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Abstract:



The cultivation of native forest soils usually triggers a decline in soil organic matter (SOM) and a deterioration of aggregates. Although switching to conservation tillage (CT) can supply SOM, little is known about the temporal resolution of this change. This study aims to quantify changes in soil organic carbon (SOC) content and SOM composition of the same soil under 14 years of CT, plowing tillage (PT), and native forest (NF). Plowing ameliorates the macroaggregate-mediated loss in SOC content, in both the fine fraction and the coarse particles. Decades of CT can significantly increase both the microaggregates and fine particles related to SOC content, whereas in the finest fraction, the volume of recalcitrant SOC increased the most, and reached the original value under NF. Continuous plowing triggered SOM molecular size increases in both aggregates and the fine fraction, whereas switching to CT restored the molecular SOM size of the fine fraction only. Therefore, this fraction can be changed, even in short periods. Water dissolved the largest and middle-sized molecules of SOM, which are mainly from macroaggregates. Even if aggregation did not increase due to turning to CT, the content of the larger molecules of SOM increased in this short time.
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1. Introduction


Soil organic matter (SOM) is a combination of materials, which has been formed as a result of mainly plant remnants’ transformation in soil. This is also a general term, covering a very wide range of materials at various stages of degradation. SOM as a whole—among others—is responsible for the physical, chemical, and biological properties of the soil [1]. Its main component is the stable organic matter, which is often called humus, but it also contains raw plant litter and biologically active components [2]. As these components are mostly in the colloidal size range in the mull type of humus (mor and moder humus contain more large particles), they play a significant role in surface relevant processes such as the aggregation of soil particles, and water and nutrient holding capacity [3]. The degree and resistance of aggregation are of great importance, as they can determine the structure, as well as the water and air availability of the whole soil profile [4].



Current SOM composition and volume are governed by the balance of inputs (mainly plant litter) and outputs (mineralisation to CO2) [5]. In virgin soils under natural vegetation, SOM content can reach its potential maximum, which is limited by the climate and particle size distribution [6,7]. A finer soil texture increases the SOM holding capacity [6,8], which, as Wiesmeier et al. [9] reported, was also positively correlated with mean annual temperature and negatively correlated with the mean annual precipitation, as well as elevation and slope steepness in central Europe. On the other hand, actual SOM content is mainly determined by land use [10,11,12]. Forest clearance leads to a considerable decrease in SOM due to the reduced biological production and input to the soil. In addition, the cultivation of virgin soils indicates higher microbiological activity in the tilled soil layer, which increases SOM mineralisation [13]. Under arable soil conditions, SOM content stabilizes at a low level, which triggers a soil organic carbon (SOC) saturation deficit [14]. During the mineralisation process, SOM does not degrade as a whole, as some fractions are more vulnerable than others. The most recalcitrant fraction is the mineral phase-associated organic matter (MOM), which is presumed to be protected against microbiological degradation in terms of binding to soil particles and the absence of an active surface [9,15]. Contrarily, the most mobile fraction is the particulate organic matter (POM), which contains less degraded plant tissue fragments than the mineral phase [16]. According to the widely accepted theory, during intensive SOM mineralisation, the POM fraction degrades first; however, some studies have also reported results about considerable losses of MOM [8]. Some SOM components are sheltered in aggregates without direct links to the mineral surface, which makes them vulnerable against mineralisation [17]. Consequently, SOC content and SOM composition changes vary within a wide temporal scale measured by the mean residence time of the different pools [18]. SOM turnover times are measured and modelled by many authors, even though the published results are not univocal [19,20]. However, in general, mineralisation is presumed to be much faster than humification [21].



Hassink [8] also declared that under temperate conditions, the SOC saturation of virgin soils was the function of a fine (<20 µm) particle ratio (SOM attached directly to the mineral phase), as saturation was independent of the POM content, according to the Equation (1):
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(1)




where Cpot is the potential C holding capacity of the fine fraction (g kg−1), and Rf is the ratio of fine (<20 µm) particles in the soil. Practically, actual C saturation of a soil does not match with this theoretical value. To quantify the difference, Meyer et al. [22] introduced the term ‘degree of C saturation’, as follows:
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(2)




where Cact is the actual C content of the fine fraction (g kg-1).



