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Abstract

:

This study aimed to investigate the soil organic carbon (SOC) sequestration rate and soil organic matter (SOM) composition in conventional rotational cropping with mineral fertilization compared with organic cover cropping with and without composted manure addition during 2008–2018 to specify the SOM stabilization under different farming systems. The SOC proportion in particulate organic matter (POM) (63–2000 µm) and mineral-associated organic matter (MAOM) (<63 µm) fractions were estimated in different treatments, and the SOM composition in the fractions was characterized by FTIR spectroscopy. The SOC sequestration rate was treatment-dependent, with the higher SOC sequestration rate (1.26 Mg ha−1 y−1) in the organic treatment with cover crop and composted manure. Across all treatments, 57.3%–77.8% of the SOC stock was in the MAOM fraction. Mineral N fertilization increased POM-C concentration by 19%–52% compared with the unfertilized control. Under the organic treatments, the POM-C concentration was 83%–95% higher than the control. The MAOM-C concentration increased by 8%–20%. The mineral N fertilization and organic treatments (with and without cover crops and composted manure) increased the SOC stock proportion of POM. The highest proportion of SOC stock related to POM was in the cover cropping system, reducing the proportion of C related to the MAOM fraction, but the addition of composted manure with cover cropping also increased the proportion of C in MAOM. Compared with MAOM, the POM had a less resistant organic matter composition, and the POM resistance was higher in organic than conventional treatments. In general, the recalcitrance of SOM increased with SOC concentration. The POM fraction had higher aromaticity (or degree of decomposition) than the MAOM fraction. The aromaticity in POM and MAOM fractions was higher in the organic farming system and depended on mineral N fertilization and cover cropping, but the effect of manure was not significant. Although the SOC sequestration rate was higher under manure addition, resulting in the highest formation of both POM and MAOM in the soil, manure addition had little effect on overall SOM composition compared with cover crops.
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1. Introduction


Soil is the largest soil organic carbon (SOC) reservoir in terrestrial ecosystems [1]. Most agricultural soils have lost 30%–40% SOC relative to the native ecosystems from which they were derived [2,3], suggesting that cropland soils represent a huge potential global carbon (C) sink [4]. The accumulation or degradation of soil organic matter (SOM) depends on cultivation technique, crop rotation, fertilization, and environmental conditions [5], as these factors affect the C reserve balance. Thus, management techniques that slow SOM decomposition or increase the amount of organic matter entering the soil are preferred.



To slow down SOM degradation and reduce C loss in soil, it has been recommended to reduce soil physical disturbance using conservation or no-till agriculture [6,7]; however, the positive effect of this technique on C uptake has been found to be less than previously estimated [8]. Thus, the main management to increase SOC stock should be to increase C inputs into the soil [4], such as through organic manure or compost amendments and the cultivation of cover crops [3]. Tautges et al. [9] reported that SOC stock increased from 0.3 to 4.0 Mg ha−1 y−1 in manured systems, and winter cover crops increased SOC stock by 1.44 Mg ha−1 y−1. A global meta-analysis reported that cover crops increase SOC stocks by 0.32 Mg ha−1 y−1 in the upper 22 cm of soil [4]. These practices are particularly important in organic farming systems where manure and cover crops help maintain soil fertility and crop productivity and enrich the soil with nitrogen (N) [10], in addition to reducing N losses via leaching [11]. Crop rotation is important in farming systems to enhance soil physical, chemical, and biological properties [12] and is unavoidable in organic farming systems to prevent the accumulation of pests and diseases [13]. Crop rotations, especially those that include cover crops, sustain soil quality and productivity by enhancing soil C and N cycling and microbial biomass [14], making them a cornerstone for sustainable agroecosystems [15].



In addition to the amount of organic matter bound to the soil, the chemical composition of the SOM also depends on management techniques [16], which can be used to control the functioning of the SOM, either as a SOC sink by sequestering C in soil or as a source of CO2 emitted into the atmosphere [5]. In order to increase the SOC sequestration efficiency and SOC reserve, it is necessary to improve understanding of SOM formation, resistance to degradation, and functioning [17]. The SOC of the whole soil is not an ideal indicator to detect changes in SOC sequestration under different management practices [6] because SOC is heterogeneous, dynamic, and consists of a myriad of different fractions that vary in their physical and chemical properties, stabilities, and turnover rates [18,19]. It is therefore insufficient to simply study a single soil sample as a uniform entity [17] and necessary to instead divide the SOM into separate fractions [17,20], the varied properties of which affect the residence time and recalcitrance in the soil, allowing the assessment of SOM stability [21]. The simplest and most common method for this is to divide SOM into (i) organic matter associated with the sand fraction (soil particles larger than 53 or 63 µm based on the USDA or FAO system, respectively; POM), and (ii) mineral-associated organic matter (MAOM) associated with clay and silt particles (diameters of 2000–2053 or 63 µm) [20]. There is no consistent indication that the formation of MAOM occurred from the decomposition of POM, suggesting that POM and MAOM are formed by two separate pathways [22]. The POM fraction is a mixture of compounds caused by a regenerating plant residue and partial microbial decomposition containing many structural C compounds and low nitrogen (N) concentration [6]. C components in POM are characterized by short turnovers [23], and the persistence in the soil is related to physical protection in stable aggregates [21] or inherent organic matter biochemical recalcitrance [20].



The MAOM fraction mainly consists of microbially transformed C compounds and has a high N concentration [24]. Persistence in the soil is related to the formation of physically or chemically realized organo-mineral associations [20,25], and its location in soil microaggregates is less accessible to microbes [26]. Moreover, the MAOM fraction is considered to be more persistent in soil than POM, and the stable MAOM fraction serves as a long-term nutrient storage reservoir with a relatively slow turnover rate [14]. However, the POM fraction is considered to be more labile [27] and is important for soil fertility providing nutrients to plants, and POM enhance the soil biodiversity being as a source of nutrients and energy to the decomposer community [28,29].



In agricultural systems, it is therefore desirable to increase stocks of both labile and stable fractions of SOM [29]. Through the ratio of MAOM and POM fractions, it is possible to evaluate the effect of different factors on C stabilization in soil. As these fractions are very different in natural environments [17,22], their sensitivity and responsiveness to management techniques may differ. POM has been shown to be a sensitive indicator of the change in soil C under different management practices [30,31]. Bu et al. [31] found that N mineralization and microbial biomass were higher in soil containing a greater proportion of POM.



However, there are conflicting results on how mineral N fertilization alone influences SOM fractional composition. It has been found that N fertilization had no effect on POM proportion in soil [32], a POM-increasing effect [33,34], or a negative effect on POM fraction [34]. Long-term manure addition and manure addition in combination with inorganic N fertilization increased the contributions of different fractions [32]. In finely textured Mollisols, the cropping systems had minimal effects on the proportions of SOC in POM versus MAOM [35].



The distribution of SOC fractions in cropping systems with winter cover crops have been previously studied [36,37,38]; however, there has been little research examining SOC fractions in cover crop with or without manure addition compared to mineral fertilization. The aim of this study was to (i) investigate the effect of different farming systems (organic vs. conventional systems) on the SOC sequestration rate, (ii) study the fractional composition of soil organic matter in a long-term crop rotation experiment, (iii) characterize SOC and total N (Ntot) in POM and MAOM fractions, and (iv) describe the chemical composition of POM and MAOM fractions through functional groups using FTIR spectroscopy. We hypothesized that as the SOM formation processes vary between conventional and organic farming systems and the POM and MAOM fractions are fundamentally different in terms of their properties, then the SOM composition and stability depend on farming systems and farming systems affect POM and MAOM composition differently.




