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Abstract

:

For the first time in research literature, this report presents the seasonal changes of total organic carbon (TOC), total nitrogen (TN), and TOC:TN ratio in Chernozem solum (0–100 cm) as effected by 14 years of application of conventional tillage (CTu), deep reduced tillage (DRTu), and reduced tillage (RTu) under barley growing. During the season, TOC content drastically declined in the spring, increased in the summer, decreased in the middle of August, and recovered in October. TN content was gradually decreased during a crop growing season and renewed in the autumn. A trend of TOC:TN changes (vertical peak curve) in 0–30 cm soil layer varied from TOC (S-shaped curve) and TN (unsymmetrical decayed curve). The amplitude of seasonal TOC and TN changes in deeper layers was far fewer related to the upper horizons. The highest amplitude in 0–30, 30–60 and 60–100 cm layers was under: DRTu, CTu, DRTu—for TOC and DRTu, CTu, RTu—for TN correspondently. Tillage practices differently stratified the content of organic carbon and nitrogen in Chernozem profile. Minimum tillage benefited TOC sequestration in 0–5 and 5–10 cm layers: 24.83 ± 0.64- and 24.65 ± 0.57 g kg−1—under RTu, 24.49 ± 0.62- and 24.71 ± 0.47 g kg−1—under DRTu, while CT—deeper than 20 cm: 22.49–15.03 g kg−1. The vertical distribution of TN content repeated TOC trend. TOC:TN ratio upraised from 12.60 in 0–5 to 14.33 in 80–100 cm layer and was the highest in summertime. A total (0–100 cm) profile was much greater under RTu and DRTu—for TN, and CTu, DRTu—for TOC. The correlation coefficient (r) was almost negligible between TOC and: T (air temperature), P (precipitation) and W (soil moisture). The strong and very strong r was found for TN—W, and P—W pairs. The negative r was between: TOC–P, TN–P, TOC:TN-W, TOC:TN–T and P–W pairs.
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1. Introduction


The global warming trend has increased during the 20th to 21st centuries. Climatic impact-drivers in the temperate regions of the European continent (mean surface temperature, extreme heat, cold spell, mean precipitation, aridity, hydrological drought, agricultural and ecological drought, fire weather, mean wind speed, sand and dust storm, hails, atmospheric CO2 at the surface) influences organic carbon and nitrogen scenarios. Solar radiation, climate and atmospheric chemistry modification affect the organic carbon/nitrogen cycles depending on the change of individual factors, and interactions among them [1]. The human-induced increase in surface temperature, bounded with global warming, substantially influences an extra mineralization and oxidation both specific and non-specific substances of SOM (Soil Organic Matter). Organic carbon and nitrogen are the main components of these fractions. Soil conservation approaches have the potential to sequester CO2 and molecular N from the atmosphere. The interannual processes of TOC and TN sequestration and mineralization on the background of conservation barley growing are studied in this manuscript.



In natural and anthropogenic ecosystems, the geobiochemical dynamics of carbon and nitrogen are closely linked. The nitrogen cycle in the soil includes the processes of its input, transformation (oxidation and reduction, nitrogen fixation, nitrification, denitrification, assimilation, mineralization), emission into the atmosphere, and leaching downward through the soil. The carbon cycle in the soil combines such processes as the addition of carbon to plant biomass as a result of photosynthesis, entry of organic carbon into the soil with surface and underground mortmass, with exudates and diffusates of plants, stabilization of the composition of humic substances assimilation of CO2 of ground air by heterotrophic microorganisms, emission of CO2 into the atmosphere, etc. [2]. TOC and TN, being the components of humus, are part of a balanced cyclic ecological system, the functioning of which is determined by natural daily, seasonal, annual, and perennial cycles. The natural seasonal fluctuations of TOC and TN changes are destroyed under the anthropogenic influence and become irregular in the conditions of agrocenoses.



The presence of stabilized specific humic fractions in the SOM structure inhibits the release of organic substances into the environment and makes the SOM comparatively persistent to changes. The cycle of the functioning of soil organic carbon compounds can last from several minutes to millennia [3]. According to Chen et al. [4], Powlson et al. [5], Blair et al. [6], and Galantini and Rosell [7] changes in total organic carbon (TOC) content are primarily related to the carbon dynamics of labile humus fractions, such as microbial biomass (MBA), particulate organic carbon (POC), dissolved organic carbon (DOC), water and permanganate oxidizable extractable carbon. The rate of the organic carbon cycle in soils decreases from the fraction of free “light” humus substances (FLF) to the occluded (OLF) and heavy fractions (HF) specific humus substances [8,9,10,11,12,13,14,15].



The dynamics of nitrogen in soils are determined primarily by the nitrogen of mineral compounds, the content of which ranges from 1 to 2.5% of total soil nitrogen. In chernozems, the nitrogen content of slightly hydrolyzed compounds is 5–9%, heavily hydrolyzed—13–28%, non-hydrolyzed—70–80% [16]. Mineral nitrogen is formed mainly as a result of the transformation of macromolecular organic compounds in humus into mineral monoforms with the participation of microorganisms and enzymes [17]. Nitric oxide (I) emits N2O into the atmosphere as a result of denitrification and nitrification [18]. According to Novikov, the largest amount of nitrate and ammonium nitrogen accumulates in spring and autumn due to reduced nitrification—ammonification processes and maximum nitrogen consumption by plants and microorganisms in the summer. The gross nitrogen content in chernozems can change by 18–26% during the growing season.



The dynamics of changes in TOC:TN in soils determine the direction of the processes of humification-mineralization, oxidation-reduction, synthesis, and destruction of soil organic compounds. The TOC:TN ratio < 10 is dominated by the processes of mineralization and nitrification, leaching of nitrates in soils, TOC:TN > 25–30—nitrogen is temporarily removed from the small biological cycle, immobilized by microorganisms, adsorbed by minerals, and incorporated into stabilized soil microaggregates.