The fractionated mineralisation of SOM can trigger changes in SOM composition, even at the molecular scale. Changing SOM quantity and composition leads to changes in physical soil properties such as aggregate stability, porosity, hydraulic conductivity, and resistance against crusting. Therefore, cultivation of virgin soils can cause considerable decrease in soil health and quality [23,24]. On the other hand, conservation tillage (CT) is a possible option to minimise the degrading effects of conventional plowing tillage (PT), and even improve soil quality [25]. Even though CT covers various agro-techniques depending on geographical locations, it is basically based on non-inversion tillage and reduced tillage. Recently, the application of (green) manure and permanent surface coverage, i.e., cover crop, have come into the spotlight [26]. Most studies on CT focus on arid and semiarid regions, as soil moisture protection is crucial there, and hence, little is known about the effect of CT on SOM content and composition under temperate subhumid climate [27]. The velocity of change is also hardly predictable and hence understudied, as it is a function of several environmental conditions, including climate change [28].



This study aimed to quantify the changes in SOC content and SOM composition of the same soil under native forest (NF), PT, and CT. Our hypothesis is that 14 years of CT after PT is enough for the SOC content to increase in all of the soil fractions. Moreover, we presume that this increase causes changes in SOM composition as well. We also hypothesise that SOM composition results gained by photometric and photon correlation methods are comparable to each other.




2. Materials and Methods


2.1. Study Site


The investigation site was located in western Hungary, next to the village of Szentgyörgyvár (46°44′54.1″ N; 17°08′48.4″ E) (Figure 1A). In this study site, PT (cultivation based on annual moldboard plowing) and CT (using a reduced number of tillage operations by combined machinery, without inversion and leaving a minimum of 30% of crop residues on the surface) have been compared with each other since 2004 at the field scale [29,30] (Figure 1C). NF is situated right next to the station at the very same morphological position. According to the historical land-use databases of Hungary, forest clearance and the start of cultivation happened after the 1870s at the experimental site, while the forest remained intact [31] (Figure 1B). The whole cropfield was under PT until 2004, when two plots were converted to CT. No manure was applied at all, however, mineral fertiliser was used as an annual average of 25 kg ha−1, 15 kg ha−1, and 15 kg ha−1 for nitrogen, phosphor, and potassium, respectively, between 1940 and 2004. Maize, winter wheat, and sunflower dominated the cropping system. Jakab et al. reported detailed data on the applied techniques [32,33] (Table 1), while the forest is characterised by Quercus petraea, Quercus cerris, and Acer campestris, without intensive silviculture. The soil is a haplic luvisol formed on sandy loess with a particle size distribution of 4% clay (<0.002 mm), 60% silt (0.002–0.02), and 36% sand. No CaCO3 was present in the solum, whereas the pH varied between 6.25–6.36 in distilled water, and 4.57–4.80 in KCl. The cation exchange capacity of the tilled layer was 15.7 cmolc kg−1. The climate was subhumid, with a mean annual precipitation of 628 mm, and a temperature of 11 °C. Slope steepness along the plots (50 m) was 9–10%, resulting in a uniform slope with an aspect to the east [34,35]. Samples from 0–20 cm depth (the potentially cultivated layer) of NF, CT, and PT fields were collected with repetitions. Samples were taken from the upper, middle, and lower third of the plots, at points that were equal distance from each other. All three samples per plot were a composite of three subsamples gathered from a circle with a diagonal of 1 m. Therefore, there are no relevant changes in slope steepness among the sampling points.


Figure 1. (A) Location of the study area (solid red rectangle); (B) Land use of the study site in the 1860s (Arcanum Ltd.; after [31]); 1: forest; 2: arable; 3: orchard; 4: vineyard; (C) Land use of the study site in 2014 (Google Earth) NF: natural forest plot; PT/CT Szentgyörgyvár research station; CT: conservation tillage plot; PT: plowing tillage plot.



