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Abstract

:

Decomposing crop residues contribute to soil organic matter (SOM) accrual; however, the factors driving the fate of carbon (C) and nitrogen (N) in soil fractions are still largely unknown, especially the influence of soil mineralogy and autochthonous organic matter concentration. The objectives of this work were (1) to evaluate the retention of C and N from crop residue in the form of occluded and mineral-associated SOM in topsoil (0–20 cm) and subsoil (30–70 cm) previously incubated for 51 days with 13C-15N-labelled corn residues, and (2) to explore if specific minerals preferentially control the retention of residue-derived C and N in topsoil and subsoil. We used topsoil and subsoil having similar texture and mineralogy as proxies for soils being rich (i.e., topsoil) and poor (i.e., subsoil) in autochthonous organic matter. We performed a sequential density fractionation procedure and measured residue-derived C and N in occluded and mineral-associated SOM fractions, and used X-ray diffraction analysis of soil density fractions to investigate their mineralogy. In accordance with our hypothesis, the retention of C and N from crop residue through organo-mineral interactions was greater in subsoil than topsoil. The same minerals were involved in the retention of residue-derived organic matter in topsoil and subsoil, but the residue-derived organic matter was associated with a denser fraction in the subsoil (i.e., 2.5–2.6 g cm−3) than in the topsoil (i.e., 2.3–2.5 g cm−3). In soils and soil horizons with high clay content and reactive minerals, we find that a low SOM concentration leads to the rapid stabilization of C and N from newly added crop residues.
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1. Introduction


Soil organic matter (SOM), the largest terrestrial carbon (C) pool and the main nitrogen (N) source for plant growth, accumulates during plant residue decomposition and has the potential to improve soil fertility and mitigate climate change [1,2,3]. SOM accumulates through two mechanisms—occlusion within soil aggregates and association with mineral surfaces [4,5,6]. Occluded SOM is enriched with C-rich, plant-like compounds and persists for decades, whereas mineral-associated SOM is enriched with N-rich, microbially processed compounds with a residence time of centuries [7,8,9]. Two key soil parameters determine whether plant residue will be occluded or transformed into mineral-associated SOM, namely soil mineralogy and the amount of organic matter initially in the soil (i.e., autochthonous organic matter).



Organic compounds adsorb to the reactive surfaces of soil minerals and are protected against biodegradation through organo-mineral interactions [5,6]. Soils with higher clay content and reactive minerals (i.e., illite + chlorite, montmorillonite, vermiculite, and amorphous minerals [10,11]) are expected to have a high specific surface area for adsorption of organic matter. Such soils have a high capacity to retain C and N from crop residue as mineral-associated SOM [12,13]. The mineral-associated SOM fraction in these soils is often quantified using the density-based separation method, since mineral-associated SOM occurs in denser fractions of the soil (i.e., ρ > 1.9 g cm−3) [4,9,14,15]. However, quantifying the SOM associated with each type of reactive mineral present in soil is more complex. Sequential separation of the soil using predefined density thresholds is a way to partition the mineral-associated fraction into subfractions with specific mineralogy [14,16,17]. This approach can distinguish SOM bound to different soil minerals within the mineral-associated fraction.



The concentration of autochthonous organic matter also affects the amount of residue-derived C and N retained in mineral-associated SOM. For a given mineralogy, soils with a low SOM concentration contain more reactive mineral surfaces that are not occupied by autochthonous organic matter, and could retain more C and N from crop residue on mineral surfaces than soil with a high SOM concentration [18,19]. The effect of autochthonous organic matter on residue-derived C and N retention can be tested using topsoil (i.e., 0–20 cm depth) and subsoil (i.e., >20 cm depth) from the same profile, which should have similar texture and mineralogy and the same historical agricultural practices [19,20,21]. We expect the SOM-poor subsoil to retain more C and N from crop residue on mineral surfaces than the SOM-rich topsoil [22,23]. In the fine-textured soils of Eastern Canada, the subsoil contains about five times less autochthonous organic C and total N than the topsoil, suggesting a greater capacity for residue-derived C and N retention through organo-mineral interactions in the subsoil [13,18,21].