As an integral part of the crop production process, soil tillage has a direct influence on seasonal fluctuations of TOC and TN [19,20]. Six et al. [21], Beare et al. [22], Wander and Yang [23] have reported that tillage practices affect the turnover of organic C and N depending on their location within the soil matrix. Plowing creates oxidative conditions in the upper soil layer that leads to increasing decomposition rates of the soil organic matter, mainly the aliphatic part of the humic acids (HA) [24]. Bayer et al. [25] determined increased rates of SOM decomposition under conventional tillage by 1.86 times compared to no-till. The reduced tillage effect on SOM decomposition rates in heavy textural soils was revealed by Brazil [26], because of associated with clay and colloidal particles SOM [27]. The data presented by Kirschbaum [28], Sanderman and Amundson [29], Trumbore et al. [30] showed that SOM decomposition rates increase exponentially with increasing temperature, but will be moderated if moisture becomes limiting.



High decomposition rates of SOM affected by conventional tillage in temperate climatic zone leads to the intensive transformation of organic N compounds into an inorganic N starting point for potential losses of N [31]. The mineralization occurs largely through increased moisture, temperature, and biology conditions [32,33,34] and resulted in rapid conversion of NH4+ into NO3− through nitrification by chemoautotrophic microorganisms [35,36]. Soluble NO3-N is readily leached then from soil profile decreasing the amount of available for plant uptake nitrogen [37,38,39]. Both Wu et al. [40] and Stevens et al. [41] have reported, that a corn taken-up 87 and 50–90% of N from soil correspondently. The amount of available N is also reduced in soils during plant residues decomposition; it usually happens after harvesting time, when plant remains, having a high C/N ratio, are transformed by microorganisms, which assimilate inorganic soil N for increasing their biomass. Minimum tillage practices increase soil aggregation and the formation of stabilized organic N within microaggregates [42], preventing N leaching by runoff and infiltrated waters. Moldboard plowing, on the contrary, enhances soil drying and warming, disrupts soil aggregates, increases oxygen diffusion, exposes physically protected organic N to microbial attack resulting in faster turnover rates [43,44].



Up-to-date agricultural practices are headed to receive a higher income from increasing crop yields but unfortunately, they often do not take into account changes in pedogenesis influenced by agriculture. Understanding TOC, and TN pools changes during a growing season as affected by soil/climate/crop/tillage/fertilizer systems are quite important for strategic sustainable management in resilient agriculture. Before now, nobody has been studied the quantifying of the relationship between TOC/TN and climate parameters at a depth of 0–60 cm in the temperate zone of Ukrainian Mollisols. So, in this study, our objectives were to quantify the seasonal changes of TOC and TN content in different Mollisol layers as affected by climatic factors as well as a long-term use of conventional and conservational tillage under barley growing. We hypothesized that the conservation tillage on the background of straw application would stratify the content of TOC and TN in upper soil layers, increase the synthesis/immobilization of TOC and TN substances in a dry summertime, decrease TOC:TN ratio, and supply an optimum level of TN nutrition for barley growing.




2. Materials and Methods


2.1. Experimental Design


The study site was established in 1998 near the town Velykosnyatynka (lat. 50°5′ N, long. 30°2′ E), Kyiv region by the Soil Science and Soil Conservation Department of the National University of Life and Environmental Sciences of Ukraine. The field site is located in the Forest-Steppe zone of Ukraine in a temperate climate with an average annual temperature—(+)7.9 °C, mean annual precipitation—588 mm. During the last decade, an extreme minimum temperature was (−)28.3 °C in 12 February 2012 and an extreme maximum temperature was (+)37.6 °C in 8 August 2010. The annual average available accumulated temperature (>10 °C) is 2750 °C. Weather conditions during the growing season are presented in Figure 1 and Figure 2. Tillage treatments included conventional tillage (Ctu) based on deep plowing (25–30 cm) and two soil conservation tillage based on the deep reduced tillage (DRTu) to a depth of 25–30 cm and reduced tillage (RTu) to a depth of 10–12 cm.



Each treatment was replicated three times for a total of 15 plots. Each tested plot was 6 m wide and 30 m long. Spring barley was grown (grain corn was a precursor) in 2012, 2013 and 2014 (three plot repeats) in crop rotation made up of soybean (N60P68K68 kg ha−1), winter wheat (N50 + N40P68K68 kg ha−1), grain corn (N120P90K90 kg ha−1), spring barley (N45P45K45 kg ha−1), grain corn (N120P90K90 kg ha−1), soybean (N60P68K68 kg ha−1) and spring barley (N45P45K45 kg ha−1). The fertilizers supplied were: NH4NO3, (CaH2PO4)2 × H2O + 2CaSO4 × 2H2O, KCl. The winter wheat straw with an annual application of a straw at a rate of 1.2 t ha−1 was incorporated into a soil by the main tillage operation in the autumn after grain corn harvesting. The soil was classified as a Haplic Chernozem according to the FAO Soil Classification, Typical Chernozem in Ukrainian Soil Classification [45], a Black Chernozem according to the Canadian system of soil classification [46], or a Mollisol according to the USDA Soil Classification [47,48]. According to Ukrainian soil texture classification, the soil was classified as medium loam with 67.76% physical sand (Σ > 0.01%), and 32.24% of physical clay (Σ < 0.01%) (Table 1). The bulk density was 1.14–1.29 Mg m−3, soil pH—6.7–6.9, cation exchange capacity—29.8 meq 100 g−1, base saturation percent—95.8%, content of available N, P and K: 79.5, 69.0, and 53.4 mg kg−1 respectively.