[image: Sustainability 10 00943 g001]





Table 1. General cultivation activities on the studied crop fields.





	Ploughing Tillage
	Conservation Tillage





	Ploughing
	-



	Levelling
	Levelling and rolling *



	Seed-bed preparation
	Seed-bed preparation



	Sowing
	Sowing



	Stubble operation (disking)
	Stubble operation (disc or cultivator)



	(Medium deep subsoiling) *
	(Medium deep subsoiling) *







* If it is needed.









2.2. Analytical Processes


The fractionation of the samples was based on the widely accepted and applied procedure described by Zimmermann et al. [35] and improved by Poeplau et al. [36]. This procedure divides the bulk soil by applying wet sieving after ultrasonic dispersion with 22 J/mL, to fraction >63 µm and <63 µm particles, which is the silt and clay (s+c) fraction. Fraction >63 µ is divided again in terms of specific weight. Particles <1.8 g cm−3 should represent the particulate organic matter (POM), whereas particles >1.8 g cm−3 comprise the sand and aggregates (S+A) fraction. The SOC content of the s+c fraction is divided into recalcitrant (rSOC) and mobile pools. The latter one was oxidised using 6% NaOCl to determine the rSOC (remaining fraction after oxidation). Moreover, the water soluble dissolved organic carbon (DOC) was also determined and measured [35].



The SOC content of the solid and DOC samples were determined through dry combustion at 900 °C, using a Shimadzu TOL-LSSSM th5000 instrument, whereas alkaline soluble carbon content was measured by a GE Sievers 900 device (supercritical oxidation), as this device is able to measure samples with high salinity and alkalinity.



Particle size composition was measured using a Fritch Analysette 22 Microtech laser diffractometer in the range of 0.2–2000 µm. Samples were treated with 0.5 M sodium pyrophosphate (Na4P2O7) and subjected to 15 min of ultrasonic agitation for disaggregation [37].




2.3. Prediction on SOM Composition


As SOM composition cannot be quantified directly, parallel proxies were used for predictions. Alkaline extracts were prepared for photometric and photon correlation measurements. For creating the extracts, 0.5 M NaOH solution was used [38]. DOC samples represented the water-soluble fraction. Absorbance spectra of the extractions were recorded from 180 nm to 1000 nm with a resolution of 0.5 nm. Photometric indices such as E2/E3 (245/265 nm), E4/E6 (400/600 nm), and the ultraviolet absorbance ratio index (URI) (210/254 nm) were calculated as proxies of SOM composition [39,40,41,42]. Dynamic light scattering (Malvern Zetasizer Nano), as a method for the molecular size distribution measurement of the extractions, was also used. Results are the averages of at least three repetitions.




2.4. Statistical Analysis


Data distribution was checked using the Kolmogorov–Smirnov test, and transformations were carried out wherever needed. Differences were tested using one-way analysis of variance (ANOVA), and means were compared using Tukey’s test. As POM had values that were one order of magnitude higher, this fraction was excluded from the ANOVA for the SOC. The statistical analysis was carried out using IBM SPSS Statistics 20 software.





3. Results and Discussion


3.1. Changes in Physical Properties


Under forest, the amount of aggregates significantly (p < 0.001) exceeded the amount of the finest particles (Figure 2). Forest clearance and cultivation changed the aggregate stability of the soil, whereas 14 years of CT was not enough to improve aggregation, as also reported by Zotarelli et al. [43]. POM had the same limited proportion under each land use, which is one order of magnitude lower (p < 0.001) compared with the S+A and s+c fractions.


Figure 2. Changes in aggregate stability and particulate organic matter (POM) share of the soil under various land uses. NF—native forest; CT—conservation tillage; PT—plowing tillage; (S+A)—sand and aggregates (>63 µm); (s+c)—silt and clay fraction (<63 µm); various letters indicate significant difference (p < 0.05).
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Soil fractions from different land-use types had nearly the same particle size distribution (Figure 3); however, the most uniform distribution was for the fine fraction (<63 µm). The biggest sized aggregates were still microaggregates (<250 µm), and were related to the CT soil, whereas the smallest ones were under NF. This suggests that—at least in the present case study—aggregate size and aggregate stability were independent of each other, as was also reported by Six and Paustian [17]. However, Zotarelli et al. [43] found a direct relationship between aggregate size and stability in Oxisols.