2. Materials and Methods


2.1. Site Description


This investigation was conducted in a long-term field crop rotation experiment comparing conventional and organic farming systems [39,40]. The experiment was established in 2008 at the Estonian University of Life Sciences (58°21′52.4″ N 26°39′57.3″ E). The soil type of the experimental site was Stagnic Luvisols [41]. In 2008, the soil of the experiment contained an average SOC content of 13.8 g kg−1, and Ntot of 1.3 g kg−1 and pHKCl was 6.0. The texture of the soil was sandy loam (56.5% sand, 34% silt, and 9.5% clay) in the epipedon with a humus layer of 20–30 cm [42].




2.2. Experimental Design


The experiment was set up in four replications in a systematic block design. The size of the plots was 40 m2 for the conventional and 60 m2 for the organic farming system. The data in the present study concerned the period 2008–2018. The sequence of the crop in rotation were: barley (Hordeum vulgare L.) with undersown red clover, red clover (Trifolium pratense L.), winter wheat (Triticum aestivum L.), pea (Pisum sativum L.), and potato (Solanum tuberosum L.). The description of treatments in the organic and conventional farming systems is presented in Table 1. There were four fertilizer treatments in conventional farming systems: C-control (with no additional mineral fertilizers used), C-fertN1, C-fertN2, and C-fertN3, in which mineral fertilizers were applied with different N rates used depending on the crop. NPK fertilizers were added during sowing/planting at the rate of 20:25:95 kg ha−1. One and/or two subsequent mineral N supplements were added during growth. Winter wheat and potato received mineral fertilizers at the same rates in all conventional systems (50 (C-fertN1), 100 (C-fertN2), and 150 (C-fertN3) kg N ha−1 y−1). Barley undersown with red clover received mineral N fertilizers as 40 (C-fertN1), 80 (C-fertN2), or 120 (C-fertN3) kg N ha−1 y−1. Red clover alone did not receive any mineral fertilizers. For pea as a leguminous crop, the N rate was the same in systems C-fertN1−N3 (20 kg N ha−1 y−1). Synthetic plant protection products or pesticides were used in conventional cultivation systems. Depending on the crop and its situation, weeds, plant diseases, and pests were controlled 1–5 times during the growing season. In the autumn, pea, potato, and winter wheat plots were treated with glyphosate for weed control after harvesting.



The organic farming system had three treatments: O-control (organic control), O-CC (crop rotation with winter cover crops), and O-CC-M (crop rotation with winter cover crops and addition of composted cattle manure). The following cover crops were grown: ryegrass (since 2014, ryegrass was replaced with winter oil turnip) followed winter wheat, winter oilseed rape (since 2014 mixture of winter rye and winter oil turnip) followed peas and winter rye followed potato. Cover crops were plowed into the soil in spring as green manure. Composted cattle manure applied in the O-CC-M treatment during 2008–2012 was added to the soil in the autumn (in 2009) or in the spring (2010–2012) at a rate of 40 Mg ha−1 in the crop rotation before potato. During the period 2012–2018, the composted cattle manure was applied in spring before potato at a rate of 20 Mg ha−1, before barley, and for winter wheat at a rate of 10 Mg ha−1. The O-control system, which follows crop rotation and where synthetic plant protection products or pesticides were not used, was established in 2011. In this system, the original adjacent O-CC and O-CC-M were split, and the O-control and O-CC variants were established from the original O-CC (Figure S1 in Supplementary Material). Thus, cover crops were also grown in the O-control treatment until 2011. A third of the plot area of O-CC, established in 2011, contained the after-effect from the manure provided in the period 2008–2011; therefore, the effect of cover crop on SOC concentration may be slightly overestimated.




2.3. Estimating Annual C Inputs from the Main Crops


For estimation of annual C inputs from main crops during 2008–2018, we used the C allometric equations described by Bolinder et al. [43]. The yields of aboveground agricultural products (grain, tuber, and aboveground biomass for clover) and the relative plant C allocation coefficients for barley, red clover, winter wheat, and potato based on Bolinder et al. [43,44] (Table 2) were used to calculate the below-ground and aboveground biomass left on the field. A method for calculating the C allocation coefficients for pea is described by Kauer et al. [40].



It was assumed that the C concentration in all plant parts was 0.45 g g−1. We considered that only agricultural product C was removed from the field (grain and tuber). Clover biomass was left on the plots and plowed before sowing winter wheat.




2.4. Estimating Annual C Inputs from Cover Crops and Solid Manure


The biomass of cover crops was not measured during 2008–2012. The methodology for calculating the C input from the cover crop for this period was described in detail by Kauer et al. [40]. The aboveground biomass of cover crops in 2013–2018 was determined in spring. The ratio between aboveground biomass and roots of cover crops was taken to be 1.6 [45]. The C input from the cover crop was calculated using this ratio, taking into account additional root rhizodeposition (root biomass × 0.65 [43]).



The C input from composted manure was calculated based on the fact that 40 Mg ha−1 (8 Mg ha−1 y−1) of manure was applied during the crop rotation. For the period 2008–2012, we used C input from composted manure reported in Kauer et al. [40], with a value of 495 kg C ha−1 y−1. As the management of the O-CC system was changed in 2011, we considered the annual C input of O-CC also to include a third of the C input from manure (495/3 = 165 kg C ha−1 y−1). Information on the manure dry matter and C concentrations used in the period 2012–2018 is presented in Table S1.




2.5. Soil Sampling and Laboratory Analysis


In the spring of 2008 and 2018, the soil samples were collected from all test plots at a depth of 0–25 cm. Prior to laboratory analysis, air-dried soil samples were sieved through a 2 mm sieve. Samples from 2018 were separated into particulate organic matter (POM) and mineral-associated organic matter (MAOM) using the size-fractionation procedure [21]. Briefly, 10 g of air-dry soil samples were dispersed in 0.5% sodium hexametaphosphate for 18 h on a reciprocal shaker. Each sample was then washed with distilled water through a 63 µm sieve. The fraction retained on the sieve was considered the POM fraction, and the finer fraction that passed through the sieve was considered the MAOM fraction. The POM and MAOM samples were dried at 60 °C for 24 h and ground with a ball mill. The bulk soil samples and fractions were analyzed for total SOC and Ntot concentrations by dry combustion on a VarioMAX CNS elemental analyzer (ELEMENTAR, Elementar Analysensysteme GmbH, Langenselbold, Germany). For discussion of the results of fractionated samples, the SOC and N concentrations of the whole bulk soil sample (bulk-C and bulk-N) were calculated by the addition of the fraction’s C (POM-C and MAOM-C) and N (POM-N and MAOM-N) concentrations. The recovery of C and N in fractions is presented in Table S2.



The SOC stocks (Mg ha−1) were calculated to 25 cm depth as follows:


SOC stock = SOC × D × BD



(1)




where SOC is soil organic carbon concentration (%), BD is soil bulk density (g cm−3) and D is the depth of the sampled soil layer (cm).



The pedotransfer function [46] was used for BD estimation:


BD = 1/(0.03476 × SOM + 0.6098)



(2)




where SOM is the concentration of soil organic matter (%), with the assumption that SOM consists of 58% SOC [47].