The objective of this work was to evaluate the retention of C and N from crop residue in the occluded and mineral-associated SOM pools of topsoil and subsoil after 51 d of incubation with 13C-15N-labelled corn residues [21]. We hypothesized that more residue-derived C and N would be retained in the mineral-associated SOM fraction of subsoil than topsoil. A secondary objective of this work was to determine if specific soil minerals bind preferentially to C and N from crop residue in topsoil and subsoil.




2. Materials and Methods


2.1. Soils and Incubation


Topsoil (0–20 cm depth) and subsoil (30–70 cm depth) were collected in fall 2007 from a heavy clay soil from the Kamouraska series under a barley crop (Hordeum vulgare L.) in Lévis, Québec, Canada (46°48′ N, 71°23′ W). The soil is considered a Haplic Gleysol according to the World Reference Base for Soil Resources system [24] and an Orthic Humic Gleysol according to the Canadian System of Soil Classification [25]. The topsoil and subsoil had similar texture and mineralogy, that is, they contained 276 g kg−1 of silt (2–50 μm) and 665 g kg−1 of clay (<2 μm) with quartz, albite, microcline, amphibole, chlorite, vermiculite, and illite/muscovite as major minerals. Soil pH (1:2 soil-to-CaCl2 0.01 M ratio) was 5.2 in topsoil and 6.3 in subsoil. There was no inorganic C in topsoil and subsoil; soil organic C concentration was therefore equivalent to the total C concentration.



Samples for this study were topsoil and subsoil incubated for 51 d under aerobic conditions with (10 g C kg−1 soil) or without (0 g C kg−1 soil) labelled corn residues. Briefly, 150 g of 6 mm sieved, air-dried topsoil and subsoil were placed in separate 1 L glass jars with 0 (control) and 3.45 g (equivalent to 10 g residue C kg−1 soil) of 13C-15N-labelled residues. The residue, from young corn shoots (Zea mays L. cv. Cargill 2610-L), contained 434 g C kg−1 and 16 g N kg−1, had a 13C isotopic signature (δ13C) of 69.7‰ and an atom% 15N (At%15N) of 7.4%, and a particle size of 0.1 mm to 1 mm. Soil-residue mixtures were moistened to −38 kPa and incubated at 25 °C for 51 d. For residue-amended soils, the soil-residue mixture was adjusted to a C/N ratio of 10 with KNO3. See Poirier et al. [21] for further details on incubation conditions.




2.2. Sequential Density Separation


Density thresholds were based on theoretical densities of organo-mineral complexes for major soil minerals, considering the mineral density and an arbitrary SOC concentration determined from the mineral’s capacity to adsorb SOM (using mineral specific surface area as a proxy). The detailed calculation procedure is presented in Appendix A. According to the density thresholds of ρ = 1.9, 2.1, 2.3, 2.5, and 2.6 g cm−3 (hereafter, density thresholds are reported without stating g cm−3) we prepared density separation solutions using LST Fastfloat (80% sodium heteropolytungstate) [26]. Since undiluted LST is acidic (pH < 4.0), we added 0.14 ± 0.01 g NaOH g−1 undiluted LST to increase the pH of density solutions to 6.6 ± 0.3.



Whole soil was separated into seven fractions. The first step separated the non-occluded light fraction (NOLF) (ρ < 1.9). Air-dried soil (7.5 g) was weighed in a 30 mL polycarbonate Nalgene® Oak Ridge centrifuge tube (Thermo Fischer Scientific Inc., Waltham, MA, USA). After adding 20 mL of ρ = 1.9 LST, the contents were manually shaken end-to-end 20 times, allowed to settle overnight, then centrifuged at 12,500× g for 10 to 26 min. Centrifugation time was determined according to Stokes’s law based on (1) the particle size threshold of 0.2 µm, (2) the difference between the density of the solution and the mineral particles, and (3) the viscosity of LST solutions [26]. Soil particles < 0.2 µm and dissolved organic matter were not recovered. The supernatant containing NOLF (ρ < 1.9) was siphoned from the tube, rinsed three times with 25 mL deionized water, and recovered by centrifugation, then freeze-dried prior to subsequent analysis.



