matter stocks and stoichiometry in interaction with soil microbiota. 
Geoderma 353, 35–46. https://doi.org/10.1016/j.geoderma.2019.06.021 (2019).

	13.	 Guimarães, D. V. et al. I. S. Soil organic matter pools and carbon fractions in soil under different land uses. Soil Tillage. Res. 126, 
177–182. https://doi.org/10.1016/j.still.2012.07.010 (2013).

	14.	 Schweizer, S. A., Bucka, F. B., Graf-Rosenfellner, M. & Kögel-Knabner, I. Soil microaggregate size composition and organic matter 
distribution as affected by clay content. Geoderma 355, 113901. https://doi.org/10.1016/j.geoderma.2019.113901 (2019).

	15.	 Han, L., Sun, K., Jin, J. & Xing, B. Some concepts of soil organic carbon characteristics and mineral interaction from a review of 
literature. Soil Biol. Biochem. 94, 107–121. https://doi.org/10.1016/j.soilbio.2015.11.023 (2016).

	16.	 Błońska, E., Prażuch, W. & Lasota, J. Deadwood affects the soil organic matter fractions and enzyme activity of soils in altitude 
gradient of temperate forests. For. Ecosyst. 10, 100115. https://doi.org/10.1016/j.fecs.2023.100115 (2023).

	17.	 Gruneberg, E., Schöning, I., Hessenmöller, D., Schulze, E. D. & Weisser, W. W. Organic layer and clay content control soil organic 
carbon stocks in density fractions of differently managed German beech forests. For. Ecol. Manag. 303, 1–10. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​
1​6​/​j​.​f​o​r​e​c​o​.​2​0​1​3​.​0​3​.​0​1​4​​​​ (2013).

	18.	 Poeplau, C. et al. Isolating organic carbon fractions with varying turnover rates in temperate agricultural soils–A comprehensive 
method comparison. Soil Biol. Biochem. 125, 10–26. https://doi.org/10.1016/j.soilbio.2018.06.025 (2018).

	19.	 Lasota, J., Błońska, E., Łyszczarz, S. & Tibbett, M. Forest humus type governs heavy metal accumulation in specific organic matter 
fractions. Water Air Soil. Pollution. 231, 80. https://doi.org/10.1007/s11270-020-4450-0 (2020).

	20.	 Baveye, P. C., Schnee, L. S., Boivin, P., Laba, M. & Radulovich, R. Soil organic matter research and climate change: merely re-storing 
carbon versus restoring soil functions. Front. Environ. Sci. 8, 579904. https://doi.org/10.3389/fenvs.2020.579904 (2020).

	21.	 Jaworski, A. Silviculture Characteristics of Forest Trees and Shrubs; Vol. III: Universal Agricultural and Forestry Publishing House: 
Warszawa, Poland. ISBN 978-83-09-01117-0 (2019).

	22.	 IUSS Working Group WRB. World Reference Base for Soil Resources. International soil classification system for naming soils and 
creating legends for soil maps. 4th edition. International Union of Soil Sciences (IUSS), Vienna, Austria. (2022).

	23.	 Casida, L. E., Klein, D. A. & Santoro, T. Soil dehydrogenase activity. Soil. Sci. 98, pp371–376 (1964). (1964).
	24.	 Błońska, E., Lasota, J. & Gruba, P. Enzymatic activity and stabilization of organic matter in soil with different detritus inputs. J. Soil. 

Sci. Plant. Nutr. 63, 242–247. https://doi.org/10.1080/00380768.2017.1326281 (2017).
	25.	 Sohi, S. P. et al. A procedure for isolating soil organic matter fractions suitable for modeling. Soil. Sci. Soc. Am. J. 65, 1121–1128. 

https://doi.org/10.2136/sssaj2001.6541121x (2001).
	26.	 Core Team, R. R: A language and environment for statistical computing. Vienna: R Foundation for Statistical Computing. (2022). 

