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Abstract


In many areas, organic crop production systems have been shown to contribute to maintaining good soil condition. The organic production system has been recommended as an alternative to conventional agriculture. However, in order to recommend this practice in new regions, it is necessary to obtain information about its effects and consequences in local environmental conditions. The research was completed during 2016–2018 in Osiny (Lublin region, Poland) on a field experiment established 26 years previously in a Haplic Luvisol soil. The research was aimed at comparing the effects of long-term use of tilled soil with organic (ORG) and conventional (CON) crop production systems with those in non-tilled soil under permanent grass (PRG) as a control. This comparison was done on the basis of changes in the values of soil properties as follows: Total porosity (TP), total organic matter (OM), particulate organic matter (POM), humic substances (HS), water-extractable carbon (WEC), microbial biomass carbon pool (MBC) and dehydrogenase activity (DH). Soil samples were collected from experimental fields (each treatment 1 ha) under winter wheat and permanent grass each year from 0–5, 5–10, 15–20 and 30–35 cm depths. Over the three year study period, it was found that permanent grass and the organic crop production system contributed to increased soil OM, POM, HS, WEC and MBC contents and DH activity compared to the CON system, especially in the top soil layer, 0–5 cm. To obtain a clearer picture of soil quality change our study examined for the first time the metabolic potential index (MPI) as a ratio of dehydrogenase activity to the soluble organic carbon content. The MPI values confirmed the increase of metabolism in ORG soil as a consequence of management practices compared with CON soil. The obtained correlations showed strong mutual relationships within properties of the heterogeneous soil complex. The results show the positive effects of the ORG management system causing soil condition improvement which is based on organic fertilization, enriching the soil with a large amount of plant residues in creating positive changes in the soil quality in contrast to the CON system.
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1. Introduction


Soil plays an essential role in every terrestrial ecosystem. The decline in soil fertility observed in recent decades is indicative of the effects of continued use of intensive tillage. Moreover, insufficient use of agricultural practices to sustain good soil quality can exacerbate this problem [1,2]. Continued monitoring of the effects of different management practices on soil help to better assist in the understanding of ongoing changes in soil physical, chemical and biological properties, and is important for maintenance of good soil quality and sustainable soil productivity [3,4,5,6,7,8]. In modern agriculture, tillage has to meet many conditions to protect the soil and improve its parameters [9,10]. One of the important physical parameters for soil quality reflecting the soil’s ability to function for structural support, soil aeration [11], water retention and water movement [12] is bulk density [4,5,6,13]. Bulk density is used as an indicator of soil compaction and soil porosity, and for comparisons between management practices [14,15,16]. Many researchers comparing traditional tillage systems with no-tillage and/or direct drilling showed an increase in soil density, and thus an increase in soil bulk density, compactness and soil moisture, and a decrease in total porosity and in capillary water capacity in the arable layer of soil under no-tillage systems [10,14,17,18]. The physical quality of soil as observed in the field [4,5,6] is positively correlated with the content of OM in the soil [15], and especially when the OM is complexed [13].



Soil OM is a key contributor to soil function [1,2]. There are many different partitionings of OM in the scientific literature due to its structure, physical and chemical properties and origin or stability in soil [19]. There are distinguished two main OM components as biomass, including live parts of plants and microbial biomass (bacteria and fungi), and organic residues, including particulate OM, dissolved OM, humus and inert organic matter [20]. Particulate organic matter (POM) has been defined as a transitional form between fresh plant residues and humified pools of OM and comprises all OM particles less than 2 mm and greater than 0.053 mm in size [21]. POM as a biologically and chemically active fraction is important to OM turnover. POM responds much faster to soil management than the total OM and therefore stable fractions has been proposed as a useful tool in a determination of changes direction in total OM [22,23,24].



The largest part of soil OM (60–90%) is constituted of plant origin humic substances (HS), which significantly influence the quality and productivity of agricultural soils [8]. They play an important role in soil structure modification, and hence retention of dissolved organic carbon (DOC) in soils, but the most important function of HS is their ability to hold water within soil. HS are brown-black colour polymeric acids that contribute to soil fertility, being responsible for many complex reactions in soil. The specific soil humic compounds include a complex of amorphous organic substances operationally divided as humic acids (HA), fulvic acids (FA) and humins (HN) [25]. These humic fractions differ, among others, in molecular weight, number of functional groups, degree of polymerization and other characteristics [26].



An important parameter for measuring the quality of soil HS is the HA/FA ratio, which indicates the degree of humus polymerization and humification of soils, and the greater the HA/FA ratio is, the higher the content of HA and the better the quality of the humus [25].



The fractions of labile OC have a high rate of decomposition and short lasting-time in soil, and therefore have been proposed to be one of the most sensitive indicators of carbon resources in soil, and a good tool for evaluating changes caused by management practices [27].



Soil OM is a major source of OC in soil. The quantity of the water soluble organic carbon (WSOC) fraction results from the OM microbial decomposition rate, is a good substrate for soil microorganisms and determines the nutrients release in a form available for plants [28]. Because WSOC is not homogeneous, two fractions are usually determined in soil: Cold water extractable carbon (CWEC) and hot water extractable carbon (HWEC) [27,29,30]. The solubility of OC fractions is dependent on solvent temperature. The molecular and chemical composition of HWEC and CWEC revealed distinct differences, mostly in n—C28 fatty acid and n—C38–nC52 alkyl monoesters. The HWEC fraction showed higher concentration of carbohydrates, phenols and lignin monomers than the CWEC fraction. Additionally, CWEC has been defined as a thermally more stable fraction than HWEC. Microbial activity and physical processes ongoing in soil may convert available OC to a more refractory fraction through complexation reactions [31]. Moreover, tillage, as has been proved on many occasions, disrupts soil aggregates and subjects protected C pools to microbial utilization and erosion processes [32].



Soil microorganisms play an important role in agricultural ecosystems in OM decomposition into plant available nutrients. Microbial biomass (MB) is small (5–10%) but extremely important and is the only living fraction of soil OM. It is the source of nutrients and energy for soil microorganisms, and the agent responsible for OM decomposition and nutrient availability to plants [33]. Disturbance in arable soils, induced by, e.g., tillage, can cause significant changes in the soil environment and affect the microbial community structure. Thus, the labile OM fractions can be used as early indicators of the effects of soil management practices on the soil environment [1,22].



