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Abstract

:

The effective management of soil organic carbon (SOC) is highlighted as one of the strategies and cost-effective options for mitigating climate change, while soil nitrogen (N) often is specified as an essential element for plant growth. This study was conducted to evaluate basic soil physical, chemical, and microbial indicators in three major soil types dominated in Lithuania—Arenosols, Retisols, and Cambisols—under forest land, perennial grassland, and arable land. Furthermore, soil microbial biomass carbon (SMBC) and nitrogen (SMBN), their ratio, and soil microbial respiration (microbial CO2) next to SOC and total N were hypothesized to be important measures for assessing SOC stability under different land uses. Therefore, selected soil indicators were evaluated in the surface 0–10 and 10–20 cm mineral soil layers. The study results showed higher concentrations of SOC, N, SMBC, and SMBN, and soil microbial CO2 in forest land and perennial grasslands than in arable land. The higher SMBC/SOC and SNBN/TN ratios indicated a higher ability to accumulate SOC and N in forest land and grasslands. Higher SOC immobilization in forest land and higher N immobilization in arable land were both specified by the obtained SMBC:SMBN ratio. This study identified forest land followed by grassland as the best land management practice that addresses soil C sequestration through higher C immobilisation. Assessing soil in forest land as a control land use next to the agricultural land could be a reasonable soil management practice to evaluate C sequestration in the region. Additionally, it was assumed that evaluation of the SMBC and SMBN concentrations together with soil physical and chemical indicators allow for a more effective assessment of SOC stability. Taken together, these findings support recommendation to develop grassland (and especially forest land systems) through afforestation or within agroforestry system, without reducing the importance of the agricultural sector.
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1. Introduction


The efforts to preserve and enhance the resilience of forest ecosystems, encompassing the crucial element of forest soils, make a substantial contribution to the achievement of the Sustainable Development Goals created by the United Nations in 2015 [1]. Soil organic carbon (SOC) plays a critical role in the global context in promoting the sustainable use of terrestrial ecosystems considering climate change mitigation concerns. Furthermore, SOC is used to assess soil quality. SOC stability refers to the ability of soil organic matter to resist decomposition, leading to long-term soil carbon storage. Several studies have shown the role of aboveground and belowground plant biomass input and organic residues, physical and chemical soil properties, soil microbial composition and activity, land use, and climatic conditions, affecting SOC stability [2,3,4,5]. Moreover, the recent biotic and abiotic factors are equally important for soil organic matter formation and stability [6]. Existing research recognized the essential role of soil organic matter as an important factor in evaluating SOC stability [3]. Therefore, protecting soil organic matter from microbial degradation while preserving SOC content is important to improve soil quality, develop sustainable land management, and contribute to climate change mitigation.



Soil quality is influenced by soil environmental conditions and chemical composition. It is well known that SOC quantity and quality impact soil nitrogen (N) dynamics and its overall retention in an ecosystem [7]. The SOC to total nitrogen (TN) ratio is one of the parameters used to define SOC stability. For example, a higher C:N ratio (referred to as SOC:TN in this paper) generally indicates higher SOC stability [8]. The SOC:TN ratio was indicated as a significant predictor of SOC stabilization in soil under different management practices [9,10].



Along with other parameters characterizing soil quality and soil biota plays an important role. Soil microbial biomass and microbial community composition are good indicators of soil quality, responsible for various biochemical processes and acting on soil organic matter decomposition, carbon, and plant nutrient cycling [11,12]. Moreover, soil microorganisms are necessary mediators for a consistent carbon cycle in nature [13].



As there is still a lack of systematic understanding of how soil quality and SOC stability are influenced by microorganisms in different soil management practices, it is important to comprehensively evaluate these indicators at various levels. This has already been emphasized in previous studies [14], highlighting that land use change impacts soil fertility and overall quality and SOC accumulation. Various disturbances alter metabolic processes in soil, leading to changes in SOC stability and retention, and to the loss of carbon through CO2 emissions [15,16]. Forest soils positively affect soil microbial biomass, promoting carbon accumulation [17,18,19]. However, the role of soil microbial properties on SOC stability is still debated.



Based on the EUROSTAT data, the land area in the European Union, including Lithuania, is predominantly covered by woodland and forest cover, cropland, and grassland. These three key land-use sectors are commonly used as major reporting categories according to the Intergovernmental Panel on Climate Change—IPCC Guidelines [20]. This paper assesses the selected soil quality indicators to evaluate the SOC stability in three predominant soil types found in Lithuania–Arenosols, Retisols, and Cambisols under key land uses–forest land, perennial grassland, and arable land. Three objectives were set: the first, to assess the SOC and TN concentrations and stocks, and SOC:TN ratio; the second, to quantify soil microbial biomass carbon (SMBC) and nitrogen (SMBN) concentrations, and SMBC:SMBN ratio; the third, to evaluate the SMBC:SMBN ratio in relation to SOC:TN ratio as a measure for SOC stability in different soil types and land use. We hypothesized that expanded roles of soil microbial biomass carbon (SMBC) and nitrogen (SMBN), along with SMBC:SMBN ratio, and microbial respiration, provide a more effective indicator set for SOC stability in comparison to the evaluation of chemical and physical soil properties.




2. Materials and Methods


2.1. Soils and Study Sites


The study was carried out on the dominant Lithuanian major soil types—Arenosols, Retisols, and Cambisols [21] (Figure 1). Soil texture in the 0–20 cm mineral soil layers was classified as loam sand for Arenosols, loam for Retisols and sandy loam for Cambisols. Each study site included three different land uses–forest land, perennial grassland, and arable land (Table 1).