The SOC sequestration rate during 2008–2018 was calculated as the difference between SOC stocks in 2008 and 2018, divided by 10 years. The SOC sequestration for the period 2008–2013 and 2013–2018 also was estimated.




2.6. FTIR Spectroscopy


FTIR analyses were performed on samples (bulk, POM, and MAOM) from the following systems: C-control, C-fertN3, O-control, O-CC, and O-CC-M. The FTIR spectra of soil samples were obtained for a wavenumber range of 4000 to 400 cm−1 in a Thermo-Nicolet iS10 controlled by OMNIC software (Thermo Fisher Scientific, Waltham, MA, USA). To obtain the FTIR spectra, 32 scans were collected at 4 cm−1 resolution. Spectra replicates were corrected against the spectrum for ambient air as background. The baseline of the recorded spectra was automatically corrected and smoothed. The corrected peak heights were measured to estimate the intensity of infrared absorption. At eight wavelengths, the peak heights were measured, and the parameters for each peak were as follows: base 1/ peak/ base 2 (all in cm−1) 1157/1004/819, 1481/1409/1336, 1810/1635/1477, 2867/2856/2827, 2958/2925/2888, and 3527/3401/3164. Each portion of the test sample was loaded into the instrument for measurements once. The final result of the measurement was taken as the arithmetic mean of three parallel determinations performed under repeatability conditions [48]. The intense peak at 1004 cm−1 is related to the C–O bonds in polysaccharides and inorganic Si–O–Si vibration [49,50]. The peaks at 2856 and 2925 cm−1 were considered together and represent the symmetric and asymmetric aliphatic C–H functional groups [51,52,53]. The band at 1409 cm−1 was assigned to aliphatic C–H bending, which describes the presence of phenolic lignin in organic matter [54,55] but can also describe C = O vibrations of carboxylate ions, C = C aromatics, and C–N amides [56]. Absorption at 1635 cm−1 is due to C = C aromatic vibration and C = O vibrations of carboxylates (or amide) [50,57]. Absorption at 3401 cm−1 is due to O–H vibrations of alcohols, carboxyl functions, phenol, and N–H vibrations from amides and amines [50,58,59]. In order to determine relative changes of the existing bands or peaks and for comparison of the spectra, the relative absorbance (rA%) of each selected peak was calculated by dividing the corrected peak height of a distinct peak by the sum of the heights of all peaks studied and multiplying it by 100 [49].



The ratio of aromatic to aliphatic compound has been used to describe SOM aromaticity [60,61,62]. The aromaticity (Ar) was calculated as the intensity at 1635 cm−1 divided by the sum of intensities at 2925 + 2856 and 1409 cm−1 [62]. The recalcitrance (Recalc) of SOM was estimated using the ratio of C– to O– functional groups (sum of intensities at 2925 + 2856, 1635, and 1409 cm−1 divided by sum of intensities at 3401 and 1004 cm−1) [61].




2.7. Meteorological Data


Meteorological data were recorded at the field site with a Metos Compact (Pessl Instruments GmgH, Weiz, Austria) electronic weather station that automatically calculates average daily temperature and precipitation. In this study, monthly average values for temperature and precipitation were calculated from daily averages for the period 2008–2018. The annual average temperature was 6.2 °C, and precipitation was 544 mm (Table S3).




2.8. Statistical Analysis


Tukey HSD post-hoc tests for homogenous groups were used to test significant differences between treatments and experimental years. Factorial analysis of variance (ANOVA) and one-way ANOVA were applied to test the effect of treatments and fractionation on the different indicators. Linear relationships between SOC stock and year were estimated. The level of statistical significance was set at p < 0.05. These analyses were performed in STATISTICA version 13.4 (Quest Software Inc, Aliso Viejo, CA, USA). Spearman correlation plots and principal component analysis (PCA) were performed in R [63] software version 4.0.3 using RStudio software version 1.4.1103. Packages “corrplot” [64], “factoextra” [65], “FactoMineR” [66], and “ggplot2” [67] were used.





3. Results and Discussion


3.1. SOC Stock Change during 2008−2018


After the two crop rotations, the SOC concentrations increased only in the organic treatments where winter cover crops had been grown, and manure had been added (Table 3).



The higher SOC concentration in O-control in 2018 compared with the conventional system C-control was because the SOC concentration of this treatment was higher (12.8 vs. 14.7 g kg−1) at the beginning of the experiment because of the heterogeneity of the test area. It should also be noted that the O-control and O-CC treatments were slightly modified during the trial period. In the O-control, cover crops were also grown until 2011, which resulted in an increase in SOC concentration of 9.5% (up to 16.1 g kg−1), but upon discontinuation of cover crops, the SOC concentration decreased to the level at the beginning of the experiment after the second crop rotation in 2018 (14.7 g kg−1). During the second crop rotation, the SOC concentration also decreased in the O-CC system, which until 2011 also received manure across a third of the area, the input of which averaged 0.16 Mg C ha−1 y−1 (Table 4). The changes in the above-mentioned systems make it possible to estimate the duration of the after-effects of cover crops and manure in the soil, and these calculations suggest that the after-effects of cover crops and manure decreased significantly over the five-year period.



After two crop rotations, the Ntot concentration in the soil decreased in all treatments, during which the soil C/N ratio correspondingly increased. Soils with wider C/N ratios are associated with increased accumulation of non-degraded plant material [68]. The SOC stock in the conventional farming systems did not change during the study period (Table 3).



As SOC concentrations varied considerably from year to year (Figure S2), the linear relationships between SOC stock and years showed that SOC stock tended to increase under fertilization with low and medium levels of mineral N fertilizers (systems C-fertN1 and C-fertN2) or growing cover crops in rotation and adding composted manure (Table 5).



Under fertilization with higher N rates (system C-fertN3), the SOC stock did not change during the study period (Table 3 and Table 5), indicating that compared with the C-fertN1 and C-fertN2 treatments, mineral N fertilization increased the mineralization of SOM as annual C input into soil did not depend on N rates (Table 4). Thus, the higher the N rates, the lower the SOC sequestration rate (Table 3), confirmed by several studies that have shown that inorganic N fertilizer promotes N mineralization and depletes SOM stocks [69,70,71]. However, contradictory results have been found on how mineral N fertilization affects SOM decomposition [14].



The amount of C input in the cover cropping system (O-CC) was similar to the C input formed in conventional systems using mineral N fertilizers (3.78 vs. 3.76–3.84 Mg ha−1 y−1, respectively) (Table 4), but the SOC sequestration rate in O-CC was higher because there was no effect of mineral N fertilizer on the decomposition of SOM. However, the higher microbial activity found by Kuht et al. [72] and Eremeev et al. [73] and higher microbial diversity found by Esmaeilzadeh-Salestani et al. [74] in the organic systems at the same study site presented here had a positive effect on the SOC sequestration rate. Cover cropping also promotes increased microbial activity [75]. Microbes with higher activity in organic systems secrete extracellular polymetric substances that promote the formation of stable aggregates, resulting in slower cycling of organic matter [14,76]. During 2008–2018, an average of 0.50 Mg C ha−1 y−1 was applied to the soil with composted manure, which is less than the amount applied to the soil by cover crops (0.74 Mg C ha−1 y−1). However, the application of manure in cover cropping systems significantly increased the SOC sequestration (in the O-CC system, the SOC stock per 1 kg C input increased marginally, but in the O-CC-M system, the SOC stock increased by 0.30 Mg ha−1 y−1 per 1 Mg C input with a SOC retention efficiency of 30%). Thus, the properties of C input play an important role in controlling the SOC sequestration rate. In our earlier long-term research, we estimated that C retention from organic amendments was 22% [77]. Composted manure has undergone some degradation, resulting in the degradation of readily degradable compounds, whereas cover crops provide readily degradable (labile) organic matter [78], and thus, its SOC sequestration rate was lower compared with that under manure addition.