The quantity of labile fractions of OM in soil provides information about the size of labile C substrate resources available to support the activity of microbial communities. Moreover, labile OM promote soil aggregation and labile nitrogen reservoirs in soil while the soil quality is related to OM dynamics and nutrient supply [3,34].



Soil microbial functions are characterized by microbial biomass carbon (MBC) and nitrogen (MBN) as well as soil enzyme activity. Soil enzyme activity is known to be very dynamic and sensitive to agricultural practices, such as fertilization, crop rotation, tillage and crop residue management, and important in nutrient transformations and plant nutrient availability [35]. Because of simplicity of measurement, soil enzyme activity is recommended as a potential indicator of soil biological health. Activity of soil dehydrogenases (DH) is often assessed as an index of soil microbial community activity [36].



Due to the observed deepening problem of gradual deterioration of soil quality in recent decades in Poland and Europe in relation to the progressive degradation of OM resources, the need for ongoing monitoring of soil quality is extremely important, particularly in arable soils. The proposal of this paper is to test the following hypotheses: (1) There will be an improvement in OM and some of its fractions and consequently improvement in some properties of tilled soil under an organic crop production system and/or non-tilled soil under permanent grass; (2) there will be a decrease in OM and some of its fractions and consequently deterioration in some properties in tilled soil under a conventional crop production system.



The aim of this research was to compare the effects of long-term use of tilled soil with organic and conventional crop production systems with those in non-tilled soil under permanent grass as a control. This comparison was done on the basis of changes in the values of some soil properties as follows: Total porosity, total organic matter, labile fractions of organic matter and organic carbon and microbial activity in a Haplic Luvisol soil.




2. Materials and Methods


2.1. Characteristics of the Experimental Site


The three year research (2016–2018) was carried out on long-term experimental (1994 until now) fields located in the Experimental Station in Osiny belonging to the Institute of Soil Science and Plant Cultivation State Research Institute (IUNG-PIB) in Puławy, Lublin voivodeship, Poland (51°28’ N, 22°30’ E; at an altitude of 147 m above sea level). The experimental fields were located on Haplic Luvisol soil (IUSS Working Group WRB, 2006) [37] with a loamy sand texture (sand 77%, silt 21%, clay 2%) [38], OM content 1.66% and C:N ratio 10.5:1. Some characteristics of the soil are given in Table 1.



The experiment was established in 1994 on experimental fields with different crop production systems. The area with a previous history of permanent grass (pasture) was included for needs of our studies. The crop production systems differ in crop rotations and agricultural practices. More information is given in [7,39,40].



Three treatments were sampled for this experiment. The sampled areas covered:




	
Organic crop production system (ORG) based on a five field crop rotation: Potato + spring wheat + undersown—grass/clover mixture (1st year)—grass/clover mixture (2nd year)—winter wheat + catch crop mustard, and organic fertilizers only. Once during the complete crop rotation cycle, compost material made from plant residues was applied to the soil at a rate of 30 t ha−1 before potatoes were planted. No mineral fertilizers and/or chemicals for weed and pest control were used. Only P and K fertilizers were applied as a natural rock, according to soil requirements. The weed control was based mainly on mechanical treatments.



	
The conventional crop production system (CON) was based on a three field crop rotation (winter oilseed rape, winter wheat and spring wheat), high mineral fertilization and full chemical plant protection, according to the high-input recommendations generally used in Poland. Most herbicides were applied on crops, and only a few based on glyphosate were sprayed on stubble and incorporated into soil.








Soil tillage was similar for both crop production systems; in general, it was a traditional tillage with mouldboard ploughing inverting the top soil 25 cm. Before sowing of winter crop, a four-furrow reversible plough (PPÖTTINGER Landtechnik GmbH, Grieskirchen, Austria) was used at a depth of 20 cm. After potato or after cultivation of a catch crop, winter ploughing was undertaken usually in the second half of November. For other crop harvests in July/August, winter ploughing was undertaken at the end of September. Usually, before sowing, seedbed cultivator was used. The number and time of ploughing treatments in particular systems depended on the crop rotation structure.



	
Permanent grass (PRG) is an unbroken continuation of the original permanent pasture on the site., There is a mixture of grasses: Festuca pratensis (Festuca pratensis Huds.)—20%; Festuca rubra (Festuca rubra L.)—20%; White clover (Trifolium repens L.)—15%; Perennial ryegrass (Lolium perenne L.)—10%; Dactylis glomerata (Dactylis glomerata L.)—10%; Kentucky bluegrass (Poa pratensis L.)—10%; Black Medic (Medicago lupulina L.)—10%; Timothy grass (Phleum pratense L.)—5%.






The area of each field with a crop production system and permanent grass was about 1 ha each, so it was possible to conduct agricultural practices as they would be on a commercial farm. The tillage treatment has remained the same for each experimental field since the beginning of the experiment in 1994. Each year, soil samples have been taken twice in every growing season of winter wheat (in mid-June and just before harvest) at four replications from four depths: 0–5, 5–10, 15–20 and 30–35 cm at each treatment. Each sampling point we considered as a replicate because the field experiment was established without replications due to physical constraints such as land availability or plot size. Sampling points within each treatment were far enough from each other (20 m) to ensure the replicate independence. To avoid the edge effect, the sampling points were placed at least 5 m from the field margin. The locations of sampling points were chosen carefully to avoid soil heterogeneity using existing soil maps. Site topography was also taken into consideration. Undisturbed soil samples were collected in 100 cm3 cylinders for measure of bulk density and calculation of soil total porosity (more information is given in Section 2.3.2). For other properties, soil samples were thoroughly mixed and transferred to the laboratory at temperature + 6–8 °C (± 2 °C). For microbiological analysis, soil was sieved through a 2 mm sieve and plant roots were removed carefully. At the same time, samples from non-tilled soil under permanent grass (PRG) were taken in the same manner as from tilled soil under ORG and CON crop production systems.



Table 2 presents the crop production systems with different crop rotations and agricultural management, and permanent grass.