The second step retrieved the occluded light fraction (OLF) (ρ < 1.9) by re-suspending the soil pellet with 18 mL of ρ = 1.9 LST solution and dispersing it by sonication in an ice bath. The soil solution was first pulse sonicated (5.5 s on, 9.9 s off) for 30 s at 70% energy input (i.e., short duration, high energy) and then pulse sonicated (9.9 s on, 2.5 s off) for 4 min at 35% energy input (i.e., long duration, low energy). Next, the soil solution was centrifuged (128 min) at 12,500× g, the supernatant was siphoned, a second 18 mL aliquot of ρ = 1.9 LST solution was added, and the long duration, low energy sonication was repeated before centrifuging and siphoning the supernatant. Total energy input to the soil solution during OLF separation was 520 J ml−1. The combined OLF was diluted with 980 mL deionized water and concentrated by multiple centrifugations (26 min each). The OLF was rinsed in 25 mL deionized water, pulse sonicated (short duration, high energy), and centrifuged (10 min). The rinsing step was repeated three times, resulting in a total energy input of 125 J ml−1, then freeze-dried before analysis.



The five subsequent steps isolated five density fractions (ρ = 1.9–2.1, 2.1–2.3, 2.3–2.5, 2.5–2.6, and >2.6) from the soil pellet. Each time, the remaining soil was re-suspended with 15 to 25 mL of the required LST solution. The soil–LST mixture was pulse sonicated (short duration, high energy) and centrifuged and the supernatant siphoned. Centrifugation times were 134, 150, 210, and 270 min for 1.9–2.1, 2.1–2.3, 2.3–2.5, and 2.5–2.6 fractions, respectively. However, prolonged centrifugation for 510 min occurred during the second separation of the 2.3–2.5 fraction since no distinct phases were observed after 210 min. Total energy input to the soil solution during density fraction separation was 230 J ml−1. For each fraction, the density separation occurred twice and all supernatant was combined, diluted with 100 to 300 mL deionized water, and re-concentrated by multiple centrifugations (10 min each). Density fractions were rinsed three times, recovered by centrifugation and freeze-dried prior to analysis. Figure 1 illustrates how methodological fractions relate to functional fractions of SOM.




2.3. Mineralogical Analysis


Soil mineralogy was determined on randomly oriented powders with an X-ray diffractometer (X’Pert Pro MPD, PANalytical, Limeil-Brévannes, France) running at 40 kV and 40 mA using Co-Kα radiation (λ = 1.79 Å) with a linear detector X’Celerator and a secondary flat monochromator. Samples of whole soil and soil density fractions were crushed in an agate mortar, put in cylindrical aluminum holders, and spun at 15 rpm. A counting time of 3 s per 0.033° step was used for 2θ in the 3.5° to 80.0° range. The X’Pert High Score 3.0 software (Almelo, The Netherlands) [27] was used to identify minerals.




2.4. Carbon and Nitrogen Analyses


Soil organic C (SOC) and total soil N concentrations, δ13C and At%15N in density fractions, were measured using an elemental analyzer (Carlo Erba NA 1500, CE Instruments, Rodano, Italy) coupled with an isotopic ratio mass spectrometer (Thermo-Finnigan, Delta S, Bremen, Germany). The δ13C (in ‰) was calculated as follows:


δ13C = [(13Rsample − 13Rstandard)/13Rstandard] × 1000,



(1)




where 13R = 13C/12C and the standard is the international Vienna Pee Dee Belemnite. The At%15N (in %) was calculated according to the following:




At%15N = [no. of 15N atoms/(no. of (15N + 14N) atoms)] × 100.



(2)





The fraction of total SOC coming from residue C (fC, in g residue C g−1 total SOC) and total soil N coming from residue N (fN, in g residue N g−1 total soil N) was calculated as follows:


fC or fN = [(δTR or AtTR) − (δC or AtC)]/[(δR or AtR) − (δC or AtC)],



(3)




where δTR and AtTR represent δ13C and At%15N of the soil receiving residue, δC and AtC represent δ13C and At%15N of the control soil (no residue), and δR and AtR represent δ13C and At%15N of the corn residue, respectively. Residue C and N concentrations in soil (in g residue C or N kg−1 soil) were as follows:


residue C or N = fC or fN × SOC or SN,



(4)




where SOC and SN are the concentrations of total soil organic C (g SOC kg−1 soil) and total soil N (g total soil N kg−1 soil), respectively.