Site 1 was established on Arenosols in the Perloja region and included the variants of the forest land with silver birch (Betula pendula Roth) stand, perennial grassland on abandoned arable land since 1995, and arable land with cultivated winter rye (Secale cereale L.) (Figure 1 and Table 1). Site 2 was established on Retisols in the experimental fields located in the Vėžaičiai region. This study site included the variants of the forest land with silver birch stands, perennial grassland sown 15–20 years ago, and arable land with winter rye crops. Site 3, established on Cambisols and located in the Dotnuva region, included the variants of forest land (silver birch stands with an admixture of aspen and oak trees), perennial grassland, and arable land with cultivated forage pea (Pisum sativum L.). More details about these study sites were provided by Ref. [22].



The meteorological conditions in all study sites slightly differed during the sampling period in the summer of 2015. At Site 1, the total amount of precipitation was 536–662 mm and the average air temperature was 13.2–13.3 °C or 20% and 0.8 °C, respectively, higher than the standard climate normal of 1991–2020. At Site 2, the total amount of precipitation was 432 mm (20% lower than the standard climate normal), and the mean air temperature was 12.0 °C (0.4 °C lower than the standard climate normal) during the vegetation period. At Site 3, the precipitation amounted to 268 mm, and it was 45% lower than the standard climate normal. The average air temperature was 12.9 °C, and it was 0.9 °C lower than the standard climate normal.




2.2. Soil Sampling and Analysis


For physical, chemical, and microbiological soil analysis, the samples were collected from the surface 0–20 cm of mineral soil in 2015. To determine the bulk density (g cm−3) of fine (<2 mm) mineral soil in 0–10 cm and 10–20 cm soil layers, three composite samples were combined from five subsamples collected systematically in each sample plot. The soil was sampled using a metal cylinder of known volume, pressed into the undisturbed, flat surface in the middle of the desired soil depth. The cylinder was carefully removed, extracting an undisturbed sample. The soil sample was placed in a plastic bag and transported to the laboratory. For the determination of coarse fragment (>2 mm) content, all mineral soil samples were passed through a 2-mm sieve to remove stones and gravel. The fraction that did not pass through the 2-mm sieve was weighed for the determination of coarse fragment content. The weight of the moist sample was measured, and then the samples were oven-dried at 105 °C until they reached a constant weight and weighed again. The dry bulk density of fine soils was calculated from the mass and the volume of a soil sample according to Standard ISO 11272:1998 [23].



Mineral soil for chemical analysis was sampled from 0–10 cm and 10–20 cm soil layers by a metallic soil auger (Ø25 mm). Three composite samples were combined from five subsamples collected systematically in each sample plot with a distance between sampling points of at least five meters. To ensure representative sampling, a 1-m distance from tree stems or stumps was upheld across all study sites.



Determination of particle size distribution in mineral soil samples obtained from surface 0–10 cm and 10–20 cm mineral layers of Arenosols, Retisols, and Cambisols under different land use were estimated by sieving and sedimentation method according to the Standard ISO 11277-2020 [24]. Soil pHCaCl2 was measured by potentiometric method (ISO 10390:2005) [25]; TN concentration by the modified Kjeldahl method according to Standard ISO 11261:1995 [26], and SOC concentration was determined using a dry combustion method with a total carbon analyzer Analytic Jena multi-EA 4000 Germany, according to Standard ISO 10694:1995 [27]. For the determination of fulvic and humic acids, Method 5.4 described by Ref. [28] was used. Hot water extractable organic carbon (WEOC) was determined according to the methodology described in the Standard LST ISO 8245:1999 [29]. Laboratory analyses were provided by the Agrochemical Research Laboratory of the Lithuanian Research Centre for Agriculture and Forestry.



The samples taken for soil chemical analysis were used for soil microbiological analysis. The concentrations of soil microbial biomass carbon (SMBC) and soil microbial biomass nitrogen (SMBN) were determined by the fumigation-extraction methodology according to Standard ISO 14240-2:1997 [30]. Soil samples were fumigated by exposing the soil to alcohol-free chloroform (CHCl3) vapour for 24 h in a vacuum desiccator. The SMBC concentration (µg g−1) was calculated according to Ref. [31], taking the 0.5 M K2SO4 extract efficiency factor 2.64. The SMBN concentration (µg g−1 DM) was calculated according to Ref. [32] by taking the potassium sulphate (K2SO4) extract efficiency factor of 0.54.



Soil microbial respiration in the 0–10 cm and 10–20 cm layers of Arenosols, Retisols, and Cambisols was evaluated as the average of released CO2 (mg g−1 per day) during July 2015. Microbial soil respiration was determined by the CO2 titration method according to the Standard ISO 16072:2002 [33]. The principle was followed when the soil was incubated in a closed vessel and the released CO2 was absorbed in a solution of sodium hydroxide (NaOH). After the titration, the released CO2 was calculated according to the Equation (1), following Ref. [34] and ISO 16072:2002 [33].


   R  C  O 2    =     V −  V 1       ×   4.4    m    ×     t     



(1)




where RCO2 is the rate of CO2 evolution on dry soil (mg CO2 g−1 per day); V is the volume of HCl consumed in the control (mL); V1 is the volume of HCl consumed in the test sample (mL); m is the mass of the dry soil sample (g); 4.4 is a factor (1 mL of 0.2 molars NaOH corresponds to 4.4 mg of CO2) (mg mL−1); t is the incubation period (days).




2.3. Calculations and Statistics


The stocks of SOC and TN in 0–10 cm and 10–20 cm layers were calculated according to the Equation (2), given by Ref. [35], and the Equation (3).