2.2. The Weather Conditions


The weather conditions during the experiment’s period (2016–2018) in comparison with long-term (1984–2014) average air temperature and the sum of precipitation are shown in Table 3 and Table 4. The average annual precipitation in this area (climate zone–moderate continental) was 568 mm, and mean annual air temperature 8.7 °C, according to observations for the 20 year period. The years of the study 2016–2018 showed higher mean air temperatures (by 1.3, 0.1 and 1.2 °C, respectively) than the 8.7 °C for a long-term average (Table 3). Moreover, the total precipitation was higher by 78, 131 and 48 mm for 2016–2018, respectively, than the long-term yearly average of 568 mm (Table 4).




2.3. Physical, Chemical and Microbiological Analysis of Soil


2.3.1. The Particle Size Distribution


The particle size distribution in the soil (sieving and sedimentation) was determined using Cassagrande aerometric method modified by Prószyński [41]. The particle size distribution and texture class of soil were identified according to the Polish Society of Soil Science (PTG-2008) [38], and the group of soil according to the WRB Classification System [37].




2.3.2. Total Porosity


Soil total porosity (%) was calculated from the values of bulk density and particle density. Bulk density was measured using the weight and volume of soil [14]. Particle density was determined by the pycnometer method [42]. Total porosity was calculated in this way:


TP = (1 − BD/PD) × 100)



(1)




where: TP = total porosity (%); BD = bulk density (g cm−3); PD = particle density (g cm−3).




2.3.3. Physical-Chemical Properties


Soil pH in KCl was measured potentiometrically in a 1:2.5 volumetric ratio suspension in 1 mol dm−3 KCl solution according to the method used in [43]. Available P and K were determined by the Egner–Rhiem method and available Mg by the Schachtschabel method [44]. Mineral nitrogen (Nmin) was determined with the colorimetric method using a flow auto-analyser (QuAAtro39 Seal AutoAnalyzer Analytical, Mequon, Wisconsin, USA) [45].




2.3.4. Total Organic Carbon (TOC) and Organic Matter (OM) in Soil


The Tiurin method with the modification of Andrzejewski was used for determination of TOC content in soil by sulfochromic oxidation of organic carbon (OC), followed by titration of the excess K2Cr2O7 with FeSO4(NH4)2SO4 × 6H2O [46]. OM content in soil was measured by wet oxidation using the Tiurin method [47].




2.3.5. Particulate Organic Matter (POM)


Approximately 30 g of air-dried soil was mixed with sodium hexametaphosphate solution (5 g L−1) and shaken for 15 h in a horizontal reciprocal shaker, Universal Shaker SM 30 control (Edmund Buhler, GmbH, Bodelshausen, Germany) according to the method used in [21] with the modification detailed in [48]. The suspension was passed through a 53 mm sieve forced by a water jet. The material retained by the sieve, consisting of particulate organic matter (POM) associated with a sand fraction was oven-dried at 55 °C for relative weight quantification. Then, dried samples were combusted in the oven at 450 °C and the POM concentration was determined according to the LOI (loss-on-ignition) procedure given by Schulte and Hopkins [49] called POM LOI. For the LOI analyses, the soil samples were sieved through a 2 mm sieve and air dried. The samples were then oven-dried at 105 °C overnight, cooled in a desiccator and then combusted at 450 ± C for 2 h in a muffle furnace (Model NaberthermL15/11, Nabertherm GmbH, Lilienthal, Germany After combustion, the samples were cooled in a desiccator, and weighted on analytical balance to receive a weight reading to 5 decimal places. Soil samples were also analyzed for calcium carbonate equivalent (CCE) [50].




2.3.6. Humic Substances (HS)


The assessments of HS composition, comprising of carbon fractions of humic acids (HA), fulvic acids (FA) and humins (HN), were analyzed with the modified ISO 12782-4 method [51] approved by the International Humic Substances Society [52]. The method description is given in [8]. Concentrations of OC in the extracted fractions were measured after each step in individual fractions containing FA1, FA2 and HA by a C-N analyzer (Multi N/C 2100/2100S Jena Analytics, Jena, Germany). The total fraction of FA is given as the sum of FA1 and FA2.



The humins content was determined in the soil after extraction of FA and HA by the C-N analyzer (Vario Macro Cube CN Elementar Analyzer, Elementar Analysensysteme GmbH, Langenselbold, Germany). Additionally, the humification index (HI = C−HA/C—FA) and degree of HS transformation (DT = (C—HA + C—FA)/C—HN) were calculated.




2.3.7. Cold Water Extractable Carbon (CWEC) and Hot Water Extractable Carbon (HWEC)


CWEC and HWEC were determined according to [53] and [29], respectively. CWEC was determined by shaking of soil with distilled water (1:10 w/v soil to solution ratio) for 24 h in 4 °C, while HWEC was determined by heating (in a water bath) of soil with distilled water (1:10 w/v soil to solution ratio) for 24 h in 80 °C. The soil extracts obtained were centrifuged (4000 rpm for 10 min), decanted, filtered (through a 0.45 μm cellulose membrane filter) and analysed for C using TOC-TN analyzer (Multi N/C 2100/2100 Jena Analytics, Jena, Germany).




2.3.8. Microbial Biomass Carbon (MBC)


Microbial biomass C content in soil was determined by the chloroform-fumigation–extraction modified method [54]. After 24 h fumigation, soil was extracted with 0.5 M K2SO4 on a rotary shaker, and C was determined on a C-N Analyzer (Multi N/C 2100 Jena Analytics, Jena, Germany). The obtained quantities of MBC were calculated from the difference in extractable carbon (EC) before and after fumigation using the following equation: MBC = EC/kEC. The extraction efficiency factor kEC representing the fraction of the killed microbial biomass extracted as C under standardized conditions was used as a conversion factor to convert obtained C values to microbial biomass. The results were expressed as µg of C per g of dry mass soil.




2.3.9. Dehydrogenase Activity (DH)


DH activity was measured spectrophotometrically according to the Polish Standard method [55], using 2,3,5-triphenyltetrazolium chloride (TTC) as a substrate. DH activity was expressed as µg of triphenyl formazan (TPF) per g of oven-dried (105 °C) soil mass per 24 h.





2.4. Statistical Analysis


Results were evaluated statistically by analyses of variance ANOVA by employing the Statistica PL 13.3 to evaluate the effects of the different crop production systems and permanent grass on the measured variables. Significant differences within the data were calculated according to Tukey’s HSD (Honest Significant Differences) test at p ≤ 0.05.