Available from: https://www.r-project.org/.
	27.	 TIBCO Software Inc. Statistica (data analysis software system), version 13. (2017). Available from: http://statistica.io. (2017).
	28.	 Błońska, E., Piaszczyk, W., Staszel, K. & Lasota, J. Enzymatic activity of soils and soil organic matter stabilization as an effect of 

components released from the decomposition of litter. Appl. Soil. Ecol. https://doi.org/10.1016/j.apsoil.2020.103723 (2021).
	29.	 Likulunga, L. E., Pérez, C. A. R., Schneider, D., Daniel, R. & Polle, A. Tree species composition and soil properties in pure and mixed 

beech-conifer stands drive soil fungal communities. For. Ecol. Manag. 502, 119709. https://doi.org/10.1016/j.foreco.2021.119709 
(2021).

	30.	 Meng, D. et al. Progress on the Effect of Nitrogen on Transformation of Soil Organic Carbon. Processes 10 (11), 2425. ​h​t​t​p​s​:​/​/​d​o​i​.​o​
r​g​/​1​0​.​3​3​9​0​/​p​r​1​0​1​1​2​4​2​5​​​​ (2022).

	31.	 Berg, B., Kjønaas, O., Johansson, M. B., Erhagen, B. & Åkerblom, S. Late stage pine litter decomposition: relationship to litter N, 
Mn, and acid unhydrolyzable residue (AUR) concentrations and climatic factors. Ecol. Manage. 358, 41–47. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​
6​/​j​.​f​o​r​e​c​o​.​2​0​1​5​.​0​8​.​0​3​2​​​​ (2015).

	32.	 Krishna, M. P. & Mohan, M. Litter decomposition in forest ecosystems: a review. Energy Ecol. Environ. 2 (4), 236–249. ​h​t​t​p​s​:​/​/​d​o​i​.​
o​r​g​/​1​0​.​1​0​0​7​/​s​4​0​9​7​4​-​0​1​7​-​0​0​6​4​-​9​​​​ (2017).

	33.	 Laganiere, J., Angers, D. A. & Pare, D. Carbon accumulation in agricultural soils after afforestation: a meta-analysis. Glob. Change 
Biol. 16, 439–453. https://doi.org/10.1111/j.1365-2486.2009.01930.x (2010).

	34.	 Osei, R. et al. Tree species identity drives soil organic carbon storage more than species mixing in major two-species mixtures 
(pine, oak, beech) in Europe. For. Ecol. Manag. 481, 118752. https://doi.org/10.1016/j.foreco.2020.118752 (2021).

	35.	 Rowley, M. C. et al. Association between soil organic carbon and calcium in acidic grassland soils from Point Reyes National 
Seashore, CA. Biogeochemistry 165 (1), 91–111 (2023).

	36.	 Spohn, M. & Stendahl, J. Soil carbon and nitrogen contents in forest soils are related to soil texture in interaction with pH and 
metal cations. Geoderma 441, 116746 (2024).

	37.	 Staszel, K., Lasota, J. & Błońska, E. Soil Organic matter fractions in relation to Root characteristics of different tree species in 
Altitude Gradient of Temperate Forest in Carpathian Mountains. Forests 13 (10), 1656. https://doi.org/10.3390/f13101656 (2022).

	38.	 Berger, T. W., Swoboda, S., Prohaska, T. & Glatzel, G. The role of calcium uptake from deep soils for spruce (Picea abies) and beech 
(Fagus sylvatica). For. Ecol. Manag. 229 (1–3), 234–246 (2006).

	39.	 Guckland, A., Jacob, M., Flessa, H., Thomas, F. M. & Leuschner, C. Acidity, nutrient stocks, and organic-matter content in soils 
of a temperate deciduous forest with different abundance of European beech (Fagus sylvatica L). J. Plant Nutr. Soil Sci. 172 (4), 
500–511. https://doi.org/10.1002/jpln.200800072 (2009).

	40.	 Brassard, B. W. et al. Tree species diversity increases fine root productivity through increased soil volume filling. J. Ecol. 101, 
210–219. https://doi.org/10.1111/1365-2745.12023 (2013).

	41.	 Meier, I. C. et al. Root exudation of mature beech forests across a nutrient availability gradient: the role of root morphology and 
fungal activity. New Phytol. 226, 583–594. https://doi.org/10.1111/nph.16389 (2020).