  S O   C   i   =   ρ   i   ( 1 −     δ   i   , 2 m m   100   )   d   i     C   i   × 1   0   − 1    



(2)






    T N   i   =   ρ   i   ( 1 −     δ   i   , 2 m m   100   )   d   i     N   i   × 1   0   − 1    



(3)




where SOC is soil organic carbon (t ha−1); TN is total nitrogen (t ha–1); ρi is the bulk density of the <2 mm fraction (g cm−3); δi,2mm is the relative volume of the ≥2 mm fraction (%); di denotes the thickness of layer i (cm); Ci and Ni denote the SOC or TN concentration of layer i, respectively (mg g−1); and 10−1 is a unit factor (10−9 mg Mg−1 × 108 cm2 ha−1).



The relationship between SOC concentration and TN concentration was shown as the SOC:TN ratio. The ratio of soil microbial biomass C to N was calculated as the SMBC:SMBN ratio. The ratios of SMBC to SOC concentration or TN concentration were shown as SMBC/SOC, and SMBN/TN.



The normal distribution of variables was tested using Lilliefors and Kolmogorov-Smirnov tests and the hypothesis of normal distribution was rejected. Therefore, a non-parametric Kruskal-Wallis analysis of variance was applied to determine significant differences between land uses. The Dunn-Bonferroni post-hoc procedure was used to identify the significantly different means. Data are presented as means ± standard error (SE). Statistical analyses were conducted using STATISTICA 12.0 (StatSoft. Inc, Tulsa, OH, USA, 2007) software, and the level of significance of p < 0.05 was used in all cases.



The statistical package SAS software (version 9.4) was applied to analyze soil indicators, assessing the significance of differences in land uses and soil types using TTEST. The GLM procedure determined overall trait significance with the TEST3 method (* p < 0.05; ** p < 0.01; *** p < 0.001). Due to limited replicates, testing parameter error distributions were not meaningful. Thus, the “Pooled” or “Satterthwaite” methods were used to evaluate the significance of differences.



The MIXED procedure (REML method) was applied to calculate variation components using the statistical model Equation (4).


    y   ilmn   = μ +   p   i   +   f ( p )   l i   +   g ( f )   m l   +   ε   ilmn      



(4)




where μ is the average of the entire test,     p   i     is the random effect of soil type (i = 1…3),     f ( p )   l i     is the random effect of land use (l = 1…3) in soil type (i),     g ( f )   m l     is fixed effect of sampling depth in land use (l),     ε   ilmn     is random error, n is the index.



The SAS procedure CORR was used to calculate the correlation between soil indicators (Pearson correlation).





3. Results


3.1. Physical and Chemical Soil Indicators in Different Land Use


The soil bulk density in Arenosols, Retisols and Cambisols varied in a narrow range of 1.01–1.69 g cm−3. The lowest soil bulk density was found in Cambisols on forest land: 1.01 g cm−3 in the 0–10 cm and 1.09 g cm−3 in the 10–20 cm soil layer. The soil pHCaCl2 varied from pH 4.4–4.9 in Arenosols, Retisols and Cambisols on forest land to pH 6.1–6.7 in Cambisols on grassland. The mean concentrations of soil organic carbon (SOC) in the 0–10 cm and 10–20 cm layers of the studied soils ranged from 6.6 g kg−1 to 44.8 g kg–1 and the mean concentrations of total nitrogen (TN)—from 0.7 g kg−1 to 2.8 g kg−1 (Figure 2). Significant differences in mean SOC concentrations were observed between the studied soil types. The SOC concentrations were approximately 1.2–1.8 times higher in Retisols and 1.3–3.4 times higher in Cambisols compared to Arenosols. The lowest SOC concentrations were found in arable land (i.e., the values were up to 4.2 times lower than those found in soils on forest land and grassland). However, the mean TN concentrations in Arenosols and Retisols did not differ significantly across different land uses. Conversely, the TN concentrations in Cambisols on forest land and grassland were approximately 1.8–2.3 times higher than in arable land.



The mean SOC stocks in the 0–10 cm and 10–20 cm layers of Arenosols, Retisols, and Cambisols ranged from 8.5 to 46.5 t ha−1, while the mean TN stocks were between 1.0 and 3.2 t ha−1 (Table 2). Although differences between minimum and maximum values were found, there was a tendency for higher SOC and TN stocks in soils on forest land and grassland. In forest Cambisols, the highest mean SOC stocks were 27.3–46.5 t ha−1 and TN stocks were 2.2–2.9 t ha−1. The SOC and TN stocks on grasslands were 25.3–32.6 t ha−1 and 2.8–3.2 t ha−1, respectively. Significantly lowest mean SOC stocks and mean TN stocks were found in Cambisols on arable land. The forest land and grasslands contained up to 3 times higher SOC and TN stocks compared to arable land.



Table 3 presents the composition of humus fractions and the mean concentrations of water-extractable organic carbon (WEOC) in the 0–10 cm and 10–20 cm layers of studied soil types on different land uses. Arenosols showed the highest percentage of fulvic acids (0.37–0.74%), while Retisols and Cambisols had the highest percentage of humic acids—0.19–0.35% and 0.14–1.20%, respectively. The soils on forest land contained the highest percentage of fulvic and humic acids in the studied soil types, while insoluble residues constituted over 99% of soil humus on all land uses. The mean WEOC concentrations in studied soils ranged from 316 mg kg−1 to 1727 mg kg−1 in all land uses (Table 3). Retisols and Cambisols had 1.2–3.3 times higher WEOC concentrations than Arenosols. The highest WEOC concentrations in Arenosols were found on forest land, while the highest WEOC concentrations in Retisols and Cambisols were obtained on forest land and grasslands.