Pearson’s correlation coefficients were used as a measure of the strength of linear dependence between studied parameters at p ≤ 0.05 and p ≤ 0.01.





3. Results and Discussion


3.1. Effects on Total Porosity


Soil total porosity has been recommended as a good indicator of soil physical quality. Our results seem to confirm the above statement, since they show the dependency of total porosity on the soil treatment. Total porosity was significantly greater in non-tilled soil under PRG in the depths of 0–5 and 5–10 cm than in the tilled soil under ORG and CON crop production systems (Figure 1). At the 15–20 and 30–35 cm depths, values of total porosity were not significantly different. Soil total porosity fluctuated between 44.9% and 43.8% at the 0–5 and 5–10 cm depths, respectively.



Under ORG and CON crop production systems, total soil porosity values were lower than in PRG treatment and fluctuated between 40.4% and 39.6%; 37.7% and 38.1%, respectively. The variations of total porosity were lower at the 15–20 and 30–35 cm depths than in the surface soil layers 0–5 and 5–10 cm for both crop production systems, and linked to the obtained values of bulk density. In general, the results of total porosity for both crop production systems and permanent grass were in a range of 31.3% to 44.9% (Figure 1).



The results of our study were similar to the other results obtained for an Entic Haploxeroll of Central Chile, where after four years of conventional tillage and no tillage use the average total porosity reached 49% and 46%, respectively, at a depth of 0–15 cm in a sandy clay soil under wheat. The porosity values showed no significant differences between both treatments [56]. Moreover, other results demonstrated no differences between three tillage systems, no tillage, vertical tillage and conventional tillage of a clay loam soil under oats, and the values for porosity ranged from 45% to 55% [16]. Similar results of an earlier study over three years conducted in Poland, in a wheat crop on a silt loamy soil under conventional tillage and reduced tillage showed values of pore space from 46.6% to 51.4% at a soil depth of 0–10 cm [57].



In general, higher soil bulk density indicates less porosity. Pagliai and Vignozzi [58] reported the results obtained for a soil aggregation and pore space characteristics. They suggest that soil with 40% of pore space is considered to be extremely porous. Paluszek [59] implied that total pore volume in sandy soils is relatively low and averages about 40%, which corresponds to a soil bulk density of 1.55 g cm−3. The average total porosity of heavy structural soils is higher than that of light soils and is about 50%, which corresponds to a density of 1.35 g cm−3. Considering the above-mentioned research findings, the porosity calculated in our study was included within the normal porosity range for agricultural soils.




3.2. Effects on Soil Organic Matter


The results obtained on the long-term field experiments demonstrate the statistically significant effects of crop production systems and permanent grass on soil OM content at p ≤ 0.05 (Figure 2).



The tilled soil under the ORG crop production system showed similar trends in OM content as non-tilled soil under PRG. At depths of 0–5 and 5–10 cm the OM content in soil under the ORG system and PRG was significantly higher compared with the CON system; however, no significant differences were found between ORG and PRG treatments.



In the lower layer 15–20 cm, the OM content dropped significantly in soil under PRG and ORG systems in relation to 0–5 and 5–10 cm depths, but in the CON system no significant differences were noticed. At the 30–35 cm depth, significantly lower OM contents were measured in soil under all studied treatments (Figure 2).



The above findings are similar to the results published by many researchers, including [7,22,40], who found that organic management significantly increased OM concentration in surface soil compared with conventional farming system. Moreover, Sarkar et al. [60] reported that OM concentration in soil within cultivated fields was significantly lower than within uncultivated fields and the decrease of OM was mainly due to the tillage practices.




3.3. Effects on Particle Organic Matter


For better understanding of OM complexity and the dynamics of its changes in soil, the OM fractions should be analysed separately [61]. In the present study, the soil management practices significantly affected the content of the POM fraction in soil at p ≤ 0.05 (Figure 3).



The most differentiated results between treatments were obtained for the surface soil at 0–5 cm depth. The highest content of POM fraction 6.2 mg g−1 of ads was found in the 0–5 cm depth of non-tilled soil under PRG. The results showed that non-tilled soil under PRG significantly increased the POM content by 57% and 39% mostly at the depth of 0–5 cm as compared with tilled soil under CON and ORG crop production systems, respectively. The tilled soil under the ORG system showed similar trends in POM concentrations as non-tilled soil under PRG. The significantly higher POM content (3.8 mg g−1 of ads) was measured in soil under the ORG system at the 0–5 cm depth, which was 29% more compared with the CON system. In the lower soil layers (5–10, 15–20 cm) the POM content dropped significantly in soil under PRG and ORG systems in relation to the 0–5 cm depth, but in the CON system no significant differences were noticed. At the 30–35 cm soil depth, significantly lower POM contents were measured in soil under all studied treatments (Figure 3).



In non-tilled soil under PRG, the share of POM fraction in total OM was found to be the highest and reached 31.6% in the top soil layer 0–5 cm. In tilled soil under ORG and CON crop production systems, the percentage of POM in total OM was lower than in the soil under PRG and at the same soil layer amounted to 23.3% and 20.5%, respectively. At the depth of 5–10 cm the share of POM in the total OM significantly decreased, by 1.7, 1.6 and 1.2 times, for soil under PRG, ORG and CON treatments, respectively. At the lower layer 15–20 cm the decrease of POM contribution in total OM increased significantly in soil under PRG and ORG systems in relation to the 5–10 cm depth, but in the CON system no significant difference was measured. At the lowest 30–35 cm depth significantly lower percentage of POM in total OM was measured in soil under all studied treatments (Figure 4).



According to other researchers [23] the POM concentrations in cultivated soils were found to be much lower than in uncultivated soils, similar to our findings. Moreover, Alvaro-Fuentes et al. [62] found higher POM content in soil under a no-till system compared to conventional management with moldboard plowing at a 0–40 cm depth. Furthermore, previous studies have reported significantly higher concentrations of POM fraction at a 0–5 cm depth in no-till soil compared with conventionally tilled soil [7,40,62,63]. It was proved that POM is associated with a multitude of processes and functions in soil, e.g., formation of soil microbial biomass carbon, humic and non-humic fractions, water soluble carbon and exocellular mucilaginous polysaccharides, and therefore has been recognized as an important parameter of soil quality [22].