2.2. Sampling and Measurement


For TOC-TN analysis, soil samples (three cores per composite samples) were randomly taken from 0- to 5-, 5- to 10-, 10- to 20-, 20- to 30-, 30- to 40-, 40- to 60 cm depths during April–October. Soil samples were air-dried and ground to pass through a 1-mm sieve. Soil moisture was determined by drying subsamples at 105 °C for 7 h. A portion of each sample was ground to pass through a 0.25-mm sieve to determine the TOC content. The latter the total organic carbon and total nitrogen were determined using an automated Variomax CNS-analyzer (Elementar Analysesysteme, Langenselbold, Germany) [49].




2.3. Statistical Analysis


The IBM SPSS Statistics for Windows v. 20.0 (© SPSS, Chicago, IL, USA) was used for all of the statistical analyses. Means and standard errors were calculated for each measured parameter, tillage system, sampling depth, and date. The t-test was performed to search for statistical differences between values at a 0.05 significance level. For the correction for multiple comparisons was used the Bonferroni method applied to a one-way ANOVA analysis. A confidence interval α0.01 was computed to compare a range of dynamic variables. SigmaPlot for Windows Version 14.0 (2017 Systat Software, Inc., Chicago, IL, USA) was used for drawing all figures. Plot type was: Multiple Error Bars, Data format: Category, Many Y.





3. Results


3.1. Soil Organic Carbon Changes


Different soil tillage has affected TOC stratification in the chernozem profile (Figure 3). TOC (g kg−1) content before crop growing period was higher under minimum tillage in the 0–5, 5–10, 10–20, 20–30, 60–80 and 80–100 cm layers: 26.1 ± 0.21—at RTu, 25.6 ± 0.1—at DRTu, 24.0 ± 0.16—at DRTu, 23.2 ± 0.07—at DRTu, 23.2 ± 0.08 and 1.50 ± 0.01 correspondingly. Plowing tillage has benefited TOC content (g kg−1) in the 30–40 and 40–60 cm layers: 21.0 ± 0.15 and 21.9 ± 0.05. During 24 April–25 May there was the largest decrease in TOC content during the growing season (g kg−1): by 2.70 ± 0.07 and 1.97 ± 0.04—at DRTu 2.50 ± 0.6 and 2.71 ± 0.6—at RTu in the 0–5 and 5–10 cm layers, by 2.8 ± 0.26—at CTu in the 10–20 cm layer. The amplitude of TOC content changes in the 20–60- and 60–100 cm layers was 1.9–17.3 and 1.07–7.38 times lower than in the 0–10 cm layer. During 25 May–24 July TOC content (g kg−1) has been gradually increased in the 0–30 cm layer with the highest parameters at RTu in 0–5- and 5–10 cm layers: 25.9 ± 0.16 and 25.6 ± 0.16, at DRTu—in the 10–30 and 80–100 cm layers: 22.9 ± 0.15 and 15.60 ± 0.01, at CTu in the 30–40, 40–60 and 60–80 cm layers: 20.8 ± 2.71, 20.5 ± 0.63 and 15.82 ± 0.03. During the last summer month, TOC content was dropped and recovered in October.




3.2. Total Nitrogen Changes


Seasonal changes of TN varied from TOC dynamics: TN content had gradually decreased from April to August and recovered in October (Figure 4). A a temporary increased pick of TN content was also found on 26 June. Before the start of the barley growing season, the highest content of TN (g kg −1) in the 0–10 cm layer was by RTu (2.6 ± 0.17), in the 20–40 and 80–100 cm layers by DRTu (2.2 ± 0.04 and 1.29 ± 0.02), in the 40–60 and 60–80 cm layers for CTu (1.8 ± 0.02 and 1.36 ± 0.01). During 24.04–25.05 in the 0–30 cm layer there was the largest decrease in TN content during the growing season: 0.5 ± 0.08—for RTu in the 0–10 cm layer, 3.8 ± 0.02—for DRTu in the 10–20 cm layer, 0.3 ± 0.02—for CTu in the 20–30 cm. In the 30–60 cm layer, there was a slight increase in TN content during this period for all tillage methods. From 25.05 to 26.06. the content of TN (g kg−1) increased with the maximum values for: RTu (2.1 ± 0.07)—in the layer 0–10 cm, RTu (2.0 ± 0.04)—in the layer 10–20 cm, and CTu (2.1 ± 0.09)—in a layer of 20–30 cm, respectively. In the 30–40 cm layer, the TN content decreased from May to June–July and was restored in August–October. At the depths of 40–60- and 80–100 cm, there was a slight increase in TN in July. During August–October, the TN content increased for all layers and all tillage options.




3.3. TOC:TN Changes


The TOC: TN ratio at all depths increased from April to Summer time and decreased in October (Figure 5). At a depth of the 20–30 cm TOC:TN ratio increased maximally in July, decreased in August and increased in October. On average during the growing season TOC: TN ratio was the lowest for RTu (11.43) and DRTu (11.92) and the highest—for CTu (12.30), and the highest amplitude of changes in TOC: TN ratio in the 0–5 cm layer was by RTu in June–July (2.54 ± 0.317), in the 5–10 cm layer—by DRTu in April–May (1.71 ± 0.11), in the 10–20 cm layer—by RTu in June–July (1.42 ± 0.11), in the 20–30 cm layer by DRTu in July–August (1.71 ± 0.11), in the 30–40 cm layer—by RTu in June–July (1.25 ± 0.76), in the 40–60, 60–80 and 80–100 cm layers—by RTu in August-October (1.56 ± 0.04, 1.746 ± 0.94 and 3.14 ± 1.9), respectively.