	42.	 Panchal, P., Preece, C., Penuelas, J. & Giri, J. Soil carbon sequestration by root exudates. Trends Plant. Sci. 27 (8), 749–757. ​h​t​t​p​s​:​/​/​
d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​t​p​l​a​n​t​s​.​2​0​2​2​.​0​4​.​0​0​9​​​​ (2022).

	43.	 Gianfreda, L. Enzymes of importance to rhizosphere processes. J. Soil. Sci. Plant. Nutr. 15, 283–306. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​4​0​6​7​/​S​0​7​1​
8​-​9​5​1​6​2​0​1​5​0​0​5​0​0​0​0​2​2​​​​ (2015).

	44.	 Baldrian, P. Forest microbiome: diversity, complexity and dynamics. FEMS Microbiol. Rev. 41, 109–130. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​9​3​/​f​e​
m​s​r​e​/​f​u​w​0​4​0​​​​ (2017).

	45.	 Zederer, D. P., Talkner, U., Spohn, M. & Joergensen, R. G. Microbial biomass phosphorus and C/N/P stoichiometry in forest floor 
and a horizons as affected by tree species. Soil. Biol. Biochem. 111, 166–175. https://doi.org/10.1016/j.soilbio.2017.04.009 (2017).

Scientific Reports |         (2025) 15:1286 12| https://doi.org/10.1038/s41598-025-85883-6

www.nature.com/scientificreports/

https://doi.org/10.1186/s40663-021-00330-y
https://doi.org/10.1186/s40663-021-00330-y
https://doi.org/10.1007/978-3-030-15734-0
https://doi.org/10.1007/978-3-030-15734-0
https://doi.org/10.1186/s12870-024-04724-2
https://doi.org/10.1186/s12870-024-04724-2
https://doi.org/10.1111/gcb.12163
https://doi.org/10.1016/j.geoderma.2019.06.021
https://doi.org/10.1016/j.still.2012.07.010
https://doi.org/10.1016/j.geoderma.2019.113901
https://doi.org/10.1016/j.soilbio.2015.11.023
https://doi.org/10.1016/j.fecs.2023.100115
https://doi.org/10.1016/j.foreco.2013.03.014
https://doi.org/10.1016/j.foreco.2013.03.014
https://doi.org/10.1016/j.soilbio.2018.06.025
https://doi.org/10.1007/s11270-020-4450-0
https://doi.org/10.3389/fenvs.2020.579904
https://doi.org/10.1080/00380768.2017.1326281
https://doi.org/10.2136/sssaj2001.6541121x
https://www.r-project.org/
http://statistica.io
https://doi.org/10.1016/j.apsoil.2020.103723
https://doi.org/10.1016/j.foreco.2021.119709
https://doi.org/10.3390/pr10112425
https://doi.org/10.3390/pr10112425
https://doi.org/10.1016/j.foreco.2015.08.032
https://doi.org/10.1016/j.foreco.2015.08.032
https://doi.org/10.1007/s40974-017-0064-9
https://doi.org/10.1007/s40974-017-0064-9
https://doi.org/10.1111/j.1365-2486.2009.01930.x
https://doi.org/10.1016/j.foreco.2020.118752
https://doi.org/10.3390/f13101656
https://doi.org/10.1002/jpln.200800072
https://doi.org/10.1111/1365-2745.12023
https://doi.org/10.1111/nph.16389
https://doi.org/10.1016/j.tplants.2022.04.009
https://doi.org/10.1016/j.tplants.2022.04.009
https://doi.org/10.4067/S0718-95162015005000022
https://doi.org/10.4067/S0718-95162015005000022
https://doi.org/10.1093/femsre/fuw040
https://doi.org/10.1093/femsre/fuw040
https://doi.org/10.1016/j.soilbio.2017.04.009
http://www.nature.com/scientificreports


	46.	 Lauber, C. L., Strickland, M. S., Bradford, M. A. & Fierer, N. The influence of soil properties on the structure of bacterial and fungal 
communities across land-use types. Soil Biology and Biochemistry, 40(9), 2407–2415. (2008). ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​s​o​i​l​b​i​o​.​2​0​0​8​.​
0​5​.​0​2​1​​​​ (2008).