3.4. Effects on Humic Substances


The quantity of humic substances (HS) was analyzed only for ORG and CON crop production systems to assess the effect of cultivation methods on the quality of OM. The content of HS in soil under ORG and CON crop production systems differed significantly (Figure 5). Generally, soil under ORG had higher 40.03 g kg−1 (p ≤ 0.05) concentration of total HS compared to soil under the CON system 38.01 g kg−1, but the overall trend of changes for the individual fraction was comparable. The average concentrations were in the following order of humic acids (HA) > humins (HN) > fulvic acids (FA). This indicates that a predominant portion of HS constitutes the relatively stable part (HA + HN) of the total organic carbon (OC) pools.



Moreover, the crop production systems influenced the accumulation of OM in the soil profile depth. At the soil depth of 0–5 cm the highest differentiation between ORG and CON crop production systems in the content of all fraction of humic substances was observed. Significant decreases in the content of all determined fractions were noted in the depth level of 30–35 cm. A high variability was observed for HN, the content of which dropped on average 75% and 61%, and HA with a concentration slope of 43% and 32% decrease compared to their content in top soil layers, respectively, for soil under ORG and CON systems. Slightly smaller differences were noted for FA (25% and 30% for ORG and CON systems, respectively).



The changes in the HS content in the soil profile may by caused by agricultural practice (plowing of the soil at a depth of 0–25 cm) as well as the small mobility of humic compounds located mainly in the surface layer of the analyzed soil. The obtained data indicated that the CON crop production system affects the greater reduction with the depth of soil and the content of labile fractions, while in the ORG system the content of stable fractions decreases.



Generally, agricultural practices diminish the amount of HS, in particular the relatively stable fraction as HN or HA. Sun et al. [64] and Seddaiu et al. [65], pointed out that cultivation destabilizes humus formation and intensifies mineralization processes by increasing of soluble forms of FA with a significant contribution of active microorganisms.



The relationships between individual fractions expressed by the humification index (HI) and the degree of HS transformation (DT) indicate the soil OM quality in diversified crop production systems and the direction of its transformation processes [8,66,67].



In this study, the HA/FA ratio varied from 4.1 to 5.4 and from 3.8 to 4.9 for soil under ORG and CON systems, respectively, indicating differences in the intensity of OC humification and mobility in the soil (Table 5). The ORG system was characterized by a significantly higher value of humification coefficient (especially for 0–5 cm depth), which indicates greater changes in OM quality towards stable forms which was probably caused by the fertilization method. While the differences in HI value at the other depths (5–10, 15–20, 30–35 cm) were not statistically significant, their slightly higher values for ORG caused finally both crop production systems to differ significantly (4.9 for ORG and 4.3 for CON) in all analyzed profile depths. This means that in this case the crop production system significantly affects the transformation of OM mainly at top individual depth levels (humus).



The observed HI diversity in the soil profile could be also related to high heterogeneity of organic residues remaining at different sites in soils [68]. Our results are in accordance with others [8,66,68], implying that most of the degradable OM was converted to humus. Furthermore, HI values > 1 (for most of the soils) signaled that the HA fraction persisted longer in the soil, indicating the processes of accumulation and transformation during humification [69,70].



The humification degree (DT) proportions for soil under ORG and CON systems ranged from 2.6 to 7.7 and from 3.0 to 6.1, respectively (Table 5). An exceptionally high DT in soil under the ORG system at 30–35 cm depth may result from the easy movement of more labile humic fractions derived from organic fertilization (HA and FA) into the deeper part of soil profile (e.g., with atmospheric precipitation). Liu [66] suggested that the lower values of DT in soil under the ORG system implied that the humus converted from the organic soil amendments may be repolymerized to more stable macromolecule organic compounds, which usually function as regulators of macro- and micro-nutrient flow from soil to plant and aggregate formation agents. Additionally, the lower DT ratios indicate that humic substances occurs mainly in high-polymerized organic forms resistant to illuviation processes [69,70]. According to Liu [66], the high DT parameters (above 1) determine the relatively fertile soil with good water infiltration capacity, aggregate stability, microbial activity and nutrient supply. This confirms that the organic cultivation system enhances soil fertility and biological activity. This statement is also supported by the labile or particulate organic matter analysis and microbiological activity study (see Section 3.3 and Section 3.6).




3.5. Effects on Water Extractable Carbon Fraction


Water dissolved labile fractions of organic carbon were significantly affected (p ≤ 0.05) by long-term applied treatments (Figure 6).



The highest quantity of HWEC fraction was assessed in the surface soil depth 0–5 cm under permanent grass 1387.2 µg g−1 d.w. of soil, on average, which was almost three times the quantity obtained in soil under the CON system. Soil under the CON crop production system at the surface layer showed the smallest average quantity of HWEC fraction (497.2 µg g−1 d.w. of soil) in relation to other studied soil layers as well as treatments. A similar relationship as for no-tillage soil under PRG was also observed in the tilled soil under the ORG crop production system. Our three year results indicate that, relative to the treatment involving no-tillage as PRG soil, the CON and ORG crop production systems involving plough operations resulted in a loss of about 50% HWEC fraction content, even in the surface soil.



The assessed quantities of CWEC fraction in soil under studied treatments were 2–3 times lower compared with assessed quantities of HWEC. There was no differences in CWEC quantities between studied layers of non-tilled under PRG and the content of that fraction was the lowest in that soil. In tilled soil under both crop production systems the assessed quantities of CWEC in all studied layers represented similar level and were two times higher as compared with non-tilled (Figure 7). Our results are in accordance with the ones published earlier by Hamkalo and Bedernichek [30]. They also indicated that quantities of HWEC and CWEC were significantly lower in arable than in uncultivated soils. Higher average contents of HWEC compared with CWEC, assessed in uncultivated soil, suggest that a much more informative indicator of organic matter quality is HWEC fraction. Similarly, several studies reported an increase in the concentration of labile organic carbon fractions in soils under reduced tillage compared with intensive tillage with plough operation [71,72].