4. Discussion


4.1. A Climate Effect on TOC and TN Dynamics


TOC and TN dynamics is controlled by many factors, but climate, mainly temperature and moisture, is one of the fundamental. A limitation of observational studies on this topic was devoted in the research literature. The data Alvarez and Lavado [50] showed that SOM content in a solum significantly submerged with the precipitation and temperature. Studies Cenkseven et al. [51] reported that soil temperature and moisture are driving factors in carbon and nitrogen mineralization. González-Domínguez et al. [52] didn’t find a significant effect of temperature and precipitation on TOC. They indicated that TOC behavior, as a part of the Earth System Model, might have been acclimated over long timescales, while short time research may only define the changes of fresh readily available TOC. Moyano et al. [53] revealed that water appears to be more important than the temperature for the turnover of the TOC fractions. Soil moisture intensively affects TOC transformation through soil aeration, substrate supply, and microbial activity. Soil temperature governs the soil physical, chemical and biological processes influencing thus TOC and TN dynamics [54]. The study Fang et al. [55] have shown, that the higher temperature treatment significantly increased (63.4–102.6%) the SOC decomposition. Other observations have approved the statement mentioned by Fang et al. [55] that increased temperature stimulate SOC decomposition [56]. Azlan et al. [57] thinks, that seasonal relationship between climatic parameters and organic carbon and nitrogen on a large scale is relatively weak.



The problem of seasonal changes in soil organic matter is one of the most controversial in the modern scientific literature [58]. The vast majority of scientists, according to Stanford and Smith [59] and Campbell et al. [60] study TOC, and TN in samples taken once per year, without taking into account their possible seasonal changes. To quantify the potential influence of temperature and moisture on TOC and TN dynamics, it is important to identify the key factors regulating its relationships by terrestrial biosphere. On a field scale the main factors controlling TOC and TN changes are: organic and inorganic fertilization, soil water balance in vadose zone, soil temperature regime, microbiological activity, agricultural management practices, soil erosion, etc. The ecological deterioration of soil temperature and water regimes can diminish the capacity of the soil to accumulate organic carbon and nitrogen [61].



Regarding to our observations TOC and TN mineralization/synthesis (Figure 3 and Figure 4) were going along with the air temperature-precipitation changes between sampling points (Figure 1 and Figure 2). There was also a high confidence of a soil moisture dependance on rainfalls (Table 2). We hypothesis that TOC and TN content represents a result of a soil—environmental interaction in a specified period. The mean data in the Figure 6 displays the sum of precipitations for 2012–2014 per certain period of study divided by the total number of days in this period. That approach allowed to get a rainfall curve which was similar to TOC one. The temperature trend differed from TOC and TN curves. In spite of TOC and rainfall trends resemblance, there were found a few correlated interactions between these parameters because there were compared a large amount of volatile climatic indexes with TOC data from six sampling dates. The correlation coefficient was mainly negligible and weak between TOC and abiotic parameters. In some cases, according to the “Chaddock Scale”, correlation coefficient (r) was moderate (0.50–0.70) and strong (0.70–0.90) for: Rtu (−0.746 and −0.731)—in the 0–5 and 10–20 cm layers between.



TOC and P; Rtu (0.629) and DRtu (0.839)—in the 10–20-cm layer between TOC and W (soil moisture); Rtu (0.690), CRtu (0.676) and DRtu (0.606)—in the 40–60-cm layer between TOC and W. The correlation coefficient was negligible between T and soil-climatic parameters at all layers. The descending trend of TN content negatively correlated with P (−0.58 and −0.854) and positively with W (0.572–0.979). The “negligible” r coefficient between TN, R and W was mainly in 0–5 and 20–30 cm layers. The dependance of TOC:TN was the highest in 5–10 cm layer: 0.727, 0.772 and 0.556—for P at Rtu, CTu and DRTu and −0.907, −0.872 and −0.907 for W at Rtu, CTu and DRTu, correspondently. The strong and very strong negative correlation was found for the P–W pair. The r coefficient for this interaction was: −0.746, −0.790, −0.739—in 0–5 cm; −0.865, −0.781, −0.825—in 5–10 cm; −0.839, −0.865, −0.895—in 10–20 cm; −0.877, −0.930, −0.956—in 20–30 cm; −0.886; −0.823, −0.907—in 30–40 cm; 0.809, −0.615 and 0.888—in 40–60 cm soil layers at Rtu, CTu and DRTu respectively. So, the highest dependance was found between: P–W, TN-P–W and TOC/TN-P–W in 5–10 cm layer. The lowest values of r coefficient were between TOC–P/W parameters.




4.2. Seasonal Changes of TOC, TN and TOC:TN


The research literature reveals a large number of studies devoted to measuring of emitted carbon or carbon in microbial biomass, but very few of them analysing TOC, TN and TOC:TN changes during a crop growing period. The following studies report substantial seasonal variation in total organic carbon and nitrogen. It is commonly well-known that SOM consists of a large group of stabile specific humic substances [62]. On the other hand, tillage practices accelerate the decomposition of organic carbon (OC) and nitrogen (ON) from: TOC, TN, labile OC and ON, POC, DOC, FLF, MBA and alkali-hydrolysable N (AN), ammonium N (NH4 + -N) and nitrate N (NO3 + -N) N pools [3,4,5,6,7,63]. Our previous studies on Ukrainian chernozem support an above-mentioned statement. We reported that TOC seasonal changes were resulted by the rapid fluxes of easy-to-change OC components of humus [64]. That TOC seasonal changes could be described by an S-shaped curve, while an unsymmetrical decayed vertical curve is more appropriable for TN dynamics (Figure 3 and Figure 4). At the start of the growing season, the content of TOC and TN depended on the following factors: the processes of transformation of plant material during the autumn–winter–spring period, considering microclimatic conditions, agricultural techniques, soil processes, the activity of living organisms, etc. [62,65]. Minimum tillage influenced higher TOC, and TN accumulation in the 0–30 cm soil layer, while conventional tillage benefited in the 30–60 cm layer. TOC: TN ratio in this period was the lowest for the vegetation in the 0–30 cm layer, and was: 10.26–11.79—for RTu, 10.74–12.28—for DRTu, and 11.47–12.81 for CTu, respectively.