	47.	 Błońska, E., Lasota, J. & Gruba, P. Effect of temperate forest tree species on soil dehydrogenase and urease activities in relation to 
other properties of soil derived from loess and glaciofluvial sand. Ecological Research, 31, 655–664. (2016). ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​
/​s​1​1​2​8​4​-​0​1​6​-​1​3​7​5​-​6​​​​ (2016).

	48.	 Piaszczyk, W., Błońska, E. & Lasota, J. Soil biochemical properties and stabilisation of soil organic matter in relation to deadwood 
of different species. FEMS Microbiol. Ecol. 95 (3), fiz011. https://doi.org/10.1093/femsec/fiz011 (2019). (2019).

	49.	 Šantrůčková, H., Cienciala, E., Kaňa, J. & Kopáček, J. The chemical composition of forest soils and their degree of acidity in Central 
Europe. Sci. Total Environ. 687, 96–103. https://doi.org/10.1016/j.scitotenv.2019.06.078 (2019).

	50.	 Rousk, J. et al. Soil bacterial and fungal communities across a pH gradient in an arable soil. ISME J. 4 (10), 1340–1351. ​h​t​t​p​s​:​/​/​d​o​i​
.​o​r​g​/​1​0​.​1​0​3​8​/​i​s​m​e​j​.​2​0​1​0​.​5​8​​​​ (2010).

	51.	 Lladó, S., López-Mondéjar, R. & Baldrian, P. Forest soil bacteria: diversity, involvement in ecosystem processes, and response to 
global change. Microbiol. Mol. Biol. Rev. 81 (2), 10–1128. https://doi.org/10.1128/mmbr.00063-16 (2017).

	52.	 Błońska, E., Ważny, R., Górski, A. & Lasota, J. Decomposing benefits: examining the impact of beech deadwood on soil properties 
and microbial diversity. Sci. Total Environ. 930, 172774. https://doi.org/10.1016/j.scitotenv.2024.172774 (2024).

	53.	 Desie, E. et al. Litter quality and the law of the most limiting: opportunities for restoring nutrient cycles in acidified forest soils. Sci. 
Total Environ. 699, 134383. https://doi.org/10.1016/j.scitotenv.2019.134383 (2020).

Author contributions
K. Staszel-Szlachta: Data curation, Formal analysis, Funding acquisition, Investigation, Visualization, Writing 
–original draft, Writing – review & editing. E. Błońska Conceptualization, Formal analysis, Funding acquisition, 
Investigation, Methodology, Writing –original draft, Writing – review & editing. J. Lasota: Methodology, Valida-
tion, Writing – review & editing.

Funding
The research was financed by the National Science Centre, Poland: decision no. DEC-2021/41/N/NZ9/00264.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to K.S.-S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give 
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy 
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025 

Scientific Reports |         (2025) 15:1286 13| https://doi.org/10.1038/s41598-025-85883-6

www.nature.com/scientificreports/

https://doi.org/10.1016/j.soilbio.2008.05.021
https://doi.org/10.1016/j.soilbio.2008.05.021
https://doi.org/10.1007/s11284-016-1375-6
https://doi.org/10.1007/s11284-016-1375-6
https://doi.org/10.1093/femsec/fiz011
https://doi.org/10.1016/j.scitotenv.2019.06.078
https://doi.org/10.1038/ismej.2010.58
https://doi.org/10.1038/ismej.2010.58
https://doi.org/10.1128/mmbr.00063-16
https://doi.org/10.1016/j.scitotenv.2024.172774
https://doi.org/10.1016/j.scitotenv.2019.134383
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Stabilization of soil organic matter in Luvisols under the influence of various tree species in temperate forests
	﻿Materials and methods
	﻿Study sites
	﻿Chemical analysis
	﻿Statistical analysis

	﻿Results
	﻿Discussion
	﻿Influence of species on the chemical properties of soils
	﻿Effects of individual tree species on soil organic matter fractions and microbial community
	﻿Influence of physicochemical parameters on the enzymatic activity of forest soil

	﻿Conclusions
	﻿References