3.6. Effects on Microbial Biomass Carbon


Microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN) reflect the size of the microbial community in soil and indicate the status of soil fertility and management effects on soil biological activity [73]. Microbial biomass links of soil nutrients to energy dynamics therefore respond rapidly to even short-term changes in soil environment [74]. There was a significant effect (p ≤ 0.05) of studied crop production systems on soil MBC assessed during the three growing seasons of winter wheat (Figure 7). In this study, the biggest differences between studied treatments in MBC contents were observed at the surface soil 0–5 cm depth. The highest accumulation of MBC at the surface depth was observed in non-tilled PRG soil. In relation to ORG and CON systems, the MBC content in the same depth of PRG soil was 30% and 55% higher, respectively. The surface depth under the ORG crop production system was enriched in MBC by 37% in comparison with the corresponding depth under the CON system. At lower soil depths the differences between all treatments were much smaller, although still statistically significant (Figure 7). Our findings clearly confirm an accumulation of labile soil organic matter fraction in the surface depth, especially in non-tilled PRG soil, as compared to the CON system. Similar to our findings, Yang et al. [75] also reported the sensitivity of soil MBC content to soil management, and measured higher levels of MB in uncultivated soil, and fallow treatments compared with cropping. A few years later, Zhang et al. [73] confirmed these earlier results, which again support our findings. Our results revealed that microbial biomass was more sensitive for detecting effects of different crop production systems on soil environment and responded more quickly than, e.g., total soil organic matter. These findings are in agreement with previous work [76], which showed that MBC contents measured in soil under native vegetation were higher and strongly affected by pasture species composition compared to cultivated soil, which is also a confirmation of our results.




3.7. Effects on Soil Dehydrogenases Activity


Soil dehydrogenase activity (DH) is usually closely related to all microbial communities and reflects their oxidative activity, also defining the metabolic potential of soil microorganisms, as well as soil quality and fertility [77,78]. In our study, the DH activity, differentiated significantly, considered soil treatment at p ≤ 0.05 (Figure 8). The obtained values of dehydrogenase activity ranged between 197.9 and 8.4 µg TPF g−1 d.w. of soil 24 h−1. Mostly, the highest dehydrogenase activities for all studied treatments were measured in the surface soil 0–5 cm. However, in non-tilled PRG soil, DH activity showed to be 1.3 and 2.2 times higher at surface soil as compared to ORG and CON crop production systems, respectively. In soil under the CON system no significant differences were observed between 0–5 and 5–10 cm layers in DH activity, while in 15–20 and 30–35 cm depths activity of this enzyme dropped significantly.



Similar trends to DH activity were observed for other studied soil parameters such as OM, POM and MBC under all treatments. Most likely, this was an effect of plow operation and the different amount of plant residues input to the tilled soil under ORG and CON crop production systems as well as no till of soil under PRG as a control. These relations can be characterized by the changes in accumulation of organic matter in soil as a result of the different studied treatments. High dehydrogenase activity in non-tilled PRG soil was associated with quite high contents of organic matter and its good decomposition rate was confirmed by the relatively low C/N ratio observed (9.2:1). High enzyme activity in soil under PRG was influenced also by the effects of tillage abandonment and permanent grass coverage of soil. Similar results were reported earlier by Dick et al. [77] and Bergstrom et al. [79].



The index of metabolic potential (MPI) was calculated as the ratio between the size and activity of the viable microbial community and the size of energy sources for microorganisms was measured as dehydrogenase activity and water extractable carbon concentration, respectively [80]. In our study, the obtained values of the MPI were about 3 and 1.6 times higher in non-tilled soil under permanent grass PRG than in the tilled under ORG and CON crop production systems, especially in the layers at the 0–5 and 5–10 cm depths, respectively (Figure 9). In the non-tilled PRG soil, a significant decrease of the index values with increasing depth of the tested layers was noticed. A similar pattern of MPI values calculated for soil under the ORG crop production system was observed, but the values were significantly lower (1.5–3.0 times) compared with non-tilled soil under PRG. As was suggested by Caravaca et al. [81], this could be related to usually lower microbial activity showed by cultivated soils, mainly due to the decline in the content of easily decomposable organic compounds through tillage and soil disturbance. This proves that the metabolic index (MPI) can be utilized in assessing soil quality, as was found in studies of soil regeneration by Masciandaro et al. [80]. So far, no parameter has been defined that could be regarded as a universal biological indicator of soil quality [1]. Therefore, assessment of soil based on the analysis of the values of many parameters is more appropriate. The basic problem associated with soil biomonitoring is the high variability of most of the analysed parameters. A solution in this case can be offered by some proposed indicators.



To get a clearer picture of the soil environment changes, our study examined the metabolic potential index (MPI) for the first time. Due to a lack of information in the literature, we wanted to check its usefulness in assessing the quality of our soils. The MPI appeared to be very helpful in evaluating the effects of different crop production systems on soil quality. In soil under intensive agronomic use, as in the conventional crop production system, the MPI reached lower values compared to non-tilled soil and/or soil under the organic crop production system, indicating a significantly different microbial metabolic capacity involved in organic carbon degradation processes between the three different treatments studied. The non–tilled soil under permanent grass was used as a control to better see the scale of changes in soil induced by agronomic practice. Further work should extend this approach to a wider scale dataset in the soil information system.



High positive correlations between studied soil parameters and SOC (p ≤ 0.01) were obtained mostly for non–tilled soil under PRG and soil under ORG crop production systems. The concentration of SOC influenced strongly physical properties measured with TP; chemical properties assessed as a content of POM, HS and its particular fractions and HWEC, and biological activity expressed as MBC and DH activity (Table 6). The obtained correlations confirmed the strong mutual relationships within properties of the heterogeneous physical, chemical and biological soil properties, as was reported earlier [7,40].





4. Conclusions


Comparison between organic and conventional crop production systems showed that management based on organic fertilization only, enriching the soil with a large amount of plant residue inputs, balanced well the organic matter losses caused by tillage and supported the positive changes occurring in soil.



The organic crop production system contributed to significant increases in the values of organic matter content and soil total porosity, compared to the conventional crop production system. Moreover, the organic crop production system promoted more distinctly a general increase in labile fractions of organic matter and dehydrogenase activity in relation to the conventional system with high-input intensive cereal production.



In the conditions of our field experiment, non-tilled soil under permanent grass used as a control to tilled soil showed significantly higher values for most of the studied soil quality parameters, especially in the top soil layers 0–5 and 5–10 cm. That finding may be explained by the lack of soil inversion and therefore relative ecological stability of the soil environment. Moreover, the soil surface covered by grass vegetation throughout the year favors organic matter accumulation in the top soil layers.