Spring. From April 24 to May 25, there was a significant decrease in the content of TOC and TN compared to the pre-sowing condition (Figure 3 and Figure 4). Kuprichenkov [66] considers that this occurred is due to the intensity of oxidation processes (induced by tillage) against the background of optimal conditions of humidity and temperature. A spring descending trend in soil organic C was more evident for RTu and DRTu in 0–10 cm layer and CT—in 10–40 cm layer. The amplitude of TOC and TN changes is responsive to the quantity of labile OC and ON pool [63]. Usually, in temperate zone of Ukrainian chernozems, minimum tillage increases the amount of labile humus fractions; this phenomenon was discovered during our trials at a long-term experimental site on a Haplick Chernozem in the Poltava region of Ukraine over a 10-yr period from 1996 to 2006 [67]. There was found that conversion from conventional to reduced soil tillage systems increased the content of C in fulvic acids (FA) and alkali DOC, expanded super-molecular (>500 kDa) associations of HA contained hydrophilic aliphatic nitrogen-rich compounds, reduced the ratio of C in HA/FA. Salinas-Garcia et al. [68] based on a 10-year study found that the amplitude of seasonal changes in organic carbon by no-till was on average 16% greater than other tillage technologies, with the largest difference in the changes observed at the beginning of the growing season (64%) and the stage flowering (41%).



At the beginning of the growing season, under average daily air temperatures of more than 20 °C and 50–60% of the saturation, there is the most active release of mobilized soil nitrogen is observed of mobilized soil nitrogen and autotrophic mineralization of organic carbon compounds. According to Bulygin and others [69], CO2 emissions in the spring-summer period are 10–25 times higher than the corresponding emissions in the autumn period, and carbon emissions for virgin lands are 10–23 times higher than for the use of systematic plowing. Accelerated catabolic metabolism occurs with no-tillage technologies, against the background of the higher content of organic substrates necessary for depolymerization and intensive microbiological and enzymatic activity [70].



During the first two months after sowing, the content of TOC and TN decreases, the newly formed organic monomers are used by microorganisms, mineral compounds, and even amino acids [71] by plants. Part of the soil nitrogen is temporarily released from the biological cycle. The energy released during catabolism and biological monomers in the summer is used for the synthesis of humic compounds, polycondensation and aromatization reactions, the formation of complex associative complexes. According to Bonde et al. [72], mineralization losses of nitrogen at the beginning of the growing season are on average 55% higher than at the end of the growing season.



Summer. The summer season increases the processes of TOC and TN synthesis due to the action of high temperatures, solar radiation (ultraviolet radiation) and air oxidation occurs:—photolytic, enzymatic, physical and chemical catalysis of TOC compounds [73];—dehydrocondensation of phenols through the mechanism of free radicals;—non-exchangeable fixation of C-CO2 soil air into heterocyclic aromatic compounds of humic substances;—polycondensation and complexation of organic compounds of carbon and nitrogen, their irreplaceable fixation in microaggregates and entry into the recalcitrant (polyphenols, lignin, benzenecarboxylic acids);—oligo- and polymerization of polyphenols, pyrogallols, hydroquinones and catechins with their subsequent fixation in stable fractions of humic substances;—biomimetic synthesis of humic substances [74];—increasing the size of humic molecules by creating macromolecular polymers or supermolecular bio-monomers [75,76];—increasing the size of large fractions of dispersed organic matter [77,78] and water-resistant soil aggregates [79]. The reaction of the environment for the summer increases and resumes in the autumn. The TOC content in the upper layers of the soil increases from May to July and reaches its maximum values on 24 July with the highest values of DRTu and RTu in the upper layers and CTu—in the lower layers chernozem. The content of total nitrogen in the 0–30 cm layer of typical chernozem increased from May to June and decreased from June to July-August in the 30–60 cm layer. The TOC:TN ratio, similar to the dynamics of TOC content, also had a maximum amplitude on 24 July in the upper layers of typical chernozem with the highest CTu values. An increase in TOC content at the end of summer and a decrease in TN content were observed by Boitsova and Puhalsky [80], Kohut [81], Kuprichenkov [66], Salinas-Garcia et al. [68], Shao et al. [65], Feng et al. [82] and others.



During this period, mineral nitrogen, amino acid nitrogen, and nitrogen of organic monomers formed as a result of depolymerization of organic remains in the spring-summer period are added to the processes of soil organic matter synthesis. The presence of residues of barley straw (C:N = 80) in the soil led to intensive assimilation of nitrogen and carbon by microorganisms during this period; this process, according to our research, accelerated after the introduction of urea CO (NH2)2 in the spring-summer period. Nitrogen fertilization against the background of applied straw and green manure, according to Agren et al. [83], inhibits the destruction of soil organic matter, reduces soil CO2 emissions, improves the process of entry of non-specific organic substances into the composition of humic substances. Kvitkina et al. [84] determined that the high concentration of amide nitrogen in microzones temporarily inhibits nitrification, and promotes nitrogen immobilization by plants, microorganisms and humic substances.