Figure 3. Particle size distributions of the investigated soils and soil fractions. NF—native forest; CT—conservation tillage; PT—plowing tillage; (S+A)—sand and aggregates (>63 µm); (s+c)—silt and clay fraction (<63 µm).
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The degree of C saturation (Equation (2)) for the PT, CT, and NF soils was 55.7%, 86.7%, and 151.7%, respectively. This supports the theory that tillage mitigates even the most recalcitrant SOC content related to the s+c fraction [44,45]. On the other hand, 14 years of CT could be enough for noticeable SOC reload in the finest fraction, which contradicts the mainstream results underlying the long turnover time of the s+c-related carbon pool [9,46], even though Meyer [22] had detected similarly rapid changes (Figure 4). Since these results are based on case studies, more robust and widespread investigations are needed in order to determine general consequences.


Figure 4. Carbon saturation values of the soil under three different land-use conditions at Szentgyörgyvár research station according to Equation (1) [8]. NF—native forest; CT—conservation tillage; PT—plowing tillage; whiskers are for standard deviations.
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3.2. Changes in SOC Content


Bulk NF soil contained more than three times the SOC compared with crop fields; however, CT significantly exceeded PT (p < 0.05) in terms of SOC (Figure 5A). The lowest standard deviation values were found under PT, mainly because it had the lowest SOC and POM content (Figure 2). POM had a higher SOC content than the other fractions; as this is presumed to be the function of decomposed plant litter, this was not included in this comparison. The mean POM values for CT, NF, and PT were 30.08 (±1.50), 6.54 (±0.28), and 8.24 (±0.29) w/w per fraction, respectively. These values demonstrate the beneficial effect of CT (leaving plant litter on the surface). However, interestingly, the forest soil had the lowest value. This could be the result of the high reactivity of forest litter tissue, which provides more organic mineral complexes [47] and increases bulk density.


Figure 5. Soil organic carbon (SOC) content of the soil fractions under various land uses (A) and the alkaline soluble SOC content (B); NF—native forest; CT—conservation tillage; PT—plowing tillage; (S+A)—sand and aggregates (>63 µm); (s+c)—silt and clay fraction (<63 µm); whiskers are for standard deviations; various letters indicate significant difference (p < 0.05).
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Silt and clay-associated SOC have the very same values as the bulk soils for the crop fields, but differ from each other (p < 0.05). This highlights the rapid changes (14 years) in SOC content, even at the finest fraction. Panettieri et al. [48] have also measured recent SOM attachment to the s+c fraction over 12 years, under similar climate and soil conditions in western France. On the other hand, the main part of this SOC pool was recalcitrant under CT, resulting in high rSOC values, whereas, under PT and forest labile, vulnerable SOC components dominated this pool. In contrast, under NF, s+c SOC was higher, but made a lower contribution to the SOC content of the bulk soil. S+A-associated SOC considerably increased due to the omission of plowing [15,49]. Beare et al. [50] found the same increase in the microaggregate fraction after 13 years of no tillage, which underlined the velocity of the SOC increase in the microaggregate (<250 µm) fraction. In the present case study, no macroaggergates (>250 µm) were found, because of the high-energy ultrasonic pretreatment suggested by Popleau et al. [36]. Under NF, bulk soil had considerably higher SOC content than s+c, thus, emphasising the high SOC content of macroaggregates. Since macroaggregates were destroyed, this SOC turned into the water dissolved fraction, which was 4.64 (±0.28), 10.66 (±0.11), and 1.76 (±0.14) mg L−1 for CT, NF, and PT, respectively.



Alkaline-extracted SOM content accorded the SOM content of the bulk soil, as well as the fine fraction (Figure 5B). Based on the present case study, this suggests that this extraction represented the SOC amount well as a whole, regardless of the changes in SOM composition. On the other hand, extraction increases variance values, and therefore can modify the ratios between the bulk soil and the fine fraction, as was the case under PT.