3.2. Carbon and Nitrogen Concentrations in Soil Microbial Biomass and Microbial Respiration


Across different land uses, the mean concentrations of soil microbial biomass carbon (SMBC) showed a wide range of variation, ranging from 66.7 to 1478.3 µg g−1 in Arenosols, Retisols, and Cambisols (Figure 3). The SMBC concentrations in Arenosols (69.7–280.3 µg g−1) were on average 2.8–5.0 times lower than in Retisols (331.4–880.7 µg g−1) and Cambisols (515.8–1478.3 µg g−1). Forest land showed up to 3.1 higher SMBC concentrations in both 0–10 cm and 10–20 cm soil layers on all studied soil types.



In different soil types and different land uses, the mean concentrations of soil microbial biomass nitrogen (SMBN) varied from 9.1 to 79.3 µg g−1 (Figure 3). The mean SMBN concentration in Arenosols ranged from 9.1 to 27.1 µg g−1 and was 2.6–4.7 times lower than in Retisols and Cambisols. In all study sites, the mean SMBN concentrations were 1.4–3.6 times higher in soils on forest land than on grassland and arable land.



As one of the measures of soil microbial activity, the measured mean soil microbial respiration (further, microbial CO2) ranged from 0.002 mg g−1 to 0.078 mg g−1 per day in the studied soil types on different land uses (Figure 4). The mean value of microbial CO2 was 3.6–15.0 times higher in Retisols (0.022–0.049 mg g−1) and 6.3–20.7 times higher in Cambisols (0.030–0.078 mg g−1) than in Arenosols (0.002–0.013 mg g−1) across all land uses (Figure 4). In comparison to arable land, microbial CO2 values were found to be up to 2.4 times higher in forest land and grasslands across all soil types.




3.3. Relationships between Soil Properties


The SOC:TN ratio ranged from 7.4 to 17.2 in the studied soil types (Table 4). This ratio was up to 2.1 times lower in Arenosols than in Retisols and Cambisols.



The microbial biomass carbon as a proportion of soil organic carbon (SMBC/SOC) and the microbial biomass nitrogen as a proportion of total nitrogen (SMBN/TN) ranged between 0.9% and 7.8% in Arenosols, Retisols, and Cambisols (Table 4). The specific ratios of SMBC/SOC and SMBN/TN found in different soil types were mainly influenced by land use. The largest differences in these ratios between different land uses and the highest values on forest land were found in Retisols. However, these ratios in Arenosols and Cambisols showed different distributions between land uses. For example, the ratios of SMBC/SOC and SMBN/TN were higher in Arenosols on forest land and grassland than on arable land. These ratios in fertile Cambisols under arable land were not significantly lower than in other land uses.



The mean SMBC:SMBN ratios obtained in Arenosols, Retisols, and Cambisols varied from 6.7 to 18.6 (Table 4). The SMBC:SMBN ratio was 2.2–2.9 times higher in Arenosols on forest land than on grassland and arable land. In Retisols and Cambisols, the SMBC:SMBN ratios were 1.3–1.5 times higher in forest land and grassland than in arable land.



The study results revealed that SOC and TN concentrations, soil bulk density and the percentage of humic acid were more influenced by land use (variation component–45.9–71.7%) than the soil type (soil pedogenesis) (Table 5). However, soil pHCaCl2 value, soil texture (the percentage of sand, silt, and clay particles), and percentage of fulvic acids were mainly dependent on the soil type (66.6–87.8%). The SMBC and SMBN concentrations and microbial CO2 were strongly influenced by the soil type (70.5–87.6%) rather than the land use (10.4–25.8%).



The soil indices such as the concentrations of SMBC, SMBN, SOC, TN, WEOC, and microbial CO2, soil bulk density, pHCaCl2, and humus fraction composition showed the dependence on soil sampling depth, which was presented as surface 0–10 and 10–20 cm mineral soil layers (Table 6). The concentrations of SOC, TN, WEOC, and the percentage of humic acids, also silt and clay particles showed positively moderate and strong correlations with the SMBC and SMBN concentrations, and microbial CO2 in Arenosols, Retisols, and Cambisols. While the negative correlations were obtained with the percentages of sand particles and fulvic acid. A moderate correlation was identified between SMBC, SMBN, and microbial CO2 with SOC:TN ratio (r = 0.58–0.68), whereas microbiological parameters showed a weak correlation (r = 0.28–0.34) with soil pHCaCl2.



In Arenosols, the SMBC and SMBN concentrations, as well as microbial CO2 showed a weak to moderate (r = 0.43–0.51) correlation with the SOC and TN concentrations (Table 6). A strong positive correlation (r = 0.82–0.87) was found between the SMBC and SMBN concentrations with fulvic acid. Soil microbial CO2 moderately strongly (r = 0.56) correlated with humic acid. In Retisols, the SMBC and SMBN concentrations and microbial CO2 were positively correlated (r = 0.51–0.80) with the content of silt and clay, as well as humic and fulvic acids, but negatively correlated with soil pHCaCl2, sand content and insoluble residue (r =–0.52–0.81). In Cambisols, microbial properties positively correlated (r = 0.48–0.91) with the concentrations of SOC, TN, and WEOC, and with humic and fulvic acids, but negatively with soil bulk density, pHCaCl2, and insoluble residue (r =–0.78–0.92).





4. Discussion


The objective of this study was to evaluate soil physical, chemical, and microbial indicators in three major soil types—Arenosols, Retisols, and Cambisols—under different land uses—forest land, perennial grassland, and arable land. The first question in this study was to compare SOC and TN stocks based on their concentrations and bulk densities in different land use types. The study results showed that forest soils had the lowest bulk density, indicating significant differences among land uses, particularly in fertile Cambisols. Previous studies also have shown that soil bulk density in the 0–10 cm soil layer of grasslands and croplands was 1.5 times higher in Cambisols and 20–30% higher in Luvisols and Retisols compared to the corresponding forest soils [36]. The presence of tree roots and decomposing organic matter, which preserves soil structure, contributes to the lower bulk density found in forest soils.