Autumn. In the period from mid-August to early October, the TOC, and TN content was restored and the TOC:TN ratio decreased at almost all depths and for all tillage options. During this period, the average daily temperature decreased from +20.3 °C (14 August) to +5.3 °C (5 October), (Figure 2). After harvesting, in the autumn-winter period, carbon and hydrophilic organic components enriched in carbon formed during the decomposition of post-harvest residues combine with hydrophobic parts of humic substances and stabilize in dispersed and water-stable fractions of soil aggregate [85]. During the rainy season, newly formed humic substances, organogenic monomers, products of acid hydrolysis of nitrogenous substances (amino acids, amines, amides) move with gravitational water into the lower layers of the soil. Under anaerobic conditions, humic substances are combined with mineral components of the soil, there is the heterotrophic fixation of soil carbon dioxide, condensation of humic substances into macromolecular structures. In the upper soil horizons, about 90% of organic carbon is in the aggregates, including 20–40%—in microaggregates [86]. The newly created water-stable aggregates, TOC and TN, will be presented in the maximum number in the spring, before the start of the growing season [64].




4.3. TOC, TN and TOC:TN Stratigraphy


Ukrainian Chernozem was characterized by humus-accumulative type of soil profile—TOC and TN content were gradually descended downward the profile. Some remains of organic carbon and nitrogen were spotted in a parent material (a mole’s loess). Chernozems phenomena have been formed in the temperate climatic zone under the influence of a mild winter with a short freezing time, hot summer, short periods of droughts, unstable precipitation in the summertime and a deeP–Water penetration in an autumn–winter period. The typical vegetation (Steppe and meadow grasses altered with oak-maple-lime-hornbeam trees) annually delivers to Chernozem a big amount of above and ground biomass, enriching the soil profile with fresh organic matter. SOM in arable soils is submerged with tillage operations used for: seedbed preparation and weed control, loose compacted aggregates, mix and incorporate the residues and fertilizers within the tilled zone, optimizing soil moisture and aeration, etc. A moldboard plow inverts the furrow at least 135°, while a conservation non-inversion tillage reduces a soil disturbance, uprises and accumulates SOM and nutrients within a crop root system. Thus, minimum tillage, used in our trials, have benefited TOC sequestration in 0–5 and 5–10 cm layers: 24.83 ± 0.64- and 24.65 ± 0.57 g kg−1—under RTu, 24.49 ± 0.62- and 24.71 ± 0.47 g kg−1—under DRTu versus to 23.40 ± 0.31- and 22.44 ± 0.45 g kg−1—under CTu correspondently. The TOC content in 10–20 cm layer was higher under CTu and DRTu: 22.18 ± 0.60- and 22.84 ± 0.56 g kg−1. Under conventional tillage TOC content exceeded conservational practices deeper than 20 cm: 22.49–20.86 g kg−1—under CTu versus to 19.57–16.91- and 22.37–18.34 g kg−1—under RTu and DRTu respectively. The vertical distribution of TN content repeated TOC trend. The conservation tillage showed the advantages in TN accumulation in 0–10 cm layer (2.14–2.11 and 2.04–2.02 g kg−1—under RTu and DRTu), while CT sequestrate more total nitrogen in 30–60 cm layers: 1.82–1.56 g kg−1. A total (0–60 cm) profile was much greater under RTu and DRTu for TN, and CTu, DRTu—for TOC.



Carbon to nitrogen ratio is an important parameter, which characterizes humification—decomposition processes, SOM quality, nitrogen enrichment in humic substances, the presence of labile OM fractions. TOC:TN ratio means the amount of carbon relative nitrogen presented in molecules of organic substances. When TOC:TN ratio is a wide—carbon immobilization, synthesis of aromatic humus fractions occurs. The lower TOC:TN ratio indicates the intensity of formation the labile fractions, fresh residues mineralization and releasing of N. The studied chernozem acquired TOC:TN ratio within 10.28–13.37. Our results have found that lower TOC:TN values were mainly under RTu (10.28–11.98) and DRTu (10.81–12.61). Under conventional tillage TOC:TN ratio upraised from 12.60 in 0–5 to 13.37 in 40–60 cm layer. Generally, carbon to nitrogen ratio descended from 0–5 to 30–40 cm layer and increased towards 60–100 cm layer.





5. Conclusions


Numerous efforts of soil scientists are headed to measure TOC and TN changes in soils rely on soil samples having compared at the same time point. But soil organic carbon and nitrogen cycling are closely related through the seasonal driven processes. The small differences in timing (a week to several months), on the background of both abiotic and biotic factors, can trigger TOC and TN transformation affecting ecosystem services. At the same time, there is a lack of information in research literature describing the long-term tillage influence on the seasonal TOC and TN turnover in a Chernozem solum. Seasonal trials require extra human efforts in research fields and laboratories, special sampling skills, and extreme analytical precision. On the other hand, such findings may better explain an agrogenesis trend in a plowing layer and pedogenesis processes in a soil profile as a whole. The following studies, where a soil was sampled at different times of the year from 0–100 cm layer, report substantial variations in TOC, TN and TOC:TN ratio.



The seasonal dynamics of TOC, TN, and TOC:TN ratio in the 0–30 cm layer were higher under minimum tillage and could be described with three major types of vertical curves: S-shaped, unsymmetrical decayed, and peak correspondently. During a season, TOC content declined in the spring, increased in the summer, decreased in the middle of August, and recovered in October. TN content was gradually decreased during a crop growing season and renewed in the autumn. A TOC:TN trend (vertical peak curve) in 0–30 cm soil layer varied from TOC and TN curves. The largest parameters of the TOC: TN ratio were observed in July and the smallest—at the beginning and end of the growing season in the 0–30 cm layer. In the lower 30–60 cm layer, the minimum TOC:TN ratio was in spring, the maximum—in July-August. The amplitude of seasonal changes was higher in a top 0–30 cm layer and far fewer in deeper ones. The highest amplitude in 0–30-, 30–60- and 60–100 cm layers was under: DRTu, CTu, DRTu—for TOC and DRTu, CTu, RTu—for TN correspondently.