The SOC stock in the C-control system was constant over time; however, by manipulating the systems with amounts of mineral N, the variability of the SOC sequestration rate increased depending on the treatments and period (2008–2013 vs. 2013–2018) (Table 3). The SOC sequestration rate in treatments of C-fertN1 and C-fertN2 decreased during the first crop rotation but increased during the second crop rotation, whereas the trend was opposite in C-fertN3 and in the organic farming systems. Thus, the SOC sequestration rate decreases over time as the soil begins to approach an equilibrium point where the amount of degraded SOM and the amount of C entering the soil are in equilibrium. Han et al. [79] reported that globally at least 2.0 Mg ha−1 y−1 C input is needed to maintain the SOC. In our study, the C input was higher than this value, but the SOC stock did not increase. Studies in Europe and the USA have shown that SOC concentration increases when the annual C input is in the range of 5.4–8.9 Mg C ha−1 [80,81,82]. The low SOC sequestration rate in our experiment was due to the light soil texture, as SOC sequestration rates in light-textured soils may be low [77]. In general, it is found that the C retention coefficient in agricultural soils depends on their clay content as clay is positively related to SOC concentration [83], indicating that clayey soils have more potential to sequester C [26,84].




3.2. Fractional Composition of SOM


Of all studied soil fractions, the proportion of POM related to the sand fraction was the lowest, and the highest proportion of the MAOM fraction was the unfertilized C-control (Table 6), which had the smallest bulk SOC stock (Table 3). Mineral N fertilization increased the amount of C input to soil compared with the unfertilized C-control system (Table 4), and this was reflected in the ratio of fractions by increasing the POM and decreasing the proportion of the MAOM fraction. Cover cropping increased POM and reduced the proportion of MAOM, but manure addition eliminated the effect of cover crops, and the POM/MAOM distribution was similar in the O-control treatment (Figure 1).



Although the proportion of POM associated with the sand fraction was higher in the bulk soil (58.0%–68.6%), most of the SOC stock was located in the MAOM fraction (57.3%–77.8%) (Figure 1) because the MAOM-C concentration was higher than the POM-C concentration (Table 6).



This result was consistent with other studies [85,86], which reported that over 88% of SOC existed in the silt and clay fraction. Based on Guo et al. [87], in a Vertisol, 74%–92% of SOC was associated with MAOM. The relatively low proportion of C related to MAOM in our experiment is related to the lighter texture of the soil in this experiment, which contained 60% sand and 8% clay. Flessa et al. [86] found that 69% of the soil with sandy loam texture SOC was related to MAOM.



The mineral N fertilization increased POM-C concentration by 19%–52%. In organic farming systems, the POM-C concentration was 83%–95% higher compared with the C-control treatment (Table 6). The MAOM-C concentration increased 8%–20%. The POM-C stock was higher in organic systems and highest in the O-CC treatment (Figure 1A). The addition of manure showed no additional effect on POM-C stock but significantly increased in the MAOM-C stock, which was consistent with the results of previous studies [88,89,90], indicating that properties of C input influence the C stabilization into the soil as plant residues and manure were different in composition, containing different amounts of different C compounds [91,92]. The distribution of N stocks followed the same trend as for C (Figure 1B) because C and N are positively related (Figure 2). The C/N ratio of POM and MAOM was slightly narrower in the organic farming treatments compared with the conventional farming treatments (Table 6), indicating that the quality of SOM fractions described by the C/N ratio is dependent on farming systems [36].



The MAOM-C stock varied between 30.0 and 35.6 Mg ha−1 (Figure 1A). The variability of the MAOM-C stock was dependent on treatment and was smaller than the POM-C stock (10.1–22.9 Mg ha−1), indicating the possibility that the MAOM fraction approached SOM saturation [6,20]. Saturation is also indicated by a strong negative relationship between bulk soil C stock and the proportion of the MAOM fraction (Figure 2), which has also been reported by Cotrufo et al. [20]. Depending on the soil type, texture, and soil moisture regime, each soil has a certain C storage capacity and is related to the content of clay and silt particles in the soil [26]. The organic matter is stabilized in MAOM, but the stabilization efficiency decreases when clay and silt particles have insufficient free surfaces to bind organic matter [93]. When clay and silt particles are saturated with organic matter, the organic matter not bound to soil minerals remains in the labile POM fraction [6], and the proportion of POM increases [94]. At the same time, the POM-N and POM-C concentrations increased (Table 6), and there was a negative correlation between the POM proportion and the POM-C/N ratio (Figure 2).



This was due to increased C and N mineralization in POM, as N mineralization in POM may be partially balanced through N immobilization [93]. The POM mineralization is also promoted by higher N input via fertilization and through plant residues in the soil, calculated in this experiment based on Alaru et al. [39]. Increased mineralization can explain why the general SOC sequestration rate decreased with the N rate in conventional farming systems (Table 3). Compared with MAOM, the POM has a higher C/N ratio, which is closer to that of the plant residues from which organic matter is [93,95]. Narrowing the POM-C/N ratio during POM accumulation creates better conditions for SOM decomposition by promoting the release of nutrients from SOM, and thus the labile POM fraction plays an important role in plant nutrient supply [29,93]. The narrower C/N ratios in MAOM indicate an increasing degree of humification of organic [49]. The proportion of microbially derived organic matter with its characteristically low C/N ratio increases after the depolymerization of plant-derived organic macromolecules [76]. At the same time, enrichment with N-rich metabolites occurs in MAOM [49,76], and microbial residues bind to the surface of soil minerals, making them less available [96,97]. As MAOM is mostly of microbial origin [20], the MAOM-C/N variability is lower than that of POM (Table 5). POM consists of partially decomposed plant material, and in this experiment, the plant material differs in its C/N ratio depending on the plant species and fertilization.



The fractional composition of the O-control soil differed from that of the C-control, although the only difference between these systems was the use of the plant protection products, which were a part of the C-control system. The differences in fractional compositions were not due to the different bulk SOC concentrations, as the SOC did not change over time in these systems. The use of plant protection products may affect (inhibit) the activity and diversity of microbes [98,99]. Higher microbial activity in the O-control treatment promoted the formation of stable aggregates (especially in POM fraction), and organic matter was protected against degradation [14,100]. These conditions promoted the accumulation of SOM in the O-control and other organic farming systems compared to other systems.




3.3. FTIR Spectroscopy


The studied absorbances at the selected wavelengths occurred both in bulk soil and in the MAOM and POM fractions (Figure 3).



All intensities were higher in MAOM (Table S4). The sharp peak at 1004 cm−1 related to the C–O bonds in polysaccharides and the inorganic Si–O–Si vibration was significantly weaker in POM and bulk soil than in MAOM, indicating that clay could have higher absorption capacity toward polysaccharides relative to the coarser size [101].



The relative absorbances of the functional groups were dependent on fraction, treatment, and their interaction (Table 7).



The bulk-C and bulk-N concentrations were positively related to relative absorbances at 1409, 1636, and 3401 cm−1 in bulk soil (Figure 4A; bulk soil).