The study revealed that Retisols and Cambisols, promoting organic matter accumulation and better nutrient availability, had higher soil organic carbon (SOC) and total nitrogen (TN) concentrations compared to low-nutrient Arenosols (see Figure 2). Regardless of soil type, higher SOC concentrations were found in forest land compared to other studied land uses. Furthermore, higher SOC and TN stocks were obtained in forest soils and grasslands than in arable land (see Table 2). The studies from previous years, such as Armolaitis et al. (2022) [36] and Pranskevičius (2011) [37], also showed similar trends, emphasizing that soil texture, especially clay content, and land use have a significant influence on SOC and TN concentrations and stocks.



The lower SOC:TN ratio found in Arenosols than in Retisols and Cambisols (see Table 4) indicated faster organic matter decomposition or lower organic matter input [38], which may have been due to poor vegetation cover and lower carbon content. It is common that higher inputs of organic matter through plant litter and root turnover result in higher C and N stocks in forests and grasslands [39,40]. Forest land also had the highest percentage of fulvic and humic acids (see Table 3), enhancing microbial activity and biomass in soils. Analysing the relationship between the soil parameters, we found that the abovementioned soil properties such as fine soil bulk density, the SOC and TN concentrations, and the percentage of humic acids were more influenced by land use than the soil type (see Table 6). The higher concentration of water-extractable organic carbon (WEOC), which is important as an available source of nutrients for soil microorganisms and a labile form of soil C [41], was obtained in Retisols and Cambisols than Arenosols (see Table 3). The highest WEOC concentration was obtained in forest Cambisols due to higher inputs of organic matter and active microbial communities.



As a comprehensive index for the assessment of soil microbial activity further contributing to long-term SOC stability and storage [42], microbial soil respiration (microbial CO2) was also evaluated in the present study. The most intensive microbial soil respiration was found in forest land and grassland, especially in more fertile soils—Retisols and Cambisols (see Figure 4). Increased microbial respiration in forest and grassland might be related to the higher content of organic compounds and a more varied composition of microorganism species [43]. Soil microbial respiration indicated the potential rate of soil organic matter decomposition [44,45].



The next important question in this study was to evaluate the concentrations of soil microbial biomass carbon (SMBC) and nitrogen (SMBN), and their ratio. Both SMBC and SMBN concentrations were several times higher in Retisols and Cambisols than in Arenosols. The highest SMBC and SMBN values were obtained in forest land (see Figure 3) due to richer organic matter, promoting microbial activity. Differences in biological processes, microbial abundance and composition are commonly observed in forest and agricultural soils, where agricultural practices can reduce microbial biomass [46,47]. Significant differences between land uses were well illustrated by Woloszczyk et al. (2020) study which found that the mean SMBC concentrations were 197 μg g−1 in arable land, 832 μg g−1 in grassland and 467 μg g−1 in forests [48].



Prior studies have noted that the percentages of SMBC in SOC (SMBC/SOC) and SMBN in TN (SMBN/TN) provide specific information about metabolically active C and N in the soil [43,49]. We found that forest land supported the higher SMBC/SOC than other land uses, especially on non-fertile Arenosols. Unfortunately, the SMBN/TN was difficult to interpret, as the higher SMBN/TN was found in grassland Arenosols, in forest Retisols, and in Cambisols on arable land. The SMBN/TN depended more on the soil type than on the land use. Overall, the SMBC/SOC may account for 3–7%, and the SMBN/TN up to 5% [49,50]. More specifically, earlier studies found that SMBC/SOC ratio in the surface mineral layers in forest soils ranged from 1.5% to 9.0% [43,51,52] and from 0.3% to 6.0% in cultivated agricultural lands, including grasslands [30,50,51]. The SMBN/TN ranged from 2% to 6% in agricultural soils [53]. The soils with higher SMBC, SMBN, and SMBC/SOC ratios tended to have a stronger ability to accumulate SOC [54,55].



According to the studies by Li et al. (2008), SMBC and SMBN were strongly associated with SOC and soil TN [56]. On this question, we found that SMBC, SMBN, and soil microbial respiration of Arenosols, Retisols, and Cambisols positively correlated with the concentrations of SOC, TN, WEOC, and with the percentage of humic acids, as well as silt and clay particles (see Table 6). Previous studies have shown that soils with higher clay content had higher SOC content and were more stable than sandy soils [8,57]. The SOC associated with the clay-sized fraction is typically more stable against microbial decomposition and therefore important for long-term SOC stabilization [58,59,60].



The ratio of microbial biomass C to N ratio, shown as SMBC:SMBN, was found to be higher in Arenosols on forest land than on grassland and arable land (see Table 4). For Retisols and Cambisols, this ratio was up to 1.5 times higher in forest land and grassland than in arable land. This implies that C immobilization by microorganisms occurs at a higher ratio relative to N compared to arable land in nutrient-rich soils, regardless of land use. Nutrient-rich soils likely have a higher supply of C sources for microbes, leading to the observed differences in the C to N immobilization ratios. Our data were comparable with the findings obtained in the previous studies, which indicated that the SMBC:SMBN ratio ranged from 5.2 in cultivated soils to 20.8 in forest soils [61,62]. Previous studies also indicated that the SMBC:SMBN ratio is an important indicator of soil N mineralization capacity and has important ecological significance for the balance of C and N in the soils. The study by Chen et al. (2022) showed that the SMBC:SMBN ratio less than 15 indicated an excess of soil N, the ratio between 15 and 30–balanced soil C and N, and when this ratio was above 30, the development of microorganisms was limited, and they competed for N in the soils [63]. Following this, the SMBC:SMBN ratio of 7–14 was found in perennial grasslands or arable land, showing N excess in comparison to SOC. While in forest land it was 17–18, indicating the balance between SOC and N in the soil. These differences between different land uses might be related to the structure of the soil microbial community. The SMBC:SMBN ratio of 7–12 potentially indicated a higher proportion of fungi in microbial biomass, whereas the ratio of 2–6 indicated a higher proportion of bacteria [64]. Furthermore, the fungi help to accumulate more SOC in the soil as the CO2 emissions are reduced [65].