2.5. Relationships between Methodological and Functional Fractions of SOM


We assumed that SOM retained in the soil matrix was present in OLF and ρ > 1.9 fractions. Soil organic C retained by the soil matrix (SOCR, in g SOC kg−1 soil) was as follows:


SOCR = SOCOLF + SOC1.9–2.1 + SOC2.1–2.3 + SOC2.3–2.5 + SOC2.5–2.6 + SOC>2.6,



(5)




where SOCOLF to >2.6 is the SOC concentration in each density fraction (in g SOC kg−1 soil). Total soil NR, residue CR, and residue NR were calculated similarly. Mineral-associated SOM was the sum of SOM in density fractions >1.9, expressed as the SOCMAOM, in g SOC kg−1 soil as follows:




SOCMAOM = SOC1.9–2.1 + SOC2.1–2.3 + SOC2.3–2.5 + SOC2.5–2.6 + SOC>2.6.



(6)





Total soil NMAOM, residue CMAOM, and residue NMAOM were calculated similarly. The mass of SOC occluded in the soil matrix (SOCR-OLF, in g SOCOLF 100 g−1 SOCR) or in mineral-associated forms (SOCR-MAOM, in g SOCMAOM 100 g−1 SOCR) was determined as follows:




SOCR-OLF or R-MAOM = (SOCOLF or MAOM/SOCR) × 100.



(7)





Total soil NR-OLF and R-MAOM, residue CR-OLF and R-MAOM, and residue NR-OLF and R-MAOM were calculated similarly.




2.6. Statistical Analysis


The soil incubation experiment was a completely randomized factorial design with two soil horizons (topsoil and subsoil), two levels of residue (0 and 10 g C kg−1), and three replicates of each treatment, for 12 experimental units incubated. Each of the 12 experimental soils was separated into seven density fractions (n = 84 fractions). The effect of soil horizons and residue inputs on occluded SOM and mineral-associated SOM fractions was evaluated by analysis of variance (ANOVA) with a linear mixed model using the MIXED procedure of SAS v. 9.3 (SAS Institute Inc., Cary, NC, USA) [28]. When residuals showed heterogeneity or non-normal distribution, data were log, square root, or ranked transformed. When differences were significant (p < 0.05), we used Fisher’s least significant difference (LSD) test to separate treatment means. Graphical representations were done with SigmaPlot v. 13 (Systat Software Inc., San Jose, CA, USA) [29].





3. Results


3.1. Mass Distribution and Recovery


We recovered 881 ± 13 g kg−1 of soil particles after density separation, on average, across all soil horizons and residue treatments (n = 12), so only about 12% of the initial soil mass was lost during the procedure. In soil incubated without residue, most of the soil mass (~60%) was in the 2.3–2.5 fraction in topsoil and in the 2.5–2.6 fraction in subsoil (data not shown). Soil incubated with residue had significantly (p < 0.002) more OLF mass, resulting in as much as 39.5 g OLF kg−1 in topsoil with residue (1.2 times greater than in topsoil without residue) and 5.0 g OLF kg−1 in subsoil with residue (3.7-fold more than in subsoil without residue). Soil incubated with residue had less soil mass in the 2.3–2.5 fraction (p < 0.03) and a numerically greater soil mass of the 2.5–2.6 fraction of topsoil and subsoil (data not shown). Residue addition did not affect the mass of other fractions of the topsoil and subsoil.