Absorption at 1409 cm−1 may be related to either aliphatic C−H or C=O vibrations of carboxylate ions, C=C aromatic, and C−N amide bonds [55,56]. Absorbances caused by lignin and protein have been found in the 1635 cm−1 region [31,58,59] and describe a relatively recalcitrant form of organic C [58,59,102]. Proteins are of microbial origin [103], and lignin normally originates from decomposing plant residues, and thus the region at 1635 cm−1 describes the uptake relating to a combination of both. Aromatic and aliphatic compounds are referred to as recalcitrant groups in soil [104,105]. The absorbances near 3401 cm−1 are associated with more readily degradable organic matter in the soil [58]. The relationship between SOC concentration and the relative absorption due to polysaccharides at 1004 cm−1 was negative because during the SOM formation under a SOC concentration increase, the absorption by other functional groups increases but the share of polysaccharide absorption decreases (Table 8).



The relative absorbances relating to the different functional groups were positively related to each other (except for 1004 cm−1) because, during the formation of SOM, material containing functional groups from different C compounds accumulates in the soil. The SOC and N concentrations in the fractions were also related to relative absorbances (Figure 4; POM and MAOM) and followed the same trend as in bulk soil. Weaker relationships between MAOM-C and MAOM-N concentrations and MAOM functional groups indicate saturation of MAOM with organic matter.



The negative relationship between the bulk-C concentration and relative absorbance at 2925 + 2856 cm−1 is an unexpected result, as it has previously been found that aliphatic compounds typically increase with SOC concentration [103]. In particular, the addition of manure should increase the content of aliphatic compounds, especially under fertilization with mineral N fertilizer [106]. It is not clear why in our study this relationship in bulk soil samples is reversed as aliphatic compounds are present in the unfertilized treatment but missing in the manure-addition treatment (Table 8).



The PCA showed no correlations between POM and MAOM indices (Figure S3), indicating that POM and MAOM differ in their composition (Figure 5). The C and N concentrations of fractions, rA1409, rA1635, rA3401, and Recalc contributed positively, and the rA1004 and C/N ratio negatively to PCA1. Ar was positively contributed to PCA2. The MAOM fraction was characterized by high C and N concentrations, relative absorbances at 1409, 1635, 3401 cm−1, and Recalc, whereas the POM was less tightly clustered but characterized by high rA1004 and Ar and a wider C/N ratio.



Previous studies have shown that compared with MAOM, the microbially less processed POM should contain more polysaccharides (oxygen-rich functional groups) [75,107], more aliphatic [89], and less aromatic C [60,61,87,108,109]. In our study, in addition to aromatic C, the POM also contained less aliphatic C–H and phenolic O–H compounds (Table 8). The POM is largely related to carbohydrates (i.e., polysaccharides) compared with MAOM because POM contains much fresh plant residues that contain polysaccharides [110]. POM with partly degraded plant residues also incorporate considerable amounts of lignified material, and lignin is only slightly degraded by microbes [6,111]. It has been reported that lignin products accumulate in the coarse POM fraction but are nearly absent in the fine-sized MAOM fraction [94,112]. The higher lignin content also causes POM to be more aromatic than MAOM (Table 8) as lignified material contains aromatic compounds, and the proportion of aliphatic compounds is low in POM compared with that of aromatic compounds. Higher aromaticity in POM indicates the presence of more lignin structures, which could be attributed to the increased input of crop residues [113]. Veum et al. [109] and Margenot et al. [61] used the aromaticity to indicate the degree of SOM decomposition; correspondingly, the POM contained more decomposed SOM (Table 8).



Higher relative absorbance of aromatic C in MAOM (Table 8) indicates more processed C [114], and higher humification is also indicated by a narrower C/N ratio in MAOM (Table 6). The organic matter associated with MAOM is primarily of microbial origin [20] and contains a relatively high proportion of polysaccharides and amino acids (proteins) but a low proportion of lignin products [115]. Thus, the absorbances of functional groups in MAOM are related to the treatment of SOM by the microbes. The greater proportion of aromatic components in MAOM than POM can, in addition to biological processes, be explained by the retention of lignin-containing dissolved organic carbon, which forms stronger surface complexes with minerals than carbohydrates [26]. In our study, the aromaticity was negatively related to aliphatic compounds (Figure 4) and was lower in the MAOM fraction (Table 8). Yeasmin et al. [62] found that aromaticity was higher in MAOM than in POM. The lower aromaticity of MAOM in our study might be because of the accumulation of long-chain aliphatics, such as cutin, suberin, and waxes, in MAOM during the final stage of decomposition [62]. Higher aliphatic C–H intensity in MAOM may be associated with the cross-linking (association) of long-chain aliphatic compounds with minerals during humification [116,117]. It has been found that humin, the most recalcitrant organic soil fraction, is composed mainly of aliphatic hydrocarbons [118]. The aliphatic compounds accumulated more in MAOM under cover cropping compared with other systems, and the organic matter in MAOM was less aromatic (Table 8). Thus, although the C/N ratio of MAOM in organic systems indicated similar humification, the FTIR spectroscopy analysis indicates that more humified organic matter was formed under cover crops regardless of manure addition.



The recalcitrance of SOM, assessed by the ratio between aliphatic and aromatic groups to oxygen-containing functional groups, was lower in POM than in MAOM (Table 8), which is consistent with previous research [17,20,119]. Thus, the more oxygen-containing functional groups, the more reactive the organic matter [120]. The resistance of the SOM to degradation increased with increasing SOC concentration (Figure 4), consistent with Margenot et al. [59]. However, the increase was fraction-dependent and was particularly pronounced in POM as the slope is higher (Figure 6). As the POM-C increased, the content of aliphatic (C–H) and aromatic compounds (C=C) increased more than the content of oxygen-containing compounds, and the recalcitrance of the organic matter increased. More recalcitrant POM was formed in organic systems, although cover cropping and manure addition had no effect. Thus, the recalcitrance of POM did not depend on the amount and properties of C input, and more favorable conditions for microbes in organic farming systems could have a greater effect than the amount of C input because there was no negative effect on microbial activity caused by use of plant protection products. Mao et al. [121] showed that the chemical composition of SOM is primarily determined by the interaction between the organisms responsible for decomposition and the mineral soil matrix and less determined by the nature of the substrate input.



The POM with the lowest resistance to degradation (with the most labile composition) was in C-control. Although the POM of the C-control treatment was the most labile, it did not appear in bulk soils. A total of 77.8% of the SOC stock of C-control was related to MAOM, and the lability of POM was not sufficient to affect the lability of the whole SOM. Fertilization with mineral N fertilizer reduced the lability of POM because it increased the C input into the soil and promoted SOM decomposition. Recalcitrance was higher in MAOM than in POM but was not treatment-dependent.



Although there were some differences between treatments (as discussed above), the PCA biplots of bulk soil and fractions (Figure 7) show that our chosen FTIR parameters were insufficient to allow identification of the effects of specific treatments on the SOM composition. The PCA biplots with the categorical factor “farming systems” (conventional and organic systems) showed some grouping (Figure 7).



In general, the organic matter of bulk soil and POM from organic farming systems are characterized by higher SOC and N concentrations, higher relative absorbances at 1409, 1365, and 3401 cm−1, and higher recalcitrance. The effect of cover crop and manure on SOM composition could not be detected. The SOM of conventional farming systems contains a higher proportion of polysaccharides. The unfertilized treatment C-control) was also characterized by a higher proportion of aliphatic C-H compounds and N-fertilized treatment (C-fertN3) by higher aromaticity and SOM with higher decomposition degree promoted by fertilization.