Our study showed that the SMBC:SMBN ratio in the forest soil was higher than the soil C:N ratio, indicating that soil microorganisms have a greater demand for N to support their growth and activity, the soil is biologically active, and SOC immobilization is higher. The C:N ratio exceeding 30 was identified a useful indicator of SOC immobilization [66]. In the literature, these relationships are more often analyzed in terms of N immobilization. For example, Marinari et al. (2006) study suggested that N immobilization occurred when the SMBC:SMBN ratio was lower than the soil C:N ratio [67]. A lower SMBC:SMBN ratio also suggests that the microbial community may be limited by N availability as well as nutrient depletion. To identify SOC immobilization as a key indicator of long-term C sequestration potential that depends on land use and land use change, it is rational to analyze microbial ratios alongside key soil chemical indicators and the C:N ratio.




5. Conclusions


This study examined different soil properties in the surface layer of Arenosols, Retisols, and Cambisols under three main soil uses—forest land, perennial grassland, and arable land. Forest soils were characterized by the lowest bulk density, higher fulvic and humic acid content, more intensive microbial respiration, and higher concentrations of soil organic carbon (SOC), total nitrogen (TN), soil microbial biomass carbon (SMBC) and nitrogen (SMBN) compared to the agricultural land and especially were different from the arable land. More fertile soils had a higher ability to provide C sources to microorganisms, leading to an increase in the ratio of C to N immobilization, thus affecting SOC and TN stocks. The higher SMBC and SMBN concentrations contributed to higher SOC and TN stocks and responded in more intense SOC immobilization. The SMBC:SMBN ratio was identified as a key indicator for assessing SOC and TN accumulation. Furthermore, the study findings allow us to assume forest soil as a control land use for evaluating C sequestration in a hemiboreal forest zone. Basic soil chemical properties and at least SMBC:SMBN ratio could be important tools for soil management planning.



To achieve greater soil stability and C sequestration potential, efforts can be directed to the development of grassland and especially forest land use, without reducing the importance of the agricultural sector. Afforestation of lands less suitable for other land uses or combining different land elements within the agroforestry system could be promising strategies for improving the soil properties.
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Figure 1. Study sites on Arenosols (Site 1), Retisols (Site 2), and Cambisols (Site 3) under different land uses—forest land, perennial grassland, and arable land—in each study site. 
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Figure 2. Mean (±SE) concentrations of soil organic carbon (SOC, g kg−1) and total nitrogen (TN, g kg−1) in Arenosols, Retisols, and Cambisols at a layer of 0–10 cm and 10–20 cm on different land use (n = 3). Different letters show significant differences at 0.05 level between land uses within each soil layer. 
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Figure 3. Mean (±SE) concentrations of soil microbial biomass carbon (SMBC) and soil microbial biomass nitrogen (SMBN) in Arenosols, Retisols, and Cambisols at a layer of 0–10 cm and 10–20 cm on different land use (n = 3). Different letters show significant differences at 0.05 level between land uses within each soil layer. 






Figure 3. Mean (±SE) concentrations of soil microbial biomass carbon (SMBC) and soil microbial biomass nitrogen (SMBN) in Arenosols, Retisols, and Cambisols at a layer of 0–10 cm and 10–20 cm on different land use (n = 3). Different letters show significant differences at 0.05 level between land uses within each soil layer.
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Figure 4. Mean (±SE) soil microbial respiration (CO2, mg g−1 per day) in Arenosols, Retisols, and Cambisols at a layer of 0–10 cm and 10–20 cm on different land use. Different letters show significant differences at 0.05 level between land uses within each soil layer. 
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Table 1. Characteristics of study sites.
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Study Site

	
Soil [21]

	
Study Plot Description






	
Site 1,

54°10′ N, 24°25′ E

	
Haplic

Arenosol

	
Forest land: 90% Betula pendula Roth; 10% Pinus sylvestris L.

Stand age 50 years; mean tree diameter (DBH) 17 cm; mean tree height (H) 20.9 m; stand volume 135 m3 ha−1.




	
Perennial grassland: Hieracium pilosella L., Oenothera biennis L., Achillea millefolium L., Fragaria vesca L.




	
Arable land: Secale cereale L.




	
Site 2,

55°41′ N, 21°30′ E

	
Dystric

Bathygleyic Glossic Retisol

	
Forest land: 90% Betula pendula; 10% Picea abies (L.) H. Karst.; naturally regenerated forest on abandoned

agricultural land.

Stand age 25 years; mean tree DBH 14 cm; mean tree H 15.3 m; stand volume 93 m3 ha−1.




	
Perennial grassland: Achillea millefolium L., Hieracium pilosella L., Campanula patula L., Holcus lanatus L.




	
Arable land: Secale cereale




	
Site 3,

55°41′ N, 21°30′ E

	
Endocalcari-

Epihypogleyic Cambisol

	
Forest land: 70% Betula pendula; 20% Populus tremula L.; 10% Quercus robur L.

Stand age 92 years; mean tree DBH 36 cm; mean tree H 30.1 m; mean stand volume 378 m3 ha−1.




	
Perennial grassland: Medicago sativa L., Taraxacum officinale L., Galega orientalis L., Lolium temulentum L.,

Trifolium repens L.




	
Arable land: Pisum sativum L.