Soil tillage has meaningfully affected soil organic carbon and nitrogen stratification. Minimum tillage benefited TOC and TN sequestration in the 0–30 cm layer, while CTu had the highest aforenamed parameters in the 30–100 cm soil layer. TOC:TN ratio upraised from 12.60 in 0–5 to 14.33 in 80–100 cm layer. Shallow minimum tillage (RTu) has formed the narrowest (10.28–13.04), while conventional tillage (CT)—the largest (11.38–14.33) TOC:TN ratio.



In spite of a direct effect of climatic parameters on TOC and TN decomposition [87] there was found almost negligible correlation relationship between TOC and: T, P and W, but on the plus side was the strong and very strong r between total nitrogen and moisture (air and soil) parameters. The P–W pair presented the strongest interlinkage.
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Figure 1. Rainfall conditions from April to October 2012–2014 at the Velykosnyatynky research station. 
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Figure 2. Temperature conditions from April to October 2012–2014 at the Velykosnyatynky research station. 
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Figure 3. TOC content changes in the 0–5, 5–10, 10–20, 20–30, 30–40, 40–60, 60–80 and 80–100 cm layers across the growing season under 14 years of continuous application: reduced tillage (RTu), conventional tillage (Ctu) and deep reduced tillage (DRTu). The plant was barley. Mean values by different lowercase letters demarcate a significant difference among different tillage adjustments within the same sampling time (significant differences a = 0.05). Mean values by different capital letters demarcate a significant difference among different sampling periods (significant differences a = 0.05). 






Figure 3. TOC content changes in the 0–5, 5–10, 10–20, 20–30, 30–40, 40–60, 60–80 and 80–100 cm layers across the growing season under 14 years of continuous application: reduced tillage (RTu), conventional tillage (Ctu) and deep reduced tillage (DRTu). The plant was barley. Mean values by different lowercase letters demarcate a significant difference among different tillage adjustments within the same sampling time (significant differences a = 0.05). Mean values by different capital letters demarcate a significant difference among different sampling periods (significant differences a = 0.05).
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Figure 4. TN content changes in the 0–5, 5–10, 10–20, 20–30, 30–40, 40–60, 60–80 and 80–100 cm ranges across the growing season under 14 years of continuous application: reduced tillage (RTu), conventional tillage (Ctu) and deep reduced tillage (DRTu). The plant was—barley. Mean values by different lowercase letters demarcate a significant difference among different tillage adjustments within the same sampling time (significant differences a = 0.05). Mean values by different capital letters demarcate a significant difference among different sampling periods (significant differences a = 0.05). 






Figure 4. TN content changes in the 0–5, 5–10, 10–20, 20–30, 30–40, 40–60, 60–80 and 80–100 cm ranges across the growing season under 14 years of continuous application: reduced tillage (RTu), conventional tillage (Ctu) and deep reduced tillage (DRTu). The plant was—barley. Mean values by different lowercase letters demarcate a significant difference among different tillage adjustments within the same sampling time (significant differences a = 0.05). Mean values by different capital letters demarcate a significant difference among different sampling periods (significant differences a = 0.05).



[image: Land 11 01165 g004]







[image: Land 11 01165 g005 550] 





Figure 5. TOC:TN ratio changes in the 0–5, 5–10, 10–20, 20–30, 30–40, 40–60, 60–80 and 80–100 cm layers across the growing season under 14 years of continuous application: reduced tillage (RTu), conventional tillage (Ctu) and deep reduced tillage (DRTu). The plant was barley. Mean values by different lowercase letters demarcate a significant difference among different tillage adjustments within the same sampling time (significant differences a = 0.05). Mean values by different capital letters demarcate a significant difference among different sampling periods (significant differences a = 0.05). 






Figure 5. TOC:TN ratio changes in the 0–5, 5–10, 10–20, 20–30, 30–40, 40–60, 60–80 and 80–100 cm layers across the growing season under 14 years of continuous application: reduced tillage (RTu), conventional tillage (Ctu) and deep reduced tillage (DRTu). The plant was barley. Mean values by different lowercase letters demarcate a significant difference among different tillage adjustments within the same sampling time (significant differences a = 0.05). Mean values by different capital letters demarcate a significant difference among different sampling periods (significant differences a = 0.05).
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Figure 6. Mean rainfall and temperature parameters during different seasonal periods at the Velykosnyatynky research station, 2012–2014. 
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Table 1. Major properties of Typical Mollisol.






Table 1. Major properties of Typical Mollisol.





	
Soil Depth,

cm

	
Humus Content,

%

	
pHH2O

	
Bulk Density,

Mg m−3

	
Field Capacity, Mg m−3

	
Total Soil Porosity,

%

	
Particles Fractions (mm) and Their Content, %




	
Sand

	
Silt

	
Physical Clay






	

	

	

	

	

	

	
(1–0.25)

	
(0.25–0.05)

	
(0.05–0.01)

	
(<0.01)




	
0–25

	
3.58

	
6.7

	
1.14

	
23.4

	
55.8

	
0.64

	
15.96

	
51.16

	
32.24




	
25–45

	
3.46

	
6.7

	
1.20

	
21.2

	
54.2

	
-

	
-

	
-

	
-




	
45–65

	
3.28

	
6.9

	
1.29

	
19.9

	
51.3

	
-

	
-

	
-

	
-
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Table 2. Spearman’s correlation coefficients between soil and climatic parameters.
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Parameters