3.2. Mineralogical Analysis of Soil Density Fractions


Residue addition did not influence the diffractograms of soil density fractions, so those of unamended soils are presented as an example (Figure 2). The soil matrix was dominated by primary minerals (quartz, albite, microcline, and muscovite), but secondary minerals (montmorillonite, chlorite, vermiculite, and illite) were observed in most density fractions. In topsoil (Figure 2a), the diffractograms of the fractions 1.9–2.1, 2.1–2.3, and 2.3–2.5 were similar; they showed broad peaks and diffusion bands at low angle, and small peaks of chlorite/vermiculite (at 7.3°), montmorillonite (at 8.4°) and illite/muscovite (at 10.3°). The intensity of chlorite (at 14.5°) and illite/muscovite (at 10.3°) peaks increased in the denser soil fractions, whereas the opposite was observed for montmorillonite (at 8.4°). The subsoil (Figure 2b) had a montmorillonite (at 8.4°) peak in the 2.3–2.5 fraction. Montmorillonite was also observed in lighter (<2.3) and heavier (>2.5) fractions. Larger peaks of montmorillonite (at 8.4°) and illite/muscovite (at 10.3°) were seen in the 2.1–2.3 and 2.3–2.5 fractions of subsoil than topsoil. In the 2.5–2.6 fraction, the diffusion band at low angle was clearly visible in subsoil and the intensity of the peaks of chlorite/vermiculite (at 7.3°), montmorillonite (at 8.4°) and illite/muscovite (at 10.3°) were greater in subsoil than in topsoil.




3.3. Residue C and N in Soil Density Fractions


Density fractions from subsoil had greater (p < 0.004) enrichment in residue C (fC, Equation (3)) and residue N (fN, Equation (3)) than density fractions from topsoil, except that the NOLF was less enriched in residue-N in subsoil than topsoil (Figure 3). Topsoil fC values were similar among fractions with ρ >1.9 (Figure 3a). However, subsoil fC values decreased with increasing density (Figure 3a), which was also the case for fN values in both soils (Figure 3b). We recovered an average 76% of the residue-derived C in the density fractions and about 46% of the residue-derived N in the density fractions, in both soils (Table 1). Most of residue-derived C and N was in the NOLF (43% and 18%, respectively) and OLF (23% and 15%, respectively; Table 1). Mineral-associated residue C and N accumulated preferentially in the 2.5–2.6 fraction of the subsoil and in the 2.3–2.5 fraction of topsoil (Table 1).



About one-third of residue-derived C (on average 1.95 g residue C kg−1 soil) and N (approximately 124.0 mg residue N kg−1 soil) were retained by the soil matrix in topsoil and subsoil. In the OLF fraction, there was more C from crop residue (p = 0.04) in topsoil than subsoil (Figure 4a), but similar amounts of N from crop residue in both soils (Figure 4b). Mineral-associated residue C (Residue CMAOM, Equation (6)) was numerically greater (p = 0.09) in subsoil (0.64 g residue C kg−1 soil) than topsoil (0.52 g residue C kg−1 soil), and there was more (p = 0.02) mineral-associated residue N (Residue NMAOM, Equation (6)) in subsoil (65.7 mg residue N kg−1 soil) than topsoil (48.2 mg residue N kg−1 soil). There was more (p < 0.001) residue C and N in the 2.3–2.5 fraction of topsoil than in subsoil, but the 2.5–2.6 and >2.6 fractions retained more (p < 0.03) residue C and N in subsoil than topsoil (Figure 4a,b). The proportions of residue-derived C and N retained by the soil matrix through organo-mineral interactions (Residue CR-MAOM and NR-MAOM, Equation (7)) were greater (p < 0.02) in subsoil than topsoil (Figure 5). Residue C-to-residue N ratios were similar in all soil density fractions of these soils, except in the >2.6 fraction, which had a lower (p = 0.007) C/N ratio in the residues associated with subsoil than topsoil (Table 1).





4. Discussion


4.1. Methodological Considerations


We chose a density solution of 1.9 to separate uncomplexed NOLF and OLF from mineral-associated SOM in organo-mineral complexes. This threshold is consistent with other reports of SOM density fractionation [30,31]. However, we detected trace amounts of minerals in the XRD scans of NOLF and OLF (data not shown), possibly because minerals are also adsorbed on SOM in NOLF and OLF [32]. Therefore, the NOLF and OLF in this study were not composed exclusively of physically uncomplexed organic matter in the sense used by Gregorich et al. [30]. The recovery of ~88% of total soil mass in density fractions is similar to Basile-Doelsch et al. [16] and Bonnard et al. [33], but lower than Swanston et al. [34] and Plante et al. [35], who recovered ~100% soil mass.