 





Table 2. Mean (±SE) stocks of soil organic carbon (SOC, t ha−1) and total nitrogen (TN, t ha−1) in Arenosols, Retisols, and Cambisols at a layer of 0–10 cm and 10–20 cm on different land use (n = 3). Different letters show significant differences at 0.05 level between land uses within each soil layer.






Table 2. Mean (±SE) stocks of soil organic carbon (SOC, t ha−1) and total nitrogen (TN, t ha−1) in Arenosols, Retisols, and Cambisols at a layer of 0–10 cm and 10–20 cm on different land use (n = 3). Different letters show significant differences at 0.05 level between land uses within each soil layer.





	
Land Use

	
SOC Stocks (t ha–1)

	
TN Stocks (t ha–1)




	
0–10 cm

	
10–20 cm

	
0–10 cm

	
10–20 cm






	

	
Arenosols




	
Forest land

	
16.3 ± 1.8 b

	
13.6 ± 2.6 b

	
2.0 ± 0.1 b

	
1.5 ± 0.1 b




	
Grassland

	
11.2 ± 1.0 a

	
8.5 ± 0.4 a

	
1.3 ± 0.1 a

	
1.0 ± 0.1 a




	
Arable land

	
11.6 ± 0.4 a

	
10.4 ± 0.7 a

	
1.3 ± 0.0 a

	
1.4 ± 0.1 a




	

	
Retisols




	
Forest land

	
18.5 ± 1.4 b

	
14.3 ± 1.9 a

	
1.5 ± 0.1 b

	
1.3 ± 0.1 a




	
Grassland

	
20.2 ± 1.4 b

	
18.6 ± 1.6 b

	
1.5 ± 0.1 b

	
1.5 ± 0.1 a




	
Arable land

	
13.5 ± 0.6 a

	
16.3 ± 0.2 a

	
1.2 ± 0.0 a

	
1.4 ± 0.1 a




	

	
Cambisols




	
Forest land

	
46.5 ± 5.2 c

	
27.3 ± 2.5 b

	
2.7 ± 0.6 b

	
2.1 ± 0.3 b




	
Grassland

	
32.6 ± 6.6 b

	
25.3 ± 5.6 b

	
3.2 ± 0.2 b

	
2.8 ± 0.6 b




	
Arable land

	
15.9 ± 0.8 a

	
14.5 ± 0.7 a

	
1.4 ± 0.1 a

	
1.2 ± 0.1 a











 





Table 3. Humus fraction composition (fulvic, humic acids and insoluble residue, %) and mean (±SE) concentrations of water extractable organic carbon (WEOC, mg kg−1) in Arenosols, Retisols, and Cambisols at a layer of 0–10 cm and 10–20 cm on different land use (n = 3).
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Land Use

	
Fulvic Acid (%)

	
Humic Acid (%)

	
Insoluble Residue (%)

	
WEOC (mg kg−1)




	
0–10 cm

	
10–20 cm

	
0–10 cm

	
10–20 cm

	
0–10 cm

	
10–20 cm

	
0–10 cm

	
10–20 cm






	

	
Arenosols




	
Forest land

	
0.74 ± 0.14 b

	
0.73 ± 0.15 b

	
0.22 ± 0.06 b

	
0.18 ± 0.01 c

	
99.04 ± 0.03 a

	
99.09 ± 0.08 a

	
527 ± 26 c

	
367 ± 174 a




	
Grassland

	
0.50 ± 0.13 a

	
0.48 ± 0.06 a

	
0.15 ± 0.01 a

	
0.08 ± 0.00 a

	
99.35 ± 0.10 b

	
99.44 ± 0.04 b

	
457 ± 50 b

	
316 ± 47 a




	
Arable land

	
0.39 ± 0.02 a

	
0.40 ± 0.02 a

	
0.15 ± 0.01 a

	
0.14 ± 0.01 b

	
99.46 ± 0.05 b

	
99.46 ± 0.05 b

	
353 ± 41 a

	
346 ± 47 a




	

	
Retisols




	
Forest land

	
0.13 ± 0.01 b

	
0.10 ± 0.00 b

	
0.35 ± 0.07 b

	
0.29 ± 0.02 b

	
99.52 ± 0.07 a

	
99.16 ± 0.03 a

	
627 ± 20 b

	
463 ± 22 a




	
Grassland

	
0.11 ± 0.02 b

	
0.10 ± 0.01 b

	
0.32 ± 0.01 b

	
0.29 ± 0.03 b

	
99.58 ± 0.01 a

	
99.61 ± 0.04 a

	
657 ± 43 b

	
587 ± 3 b




	
Arable land

	
0.07 ± 0.00 a

	
0.07 ± 0.00 a

	
0.19 ± 0.03 a

	
0.22 ± 0.02 a

	
99.74 ± 0.03 b

	
99.72 ± 0.03 b

	
423 ± 43 a

	
440 ± 40 a




	

	
Cambisols




	
Forest land

	
0.49 ± 0.02 c

	
0.26 ± 0.06 c

	
1.20 ± 0.15 c

	
0.57 ± 0.07 c

	
98.31 ± 0.17 a

	
99.17 ± 0.08 a

	
1727 ± 23 c

	
1073 ± 201 c




	
Grassland

	
0.16 ± 0.01 b

	
0.12 ± 0.01 b

	
0.48 ± 0.03 b

	
0.24 ± 0.03 b

	
99.36 ± 0.02 a

	
99.64 ± 0.04 b

	
1210 ± 35 b

	
853 ± 28 b




	
Arable land

	
0.05 ± 0.01 a

	
0.06 ± 0.00 a

	
0.17 ± 0.01 a

	
0.14 ± 0.02 a

	
99.81 ± 0.04 b

	
99.82 ± 0.02 c

	
546 ± 42 a

	
407 ± 34 a








Note. Different letters show significant differences at 0.05 level between land uses within each soil layer.