4. Conclusions


In this study, we investigated the SOC sequestration rate during 2008–2018 and the SOM composition in crop rotation and compared a conventional mineral fertilization system with organic systems comprising cover cropping with and without composted manure addition. After two crop rotations, we can conclude that the SOC sequestration rate was dependent on the treatment and the higher SOC sequestration rate was in the organic treatment with cover crop and composted manure addition. Depending on the treatment, 57.3–77.8% of the SOC stock was in the MAOM fraction. The ratio of POM to MAOM depended on the treatments, and mineral N fertilization and organic farming increased the SOC stock proportion of POM. Although the C input in conventional systems was comparable to the C input in organic farming, less labile POM fraction was formed in the conventional systems than in organic systems because fertilization with mineral N fertilizer promoted the decomposition of SOM. The highest proportion of SOC stock related to labile POM was in the cover cropping system, reducing the proportion of MAOM-C, but the addition of composted manure also increased the proportion of C in MAOM.



The POM and MAOM fractions differed in their composition; the MAOM fraction was characterized by higher SOC and N concentration and recalcitrance, whereas the POM fraction contained more polysaccharides having a wider C/N ratio and higher aromaticity (degree of decomposition). The SOM recalcitrance was higher in organic farming systems compared with conventional farming systems. As composted manure had no effect on SOM recalcitrance, the POM recalcitrance did not depend on the amount and properties of C input in organic systems. In conventional farming systems, mineral N fertilization increased POM recalcitrance and aromaticity (degree of decomposition). The SOM recalcitrance increased with SOC concentration and was related to the presence of aromatic compounds, which increased with C input to the soil. The aromaticity of SOM fractions was lower in the cover cropping system, and there was no detected effect of manure addition. Although the SOC sequestration rate was higher when manure was added to the soil, resulting in the highest formation of both POM and MAOM in the soil, the addition of manure had little effect on SOM composition. Our results confirm that although SOM under cover cropping had a higher proportion of labile POM, POM composition under organic farming was more resistant to degradation compared to conventional farming systems.
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Figure 1. Soil organic carbon (SOC) (A) and nitrogen (N) (B) stocks and proportions depending on treatments. Different lowercase letters above the columns indicate a statistically significant (p < 0.05) difference between treatments within the POM or MAOM fraction. 
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Figure 2. Correlation matrices of bulk soil and fractions POM and MAOM. Blue ellipses indicate a positive correlation and red a negative correlation. The narrower the ellipse and the more intense its color, the stronger the correlation. The direction of the ellipse depends on the color. 
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Figure 3. Sample FTIR spectra of the bulk soil and particulate organic matter (POM) and mineral-associated organic matter (MAOM) fractions of the C-control and O-CC-M treatments. 
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Figure 4. Correlation matrices for (A) bulk soil, (B) POM, and (C) MAOM. Blue ellipses indicate a positive correlation and red a negative correlation. The narrower the ellipse and the more intense its color, the stronger the correlation. The direction of the ellipse depends on the color. 
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Figure 5. Principal component analysis (PCA) biplot of relative absorbances, C/N ratio, C and N concentrations, recalcitrance (Recalc), and aromaticity (Ar) of MAOM and POM fractions. 
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Figure 6. Relationships between soil organic carbon (SOC) and recalcitrance of particulate organic matter (POM) and mineral-associated organic matter (MAOM). 
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Figure 7. Principal component analysis (PCA) biplot of relative absorbances (rA) and other indices (C/N ratio, C and N concentrations, recalcitrance (Recalc), and aromaticity (Ar) of the bulk soil and fractions depending on treatment ((A) bulk soil, (B) POM and (C) MAOM) or farming system ((D) bulk soil, (E) POM, and (F) MAOM. 
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Table 1. The treatments in the organic and conventional farming systems.
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Crop

	
Conventional Systems

	
Organic Systems




	
C-Control

	
C-fertN1

	
C-fertN2

	
C-fertN3

	
O-Control

	
O-CC

	
O-CC-M






	

	
Mineral fertilizers + plant protection 1

	

	
Winter cover crop

	
Winter cover crop + manure 2




	
Winter wheat

	
0 kg N ha−1

0 kg P ha−1

0 kg K ha−1

	
50 kg N ha−1

25 kg P ha−1

95 kg K ha−1

	
100 kg N ha−1

25 kg P ha−1

95 kg K ha−1

	
150 kg N ha−1

25 kg P ha−1

95 kg K ha−1

	

	
Winter oilseed turnip + winter rye

	
10 t ha−1

44–54 kg N ha–1

8–16 kg P ha–1

17–34 kg K ha–1




	
Seed treatment: Baytan Universal 3 l t−1, since 2017 Lamrador 0.2 l t−1

Weed control: Secator OD 150 mL ha−1

Fungicide: Allegro Super 0.5 L ha−1 or Zantara 1.2 L ha−1

	




	
Pea

	
0 kg N ha−1

0 kg P ha−1

0 kg K ha−1

	
20 kg N ha−1

25 kg P ha−1

95 kg K ha−1

	
20 kg N ha−1

25 kg P ha−1

95 kg K ha−1

	
20 kg N ha−1

25 kg P ha−1

95 kg K ha−1

	

	

	




	
Weed control: MCPA 750 1 l ha−1

	

	

	




	
Potato

	
0 kg N ha−1

0 kg P ha−1

0 kg K ha−1

	
50 kg N ha−1

25 kg P ha−1

95 kg K ha−1

	
100 kg N ha−1

25 kg P ha−1

95 kg K ha−1

	
150 kg N ha−1

25 kg P ha−1

95 kg K ha−1

	

	
Winter rye

	
20 t ha−1

88–108 kg N ha–1

16–32 kg P ha–1

34–86 kg K ha–1




	
Weed control: Titus 50 g ha−1

Insecticide: Decis Mega 50 EW 0.15 L ha−1 or

Fastac 50 0.3 L ha−1

Fungicide: Ridomil Gold 2.5 kg ha−1, since 2018 Ranman Top 0.2 L ha−1

	




	
Barley undersown with red clover

	
0 kg N ha−1

0 kg P ha−1

0 kg K ha−1

	
40 kg N ha−1

25 kg P ha−1

95 kg K ha−1

	
80 kg N ha−1

25 kg P ha−1

95 kg K ha−1

	
120 kg N ha−1

25 kg P ha−1

95 kg K ha−1

	

	

	
10 t ha−1

44–54 kg N ha–1

8–16 kg P ha–1

17–43 kg K ha–1




	
Seed treatment: Baytan Universal 1.5 L t−1, since 2017 Bariton Ultra 0.5 L ha−1

Weed control: MCPA 750 1 L ha−1

Fungicide: Allegro Super 0.5 L ha−1

	




	
Red clover

	

	

	
Red clover

	








1 Chemical plant protection was the same in all conventional systems; 2 application rate of manure and N, P, K amounts in manure were presented. As the content of dry matter and nutrients in the composted cattle manure were variable, the N, P, K amounts applied with manure also varied between years. In the first crop rotation period (2008–2012), fully composted cattle manure was added once during the crop cycle, before potato (40 t ha−1), N, P, K applied to the organic system in manure were N 165–179; P 75–90; K 130–145 kg ha–1.
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Table 2. Relative annual plant carbon (C) allocation coefficients for the main crop (taken from Bolinder et al. [43,44]; Kauer et al. [40]).
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Crop