The metabolic potential index was very helpful in evaluating changes in soil quality caused by different crop production systems. In soil under intensive agronomic use as in the conventional crop production system, the MPI showed lower values compared to non-tilled soil under permanent grass and/or soil under an organic crop production system, indicating that the soil microbial metabolic capacities involved in organic carbon degradation were significantly different between the three different treatments studied.



The obtained correlations demonstrated the high sensitivity of the studied parameters to changes in soil management, and confirmed the strong mutual relationships within heterogeneous physical, chemical and microbiological soil properties.



The results contribute to a better understanding of the relationships in the soil–plant system, and how the type of crop production system influences the quality and quantity of soil organic matter, and thus the activity of soil microbial communities.



A proper understanding of the basic principles of the stability of the soil environment would help to form a good basis for the design of innovative, appropriate soil management systems to save the soil function concerning environment and fertility, and simultaneously to sustain a high agricultural crop production level.



The results confirm the need to further control the effects of continuous use of different crop production systems on soil and environment. In the conditions of Poland (Central Europe), the PRG and ORG crop production systems provide good options to improve the physical, chemical and microbiological conditions of the soil.
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Figure 1. Soil total porosity (TP) in 2016–2018 (means for the three years are presented in each column, n = 24). Different letters represent significantly different values (Tukey, p ≤ 0.05). Definitions: ORG—organic crop production system; CON—conventional crop production system; PRG—permanent grass; n—number of samples. Vertical bars represent standard errors. 
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Figure 2. Soil organic matter (OM) content for 2016–2018 (means for the three years are presented in each column, n = 24). Different letters represent significantly different values (Tukey, p ≤ 0.05). Definitions: ORG—organic crop production system; CON—conventional crop production system; PRG—permanent grass; n—number of samples. Vertical bars represent standard errors. 






Figure 2. Soil organic matter (OM) content for 2016–2018 (means for the three years are presented in each column, n = 24). Different letters represent significantly different values (Tukey, p ≤ 0.05). Definitions: ORG—organic crop production system; CON—conventional crop production system; PRG—permanent grass; n—number of samples. Vertical bars represent standard errors.
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Figure 3. Particulate organic matter (POM) content in soil in 2016–2018 (means for the three years are presented in each column, n = 24). Different letters represent significantly different values (Tukey, p ≤ 0.05). Definitions: ORG—organic crop production system; CON—conventional crop production system; PRG—permanent grass; n—number of samples. Vertical bars represent standard errors. 






Figure 3. Particulate organic matter (POM) content in soil in 2016–2018 (means for the three years are presented in each column, n = 24). Different letters represent significantly different values (Tukey, p ≤ 0.05). Definitions: ORG—organic crop production system; CON—conventional crop production system; PRG—permanent grass; n—number of samples. Vertical bars represent standard errors.
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Figure 4. Particulate organic matter (POM) in soil expressed as a percent of total organic matter for 2016–2018 (means for the three years are presented in each column, n = 24). Different letters represent significantly different values (Tukey, p ≤ 0.05). Definitions: ORG—organic crop production system; CON—conventional crop production system; PRG—permanent grass; n—number of samples. Vertical bars represent standard errors. 
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Figure 5. Humic substance (FA, HA, HN) individual fraction content in soil under different crop production systems in 2016–2018 (means for the three years are presented in each column, n = 24). Different letters represent significantly different values (Tukey, p ≤ 0.05). Definitions: FA—fulvic acids, HA—humic acids, HN—humins; ORG—organic crop production system; CON—conventional crop production system; n—number of samples. Vertical bars represent standard errors. 
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Figure 6. Hot water extractable carbon (HWEC) and cold water extractable carbon (CWEC) fractions in soil in 2016–2018 (means for the three years are presented in each column, n = 24). Different letters represent significantly different values (Tukey, p ≤ 0.05). Definitions: ORG—organic crop production system; CON—conventional crop production system; PRG—permanent grass; d.w. —dry weight of soil; n—number of samples. Vertical bars represent standard errors. 
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Figure 7. Microbial biomass carbon (MBC) content in soil in 2016–2018 (means for the three years are presented in each column, n = 24). Different letters represent significantly different values (Tukey, p ≤ 0.05). Definitions: ORG—organic crop production system; CON—conventional crop production system; PRG—permanent grass; d.w.—dry weight of soil; n—number of samples. Vertical bars represent standard errors. 
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Figure 8. Dehydrogenase activity in soil in 2016–2018 (means for the three years are presented in each column, n = 24). Different letters represent significantly different values (Tukey, p ≤ 0.05). Definitions: ORG—organic crop production system; CON—conventional crop production system; PRG—permanent grass; d.w.—dry weight of soil; n—number of samples. Vertical bars represent standard errors. 
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Figure 9. Values of metabolic potential index in soil in 2016–2018 (means for the three years are presented in each column, n = 24). Different letters represent significantly different values (Tukey, p ≤ 0.05). Definitions: MPI—metabolic potential index; DH—dehydrogenase activity; WEC—water extractable carbon; ORG—organic crop production system; CON—conventional crop production system; PRG—permanent grass; d.w.—dry weight of soil; n—number of samples. Vertical bars represent standard errors. 
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Table 1. Soil characterization of the 0–10 cm layer experimental soil for years 2016–2018.
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Crop Production System

	

	
OM

	
PEgner

	
KEgner

	
MgSchatschstshabel

	
Nmin.




	
pH KCl

	
(g kg−1 of Soil)

	
(mg kg−1 of Soil)

	
(kg ha−1)






	
ORG

	
5.8 a

	
17.7 a

	
67 a

	
130 a

	
80 a

	
60.5 a




	
CON

	
6.2 a

	
14.1 b

	
89 b

	
191 b

	
33 b

	
48.7 b




	
PRG

	
4.6 b

	
18.3 a

	
72 c

	
133 a

	
38 b

	
59.2 a




	
HSD (0.05)

	
0.7

	
0.5

	
4.1

	
35.1

	
5.2

	
10.5




	
HSD (0.05) For Years—Significant Differences




	
HSD (0.05) For Interaction (Organic System × Conventional System × Permanent Grass)—Significant Differences




	
HSD (0.05) For Interaction (Organic System × Conventional System × Permanent Grass × Years)—Mot Significant Differences








ORG—organic crop production system; CON—conventional crop production system; PRG—permanent grass. Mean values with different letters are significantly different (Tukey test, HSD (Honest Significant Difference), p ≤ 0.05, n = 24).