	
TOC

	
TN

	
TOC:TN

	
W




	
Rtu

	
Ctu

	
DRTu

	
Rtu

	
Ctu

	
DRTu

	
Rtu

	
Ctu

	
DRTu

	
Rtu

	
Ctu

	
DRTu






	
0–5 cm




	
T

	
−0.102

	
0.185

	
0.217

	
0.278

	
0.0774

	
0.335

	
−0.207

	
−0.112

	
−0.269

	
−0.102

	
0.0280

	
−0.144




	
P

	
−0.746 *

	
−0.234

	
−0.283

	
−0.769 *

	
−0.675 *

	
−0.755 *

	
0.603 *

	
0.597 *

	
0.743 *

	
−0.746 *

	
−0.790 *

	
−0.739 *




	
W

	
0.616 *

	
0.140

	
0.230

	
0.347

	
0.483

	
0.420

	
−0.228

	
−0.420

	
−0.469

	
-

	
-

	
-




	
5–10 cm




	
T

	
0.317

	
0.0836

	
0.353

	
−0.0423

	
0.0402

	
−0.0485

	
0.156

	
0.0485

	
0.139

	
−0.172

	
−0.179

	
−0.315




	
P

	
−0.162

	
−0.0630

	
−0.445

	
−0.626 *

	
−0.580 *

	
−0.613 *

	
0.727 *

	
0.772 *

	
0.566 *

	
−0.865 *

	
−0.781 *

	
−0.825 *




	
W

	
0.0701

	
−0.158

	
0.469

	
0.893 *

	
0.865 *

	
0.911 *

	
−0.907 *

	
−0.872 *

	
−0.907 *

	
-

	
-

	
-




	
10–20 cm




	
T

	
0.162

	
0.228

	
0.195

	
0.346

	
0.220

	
0.183

	
−0.265

	
−0.117

	
−0.119

	
−0.217

	
−0.417

	
−0.154




	
P

	
−0.731 *

	
−0.435

	
−0.595

	
−0.690 *

	
−0.854 *

	
−0.854 *

	
0.477

	
0.821 *

	
0.773 *

	
−0.839 *

	
−0.865 *

	
−0.895 *




	
W

	
0.629 *

	
0.322

	
0.839 *

	
0.832 *

	
0.809 *

	
0.839 *

	
−0.490

	
−0.830 *

	
−0.944 *

	
-

	
-

	
-




	
20–30 cm




	
T

	
0.183

	
0.325

	
0.220

	
0.181

	
−0.0423

	
0.123

	
0.0279

	
0.127

	
0.0774

	
−0.154

	
−0.140

	
−0.158




	
P

	
−0.181

	
−0.400

	
−0.576 *

	
−0.166

	
0.259

	
−0.535

	
−0.136

	
0.194

	
0.194

	
−0.877 *

	
−0.930 *

	
−0.956 *




	
W

	
−0.291

	
0.259

	
0.452

	
0.572 *

	
0.727 *

	
0.979 *

	
−0.537

	
−0.636 *

	
−0.841 *

	
-

	
-

	
-




	
30–40 cm




	
T

	
−0.240

	
0.0898

	
−0.261

	
−0.0258

	
0.0217

	
−0.0175

	
−0.0217

	
0.139

	
−0.0320

	
−0.242

	
−0.361

	
−0.0876




	
P

	
0.480

	
−0.468

	
−0.301

	
−0.605 *

	
−0.620 *

	
−0.458

	
0.642 *

	
0.0392

	
0.205

	
−0.886 *

	
−0.823 *

	
−0.907 *




	
W

	
−0.193

	
0.434

	
0.529

	
0.872 *

	
0.683 *

	
0.753

	
−0.788 *

	
−0.371

	
−0.273

	
-

	
-

	
-




	
40–60 cm




	
T

	
−0.251

	
−0.123

	
0.0526

	
0.226

	
0.133

	
0.0857

	
−0.228

	
−0.276

	
0.0134

	
−0.102

	
−0.252

	
−0.105




	
P

	
−0.154

	
−0.559 *

	
−0.735 *

	
−0.604 *

	
−0.732 *

	
−0.614 *

	
0.446

	
0.466

	
0.245

	
0.809 *

	
−0.615 *

	
0.888 *




	
W

	
0.690 *

	
0.676 *

	
0.606 *

	
0.666 *

	
0.650 *

	
0.420

	
−0.305

	
−0.524

	
0.0699

	
-

	
-

	
-




	
60–80 cm




	
T

	
0.0114

	
0.193

	
0.327

	
0.0815

	
0.176

	
0.203

	
−0.0795

	
−0.146

	
−0.0960

	
−0.151

	
−0.0769

	
−0.0315




	
P

	
0.121

	
−0.112

	
−0.646 *

	
−0.748 *

	
−0.630 *

	
−0.724 *

	
0.699 *

	
0.631 *

	
0.589 *

	
−0.809 *

	
−0.608 *

	
−0.732 *




	
W

	
−0.217

	
−0.0105

	
0.764 *

	
0.940 *

	
0.778 *

	
0.708 *

	
−0.746 *

	
−0.760 *

	
−0.557

	
-

	
-

	
-




	
80–100 cm




	
T

	
0.201

	
−0.189

	
−0.245

	
0.0836

	
−0.0175

	
−0.125

	
0.0279

	
0.0464

	
0.176

	
−0.137

	
0.0001

	
0.0839




	
P

	
−0.0413

	
0.0960

	
0.0568

	
−0.732 *

	
−0.713 *

	
−0.580 *

	
0.767 *

	
0.752 *

	
0.491 *

	
−0.676 *

	
−0.692 *

	
−0.790 *




	
W

	
−0.287

	
−0.182

	
−0.487

	
0.413

	
0.678 *

	
0.594 *

	
−0.417

	
−0.748 *

	
−0.538

	
-

	
-

	
-








* indicates Spearman coefficient significant differences at p < 0.05 (n = 18). T—mean temperature, °C; P—mean precipitation, mm; W—soil moisture, %.
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