 





Table 4. Mean (±SE) ratios of different soil carbon and nitrogen parameters in 0–10 cm and 10–20 cm layers of Arenosols, Retisols, and Cambisols on different land uses. Different letters show significant differences at 0.05 level between land uses within each soil layer.
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Land Use

	
SOC:TN

	
SMBC/SOC (%)

	
SMBN/TN (%)

	
SMBC:SMBN




	
0–10 cm

	
10–20 cm

	
0–10 cm

	
10–20 cm

	
0–10 cm

	
10–20 cm

	
0–10 cm

	
10–20 cm






	

	
Arenosols




	
Forest land

	
8.2 ± 0.6 a

	
8.9 ± 1.7 a

	
2.2 ± 0.1 b

	
3.1 ± 0.1 c

	
1.0 ± 0.0 a

	
1.6 ± 0.0 b

	
17.6 ± 2.0 b

	
17.4 ± 1.1 b




	
Grassland

	
8.8 ± 0.2 a

	
8.4 ± 0.9 a

	
2.5 ± 0.1 b

	
2.3 ± 0.1 b

	
2.7 ± 0.2 c

	
2.8 ± 0.3 c

	
7.9 ± 0.9 a

	
6.7 ± 1.0 a




	
Arable land

	
9.1 ± 0.3 a

	
7.4 ± 0.3 a

	
1.0 ± 0.0 a

	
0.9 ± 0.0 a

	
1.5 ± 0.1 b

	
0.9 ± 0.1 a

	
6.0 ± 1.3 a

	
7.6 ± 1.2 a




	

	
Retisols




	
Forest land

	
11.9 ± 0.2 a

	
11.4 ± 0.6 a

	
6.9 ± 0.5 b

	
7.8 ± 0.5 c

	
5.6 ± 0.4 b

	
6.7 ± 0.5 c

	
12.5 ± 1.7 b

	
12.7 ± 1.6 b




	
Grassland

	
13.7 ± 0.3 b

	
12.5 ± 0.6 a

	
3.5 ± 0.1 a

	
4.1 ± 0.1 b

	
4.1 ± 0.1 a

	
3.9 ± 0.2 b

	
12.2 ± 1.6 b

	
13.0 ± 2.3 b




	
Arable land

	
10.8 ± 0.3 a

	
11.6 ± 0.4 a

	
3.7 ± 0.1 a

	
3.3 ± 0.3 a

	
4.2 ± 0.5 a

	
2.9 ± 0.5 a

	
9.6 ± 1.9 a

	
9.7 ± 1.5 a




	

	
Cambisols




	
Forest land

	
17.2 ± 2.4 b

	
12.8 ± 0.7 b

	
3.3 ± 0.2 a

	
5.9 ± 0.4 b

	
2.9 ± 0.0 a

	
4.1 ± 0.0 b

	
18.6 ± 2.5 b

	
18.4 ± 2.6 b




	
Grassland

	
9.9 ± 1.4 a

	
9.3 ± 0.9 a

	
3.5 ± 0.1 a

	
4.4 ± 0.2 a

	
2.7 ± 0.1 a

	
2.9 ± 0.2 a

	
13.3 ± 2.6 a

	
13.6 ± 1.5 a




	
Arable land

	
11.3 ± 0.2 a

	
12.5 ± 0.7 b

	
5.1 ± 0.3 b

	
6.1 ± 0.4 b

	
3.3 ± 0.1 b

	
4.1 ± 0.4 b

	
13.5 ± 2.1 a

	
12.3 ± 1.2 a








Note. SOC:TN is the ratio of soil organic carbon and total nitrogen; SMBC/SOC is the ratio of soil microbial biomass carbon to soil organic carbon; SMBN/TN is the ratio of soil microbial biomass nitrogen to total nitrogen in the soil; and SMBC:SMBN ratio of soil microbial biomass carbon to soil microbial biomass nitrogen.













 





Table 5. Variation components (%) for soil type and land use according to the statistical model (4), and significance of soil layer (0–10 cm and 10–20 cm) shown as *—p < 0.05; **—p < 0.01; ***—p < 0.001.
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Soil Quality Indicators

	
Variation Component (%)

	
Significance of

Soil Layer




	
Soil Type

	
Land Use






	
BD (g cm–3)

	
0.0

	
71.7

	
**




	
Sand (%)

	
87.8

	
9.3

	
–




	
Silt (%)

	
86.4

	
10.5

	
–




	
Clay (%)

	
74.7

	
14.7

	
–




	
Soil pHCaCl2

	
66.6

	
15.6

	
*




	
SOC (g kg−1)

	
29.5

	
45.9

	
**




	
TN (g kg−1)

	
29.5

	
45.9

	
**




	
SOC:TN

	
36.2

	
32.2

	
–




	
Humic acid (%)

	
18.9

	
61.8

	
***




	
Fulvic acid (%)

	
83.1

	
9.7

	
**




	
Insoluble residue (%)

	
14.0

	
61.1

	
***




	
WEOC (mg kg−1)

	
39.4

	
41.0

	
**




	
SMBC (µg g−1)

	
70.5

	
19.1

	
*




	
SMBN (µg g−1)

	
87.6

	
10.4

	
***




	
Microbial CO2 (mg g−1 per day)

	
71.5

	
25.8

	
***








Note. BD is fine soil bulk density; SOC is soil organic carbon; TN is total nitrogen in soil; WEOC is water-extractable organic carbon; SMBC is soil microbial biomass carbon; SMBN is soil microbial biomass nitrogen; microbial CO2 is soil microbial respiration.













 





Table 6. Correlation coefficients between different soil quality indicators (n = 60) in Arenosols, Retisols, and Cambisols (the data obtained in both 0–10 cm and 10–20 cm soil layers were combined).
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