 





Table 2. Characteristics of crop management in winter wheat and permanent grass (2016–2018).
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Management

	
Crop Production Systems

	
Permanent Grass (PRG)




	
Organic (ORG)

	
Conventional (CON)






	
Soil tillage

	
Mouldboard Ploughing

	
Mouldboard Ploughing

	
0




	
Crop Rotation

	
Potato

Spring wheat + Undersown Clover and Grass—1st year

Clover and Grass—2nd year

Winter Wheat + Catch Crop Mustard

	
Winter Rape

Winter Wheat

Spring Barley

	
Grass




	
Organic Fertilization

	
Under Potato Compost (30 t·ha−1) + Catch Crop

	
Winter Rape Straw

Winter Wheat Straw

	
0




	
Mineral Fertilization (kg·ha−1)

	
Natural P and K Fertilizers:

	

	




	
N

	
0

	
140

	
120




	
P2O5

	
42

	
60

	
50




	
K2O

	
75

	
80

	
60




	
Weed Control

	
Weeder Harrow 2–3 ×

	
Herbicides 2–3 ×

	
Herbicides 1 ×




	
Retardants

	
0

	
2 ×

	
0




	
Fungicides

	
0

	
2–3 ×

	
0











 





Table 3. The monthly mean air temperature (°C) during the period 2016–2018 and long-term mean (1984–2014) at Osiny Experimental Station (Poland).
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	Month
	1984–2014
	2015/2016
	2016/2017
	2017/2018





	IX
	13.5
	15.3
	15.6
	14.1



	X
	8.3
	7.0
	7.7
	9.5



	XI
	3.5
	5.2
	3.2
	4.6



	XII
	−0.4
	4.0
	0.8
	2.5



	I
	−1.7
	−3.4
	−4.6
	0.4



	II
	−0.5
	3.7
	−1.2
	−3.4



	III
	3.0
	4.3
	6.0
	0.4



	IV
	8.8
	9.6
	7.6
	13.6



	V
	14.1
	15.5
	13.6
	17.2



	VI
	17.2
	19.8
	18.1
	18.8



	VII
	19.4
	20.0
	18.6
	20.7



	VIII
	18.6
	18.7
	19.6
	20.7



	t
	8.7 a
	10.0
	8.8
	9.9



	d
	-
	+1.3
	+0.1
	+1.2







t—mean air temperature (°C) from sowing to harvest winter wheat; d—deviation from long term annual temperature (°C); 8.7a—mean temperature for long-term (1984–2014).













 





Table 4. Total rainfall distribution (mm) during the period 2016–2018 and long-term mean (1984–2014) at Osiny Experimental Station (Poland).
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	Month
	1984–2014
	2015/2016
	2016/2017
	2017/2018





	IX
	58
	126
	21
	105



	X
	41
	30
	100.0
	95



	XI
	39
	47
	45.0
	54



	XII
	31
	25
	65
	20



	I
	27
	33
	30.2
	17



	II
	27
	65
	44.1
	17



	III
	33
	53
	32.0
	31



	IV
	40
	38
	65
	30



	V
	59
	72
	62
	59



	VI
	62
	28
	31
	38



	VII
	83
	87
	105
	122



	VIII
	68
	42
	96
	28



	r
	568 b
	646
	696
	616



	d
	-
	+78
	+131
	+48







r—sum rainfall (mm) from sowing to harvest winter wheat; d—deviation from long-term annual sum rainfall (mm); 568 b—sum mean rainfall for long-term (1984–2014).













 





Table 5. Values of humification index (HI) and humification degree (DT) of soils under different crop production systems (means for three years 2016—2018).
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Crop Production Systems

	
Humification Index [HI = HA/FA]






	

	
0–5 cm

	
5–10 cm

	
15–20 cm

	
30–35 cm

	
0–35 cm




	
ORG

	
5.4 a

	
5.1 a

	
4.9 a

	
4.1 a

	
4.9 a




	
CON

	
3.8 b

	
4.9 a

	
4.6 a

	
3.9 a

	
4.3 b




	

	
Transformation Degree of HS (DT = (HA + FA/HN))




	

	
0–5 cm

	
5–10 cm

	
15–20 cm

	
30–35 cm

	
0–35 cm




	
ORG

	
3.1 a

	
2.6 a

	
3.6 a

	
7.7 a

	
4.2 a




	
CON

	
3.0 a

	
4.4 b

	
4.1 b

	
6.1 b

	
4.4 a








Definitions: FA—fulvic acids, HA—humic acids, HN—humins; ORG—organic crop production system; CON—conventional crop production system. Mean values with the different letters are significantly different (Tukey test, p ≤ 0.05, n = 24); n—number of samples.













 





Table 6. Pearson’s correlation coefficients obtained between selected soil properties under crop production systems (ORG and CON) and permanent grass (PRG) in 2016–2018.
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Related Parameter

	
Correlation Coefficient




	
Crop Production Systems

	
Permanent Grass (PRG)




	
Organic (ORG)

	
Conventional (CON)






	
TP

	
0.915 **

	
0.889 *

	
0.984 **




	
POM

	
0.934 **

	
0.910 **

	
0.942 **




	
FA

	
0.930 **

	
0.984 **

	
n/a




	
HA

	
0.919 **

	
0.7979 *

	
n/a




	
HN

	
0.981 **

	
0.836 *

	
n/a




	
HS

	
0.983 **

	
0.990 **

	
n/a




	
HWEC

	
0.962 **

	
0.826 *

	
0.969 **




	
CWEC

	
0.819 *

	
0.792 *

	
0.878 *




	
MBC

	
0.969 **

	
0.943 **

	
0.939 **




	
DH

	
0.964 **

	
0.793 *

	
0.945 **








SOC—soil organic carbon; TP—soil total porosity; POM—particulate organic matter; FA—fulvic acids; HA—humic acids; HN—humins; HWEC—hot water extractable carbon; CWEC—cold water extractable carbon; MBC—microbial biomass carbon; DH—dehydrogenase activity; n/a—not available; * p ≤ 0.05; ** p ≤ 0.01.
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