	
Relative Annual Plant C Allocation Coefficients




	
RP 1

	
RS 2

	
RR 3

	
RE 4






	
Barley

	
0.451

	
0.400

	
0.090

	
0.059




	
Wheat

	
0.322

	
0.482

	
0.118

	
0.078




	
Red clover

	
0.571

	
0.000

	
0.260

	
0.169




	
Potato

	
0.739

	
0.236

	
0.015

	
0.010




	
Pea

	
0.233

	
0.577

	
0.115

	
0.075








1 Relative C allocation to agricultural products; 2 relative C allocation to shoots; 3 relative C allocation to roots; 4 relative C allocation to exudate (65% of root biomass); RP + RS + RR + RE = 1.
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Table 3. Soil organic carbon (SOC), total nitrogen (Ntot) concentrations and stocks, C/N ratio, and SOC sequestration rates depending on treatment.
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Parameter

	
Year

	
Treatment 1




	
C-Control

	
C-fertN1

	
C-fertN2

	
C-fertN3

	
O-Control

	
O-CC

	
O-CC-M






	
SOC (g kg−1)

	
2008

	
12.8 a2A3

	
14.2 bA

	
14.4 bA

	
14.3 bA

	

	
14.7 bA

	
12.3 aA




	

	
2013

	
12.9 aA

	
13.8 aA

	
13.6 aA

	
14.6 abA

	
16.1 bcB

	
16.2 bcB

	
16.7 cB




	

	
2018

	
13.0 aA

	
15.0 bcA

	
14.2 abA

	
13.9 abA

	
14.7 bcA

	
15.0 bcAB

	
16.3 cB




	
SOC stock (Mg ha−1)

	
2008

	
46.6 aA

	
51.1 bA

	
51.5 bA

	
51.4 bA

	

	
52.6 bA

	
44.9 aA




	

	
2013

	
47.0 aA

	
49.8 abA

	
49.2 abA

	
52.4 bcA

	
56.9 cdB

	
57.1 cdAB

	
58.6 dB




	

	
2018

	
47.2 aA

	
53.4 bcA

	
50.9 abA

	
50.1 abA

	
52.7bcA

	
53.7 bcB

	
57.5 cB




	
Ntot (g kg−1)

	
2008

	
1.33 aB

	
1.34 abA

	
1.43 cC

	
1.34 abB

	

	
1.46c B

	
1.41 bcB




	

	
2013

	
1.14 aA

	
1.30 bA

	
1.28 abB

	
1.27 abB

	
1.36 bcB

	
1.45 cB

	
1.41 bcB




	

	
2018

	
1.06 abA

	
1.19 abA

	
1.07 abA

	
1.02 aA

	
1.14 abA

	
1.15 abA

	
1.20 bA




	
Ntot stock (Mg ha−1)

	
2008

	
4.83 aC

	
4.83 aC

	
5.13 bC

	
4.83 aC

	

	
5.24 bB

	
5.17 bB




	

	
2013

	
4.15 aB

	
4.68 bB

	
4.63 bcB

	
4.56 abB

	
4.80 bcB

	
5.12 cB

	
4.95 bcB




	

	
2018

	
3.85 aA

	
4.21 aA

	
3.84 aA

	
3.69 aA

	
4.09 aA

	
4.12 aA

	
4.23 aA




	
C/N

	
2008

	
9.7 bA

	
10.6 cA

	
10.0 bcA

	
10.7 cA

	

	
10.0 bcA

	
8.7 aA




	

	
2013

	
11.4 bcB

	
10.7 abA

	
10.6 aA

	
11.5 cB

	
11.9 c

	
11.2 abcB

	
11.8 cB




	

	
2018

	
12.3 aC

	
13.0 abB

	
13.4 bB

	
13.6 bC

	
13.0 ab

	
13.1 abC

	
13.6 bC




	
SOC sequestration rate (Mg ha−1 y−1)

	
2008−2013

	
0.08 abA

	
−0.25 aA

	
−0.47 aA

	
0.20 abC

	

	
0.91 bB

	
2.73 cC




	
2013−2018

	
0.04 abA

	
0.71 bA

	
0.34 abB

	
−0.23 abA

	
−0.84 a

	
−0.70 aA

	
−0.21 abA




	
2008−2018

	
0.06 aA

	
0.23 aA

	
−0.06 aAB

	
−0.13 aAB

	

	
0.11 aAB

	
1.26 bB








1 C-control and O-control were control treatments for conventional and organic farming systems, respectively; in systems C-fertN1, C-fertN2, and C-fertN3, the mineral fertilizers were applied with different N rates used depending on the crop; O-CC, treatment with winter cover crops in the organic system; O-CC-M, treatment with winter cover crops and manure; 2 different lowercase letters in the rows indicate statistically significant (p < 0.05) difference between treatments; 3 different capital letters within columns indicate significant (p < 0.05) difference between years.
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Table 4. Carbon (C) inputs (Mg C ha−1 y−1) during 2008–2018 according to treatment.
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C Input Source

	
Duration

	
Treatment




	
C-Control

	
C-fertN1

	
C-fertN2

	
C-fertN3

	
O-Control

	
O-CC

	
O-CC-M






	
Main crop

	
2008–2012

	
3.19 a 1

	
3.73 a

	
3.41 a

	
3.37 a

	
3.00 a

	
2.98 a

	
2.90 a




	

	
2013–2017

	
2.93 a

	
4.00 abc

	
4.27 c

	
4.15 bc

	
3.00 a

	
3.04 ab

	
3.10 ab




	

	
2008–2017

	
3.06 ab

	
3.87 c

	
3.84 c

	
3.76 bc

	
3.00 a

	
3.01 a

	
3.00 a




	
Cover crop

	
2008–2012

	
0

	
0

	
0

	
0

	
0.45

	
0.56

	
0.56




	

	
2013–2017

	
0

	
0

	
0

	
0

	
0

	
0.80

	
0.90




	

	
2008–2017

	
0

	
0

	
0

	
0

	
0.22

	
0.68

	
0.74




	
Manure

	
2008–2012

	
0

	
0

	
0

	
0

	
0

	
0.16 2

	
0.49




	

	
2013–2017

	
0

	
0

	
0

	
0

	
0

	
0

	
0.50




	

	
2008–2017

	
0

	
0

	
0

	
0

	
0

	
0.82

	
0.50




	
Total (main crop + cover crop + manure)

	
2008–2012

	
3.19 a

	
3.73 a

	
3.41 a

	
3.37 a

	
3.45 a

	
3.58 a

	
3.96 a




	
2013–2017

	
2.93 a

	
4.00 ab

	
4.27 b

	
4.15 b

	
3.00 a

	
3.85 ab

	
4.50 b




	
2008–2017

	
3.06 a

	
3.87 bc

	
3.84 bc

	
3.76 abc

	
3.22 ab

	
3.78 abc

	
4.23 c








1 Different lowercase letters in the rows indicate a statistically significant (p < 0.05) difference between treatments; 2 a third of the plot area received manure at a level of 0.16 Mg C ha−1 y−1.
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Table 5. Regression equations between SOC stock and year (x).






Table 5. Regression equations between SOC stock and year (x).