3.3. Changes in SOM Composition


POM was excluded from SOM composition predictions, as it reflected the most recent and undecomposed plant litter [14]. Moreover, its share in the soils was negligible (Figure 5A).



The results of E2E3 indicated that the rSOC fraction had the lowest polymerisation, independent of land use (Figure 6a). Contrarily, E4E6 did not support this or any other trend (Figure 6b). Absorbance values at 280 nm seemed to be the function of SOC content, rather than indicators of the degree of aromaticity (Figure 6c). The URI, the other proxy of aromaticity, resulted in a homogeneous pattern, except for the DOC samples of the cropfields, which suggests a connection to water solubility (Figure 6d). In general, there was no difference among the SOM compositions of different land use based on photometric indices.


Figure 6. Photometric index values of the soil fractions. (a) E2E3 (245/265 nm); (b) E4/E6 (465/665 nm); (c) Absorbance at 280 nm; (d) URI (210/254 nm); S+A—sand and aggregates fraction; s+c—silt and clay fraction; rSOC—recalcitrant soil organic carbon; DOC—dissolved organic carbon.
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The size distributions of the SOM molecules in the aggregates were bimodal (peaks at ~40 nm and 400 nm), and indicated the same size peaks for the crop fields (Figure 7a), which is in contrast with the organomineral theory, i.e., aggregates contain the largest SOM molecules [51]. On the other hand, these aggregates were microaggregates, and the SOM that was rejected from the macroaggregates were in the DOC fraction, as described above. Under forest, a third peak appeared at 10 nm, which triggered a much lower average SOM molecular size. The SOM attached to the finest mineral particles revealed the most heterogeneous pattern for the cropfield, as they contained molecules >900 nm (Figure 7b). Besides this peak, PT had the most similar pattern in the case of S+A, whereas CT and NF resulted in different SOM compositions in the S+A and s+c fractions. Due to heavy oxidisation, both cropfield SOMs became more homogeneous, losing their molecules that were <1000 nm and <100 nm (Figure 7c). In contrast, the silt and clay-associated SOM of the NF seemed to be degraded as a whole, resulting in very similar rSOC molecular size distribution (Figure 7c). The largest molecules were found in the DOC fraction, which is in line with the macroaggregate theory. Water solubility seemed to be limited to two molecular size ranges under each land-use type (Figure 7d). The ratio between these peaks were inversely proportional with cultivation intensity, which highlights the role of macroaggregate-containing, polymerised, water-soluble SOM [44,48,49].


Figure 7. Molecular size distributions of the dissolved soil organic matter (SOM) of the separated fractions under various land-use types. (a) sand and aggregate fraction; (b) silt and clay fraction; (c) recalcitrant soil organic matter; (d) dissolved organic matter. Histograms represent averages.
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4. Conclusions


Plowing seems to be a potential risk in terms of SOC content for each fraction. Beneath the well-known loss from macroaggregates, mineralisation ameliorates SOC content, both in the fine fraction and at the coarse particles. Decades of CT can significantly increase both the S+A and s+c-related SOC content, whereas in the finest fraction, the volume of recalcitrant SOC increased the most, reaching the original value under NF. Continuous cultivation triggered SOM molecular size increases in both aggregates and the fine fraction, whereas switching to CT restored the molecular SOM size of the fine fraction only. Therefore, this fraction can be changed, even in short periods. The lack of changes in aggregate-associated SOM was also suggested by the unchanged aggregate stability. Water dissolves the largest and middle-sized molecules from a narrow range, and therefore, their chemical character is important. This contradicts the traditional “the smaller the more soluble” axiom, but supports the outstanding vulnerability of macroaggregate-contained large molecular-sized SOM. Even if aggregation did not increase due to turning to CT, the content of SOM of a higher molecular size increased in this short time. As these preliminary conclusions are the results of one particular research site, further case studies should be involved in order to draw general conclusions.
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