	Treatment
	Equation
	R
	p





	C-control
	−79.773 + 0.063x
	0.047
	0.490



	C-fertN1
	−879.326 + 0.461x
	0.238
	0.0004



	C-fertN2
	−449.308 + 0.248x
	0.125
	0.065



	C-fertN3
	219.848 − 0.084x
	–0.050
	0.461



	O-control 1
	1205.811 − 0.572x
	–0.256
	0.002



	O-CC
	−193.997 + 0.123x
	0.068
	0.317



	O-CC-M
	−1582.936 + 0.813x
	0.414
	0.0000







1 2012−2018.
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Table 6. Soil particulate organic matter (POM) and mineral-associated organic matter (MAOM) proportions, organic carbon fractions (POM-C and MAOM-C), total nitrogen concentrations (POM-N and MAON-N), and C/N ratios depending on the treatments.






Table 6. Soil particulate organic matter (POM) and mineral-associated organic matter (MAOM) proportions, organic carbon fractions (POM-C and MAOM-C), total nitrogen concentrations (POM-N and MAON-N), and C/N ratios depending on the treatments.





	Treatment
	POM Proportion (%)
	MAOM Proportion (%)
	POM-C

(g kg−1)
	MAOM-C

(g kg−1)
	POM-N

(g kg−1)
	MAOM-N

(g kg−1)
	POM-C/N
	MAOM-C/N





	C-control
	58.0 a 1
	42.0 d
	4.74 a
	22.6 a
	0.38 a
	2.28 a
	12.5 bc
	9.9 ab



	C-fertN1
	62.4 bc
	37.6 bc
	7.22 bc
	24.3 ab
	0.57 b
	2.46 bc
	12.7 bc
	9.9 ab



	C-fertN2
	60.1 ab
	39.9 cd
	5.65 ab
	24.7 bc
	0.44 ab
	2.42 ab
	13.1 c
	10.2 bc



	C-fertN3
	63.5 bc
	36.5 bc
	6.40 ab
	25.4 bcd
	0.54 b
	2.50 bc
	12.0 ab
	10.2 c



	O-control
	63.5 bc
	36.5 bc
	8.66 cd
	25.6 bcd
	0.78 c
	2.62 cd
	11.1 a
	9.8 a



	O-CC
	68.6 d
	31.4 a
	9.23 d
	27.1 cd
	0.83 c
	2.75 d
	11.2 a
	9.8 a



	O-CC-M
	64.4 c
	35.6 b
	9.24 d
	26.6 d
	0.78 c
	2.72 d
	11.8 ab
	9.8 a







1 Different lowercase letters in the columns indicate a statistically significant (p < 0.05) difference between treatments.
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Table 7. ANOVA results for soil organic carbon (SOC), total nitrogen (Ntot), C/N ratio, and relative absorbances (rA) of functional groups at different wavelengths.






Table 7. ANOVA results for soil organic carbon (SOC), total nitrogen (Ntot), C/N ratio, and relative absorbances (rA) of functional groups at different wavelengths.





	

	
F-Statistic for Factor




	

	
Fraction 1

	
Treatments

	
Fraction × Treatment






	
SOC

	
2624.18 ***

	
52.35 ***

	
2.05 *




	
Ntot

	
3845.91 ***

	
70.59 ***

	
2.04 *




	
C/N

	
271.70 ***

	
11.60 ***

	
5.70 **




	
rA1004

	
774.00 ***

	
22.00 ***

	
12.00 ***




	
rA1409

	
380.51 ***

	
22.64 ***

	
9.233 ***




	
rA1635

	
806.56 ***

	
26.72 ***

	
13.34 ***




	
rA2925 + 2856

	
41.78 ***

	
2.057

	
11.718 ***




	
rA3401

	
616.42 ***

	
9.44 ***

	
14.82 ***




	
Ar 2

	
44.44 ***

	
10.71 ***

	
8.260 ***




	
Recalc 3

	
718.89 ***

	
22.85 ***

	
10.87 ***








1 fraction: bulk soil, particulate soil organic matter and mineral-associated organic matter. *, p < 0.05; **, p < 0.01; ***, p < 0.001; 2 aromaticity (Ar = 1635/(2925 + 2856 + 1409)); 3 recalcitrance (Recalc = (2925 + 2856 + 1635 + 1409)/(3401 + 1004)).
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Table 8. Relative absorbances (rA) in the percentage of the sum of all selected peak heights of the FTIR spectra, aromaticity (Ar), and recalcitrance (Recalc) of bulk soil, particulate organic matter (POM), and mineral-associated organic matter (MAOM) of different treatments.






Table 8. Relative absorbances (rA) in the percentage of the sum of all selected peak heights of the FTIR spectra, aromaticity (Ar), and recalcitrance (Recalc) of bulk soil, particulate organic matter (POM), and mineral-associated organic matter (MAOM) of different treatments.





	
Treatment

	
rA1004

	
rA1409

	
rA1635

	
rA2925 + 2856

	
rA3401

	
Ar

	
Recalc






	

	
Bulk soil




	
C-control

	
96.1 c 1

	
0.56 ab

	
2.67 a

	
0.15 b

	
0.54 a

	
3.94 a

	
0.035 a




	
C-fertN3

	
95.8 ab

	
0.50 a

	
2.97 b

	
0.05 a

	
0.58 ab

	
5.59 c

	
0.036 ab




	
O-control

	
95.7 abc

	
0.60 bc

	
2.98 b

	
0.03 a

	
0.68 bc

	
4.83 b

	
0.037 ab




	
O-CC

	
95.6 bc

	
0.60 bc

	
3.15 b

	
0.04 a

	
0.64 c

	
5.21 bc

	
0.039 b




	
O-CC-M

	
95.4 c

	
0.67 c

	
3.18 b

	
0.00 a

	
0.71 c

	
4.89 b

	
0.040 b




	

	
POM




	
C-control

	
98.6 c

	
0.04 a

	
1.07 a

	
0.00 a

	
0.28 a

	
18.06 ab

	
0.011 a




	
C-fertN3

	
97.5 b

	
0.09 a

	
1.91 b

	
0.06 ab

	
0.42 ab

	
25.41 b

	
0.021 b




	
O-control

	
96.7 a

	
0.31 bc

	
2.34 c

	
0.07 b

	
0.61 cd

	
7.10 a

	
0.028 c




	
O-CC

	
96.8 a

	
0.35 c

	
2.15 bc

	
0.04 ab

	
0.65 d

	
7.21 a

	
0.026 c




	
O-CC-M

	
97.1 ab

	
0.23 b

	
2.15 bc

	
0.06 ab

	
0.48 bc

	
10.42 a

	
0.025 bc




	

	
MAOM




	
C-control

	
94.4 a

	
0.53 a

	
3.83 a

	
0.09 a

	
1.15 a

	
6.46 b

	
0.047 a




	
C-fertN3

	
94.3 a

	
0.55 a

	
3.94 a

	
0.11 ab

	
1.13 a

	
6.60 b

	
0.048 a




	
O-control

	
94.5 a

	
0.51 a

	
3.86 a

	
0.08 a

	
1.06 ab

	
7.19 b

	
0.046 a




	
O-CC

	
94.4 a

	
0.58 ab

	
3.83 a

	
0.21 c

	
0.99 a

	
4.92 a

	
0.048 a




	
O-CC-M

	
94.4 a

	
0.65 b

	
3.69 a

	
0.19 bc

	
1.09 ab

	
4.48 a

	
0.047 a








1 Different lowercase letters in the columns indicate a statistically significant (p < 0.05) difference between treatments within bulk soil or fractions.
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