The missing soil mass could be in particles <0.2 µm, which can represent up to 30% of the clays in the heavy clay soils of Eastern Canada [10,36]. Suspended clays remaining in the density solution that were not recovered by our centrifugation procedure could contain an appreciable amount of C and N, since we recovered about 76% and 46% of residue-derived C and N, respectively. It is not unusual to achieve less than 100% SOM recovery during density separation [17,33,35]. In this study, the losses of residue C and N may be due to (1) SOM solubilization by water and polytungstate solutions (despite their close-to-neutral pH), (2) SOM association with clay particles <0.2 µm, which were not recovered, and (3) SOM dispersion by sonication during rinsing steps (as seen by the dark color of rinsing water, particularly in the OLF, 2.3–2.5, and 2.5–2.6 fractions). Despite these methodological constraints, the quantities of soil and residue-derived C and N recovered during sequential density separation were sufficient to evaluate the quantity of occluded and mineral-associated SOM derived from the corn residue.




4.2. Residue-Derived C and N Retention in Occluded SOM


The OLF was much richer in residue-derived C and N in the subsoil than in the topsoil (Figure 3). However, its mass in proportion of the whole soil (i.e., g OLF kg−1 soil, data not shown) was eight times lower in subsoil than in topsoil. Consequently, the concentration of OLF-associated residue C on a whole soil basis (i.e., g residue C in OLF kg−1 soil, Figure 4a) was slightly greater in topsoil than subsoil, but both soils had similar amounts of residue N in this fraction (Figure 4b). The difference between the two elements could be because N is recycled in the soil during microbial processes, leading to N occlusion in soil aggregates, whereas C is partly lost as CO2. The subsoil was thus highly responsive to residue addition, achieving greater occlusion of C and N from crop residue than topsoil in the 51 d incubation. This is consistent with our previous observation of greater retention of residue-derived C and N in particulate organic matter within macroaggregates >1000 µm, as well as greater macroaggregation per unit C added, in subsoil than topsoil [19].




4.3. Residue-Derived C and N Retention in Mineral-Associated SOM


As hypothesized, the retention of residue-derived C and N in mineral-associated SOM was greater in subsoil than topsoil. The hypothesis was confirmed when we evaluated the absolute amount of residue (Residue CMAOM and NMAOM, Equation (6), Section 3.3) or the proportion of residue retained by the soil matrix (Residue CR-MAOM and NR-MAOM, Equation (7), Figure 5a,b). This indicates that mineral surfaces in subsoil can retain more C and N than minerals in topsoil [20,22,37,38]. In the topsoil, most of the mineral-associated residue C and N was found in the 2.3–2.5 fraction, whereas in the subsoil, residue C and N were mostly retained in the 2.5–2.6 fraction. However, the topsoil 2.3–2.5 fraction and the subsoil 2.5–2.6 fraction showed similar diffractograms. Diffusion bands at low angle could be caused by poorly crystalline amorphous material, interstratification, or overlapping of peaks of minerals that are increasingly more expansive [16,32,35,39]. The greater diffusion bands at low angle in topsoil fractions <2.5 suggest that this soil could contain more amorphous, interstratified, or expansible minerals than the subsoil. Perhaps the more intense rhizospheric activity increased mineral weathering in the topsoil and caused the enrichment compared to the subsoil [40]. Minerals stabilizing SOM in the topsoil 2.3–2.5 and the subsoil 2.5–2.6 fractions are most likely illite, chlorite, vermiculite, montmorillonite, interstratified minerals, and amorphous material (see Figure 2). The potential of these minerals to stabilize residue-derived C and N is influenced by external and internal (for swelling minerals like vermiculite and montmorillonite) specific surface area (SSA, in m2 g−1) and cation exchange capacity (CEC, in cmol+ kg−1) [41,42]. The SSA and CEC are, respectively, 70 to 175 m2 g−1 and 10 to 40 cmol+ kg−1 for illite + chlorite, 200 m2 g−1 and 150 to 200 cmol+ kg−1 for amorphous material, 70 to 120 m2 g−1 (external) + 600 to 700 m2 g−1 (internal) and 100 to 200 cmol+ kg−1 for vermiculite, and 80 to 150 m2 g−1 (external) + 550 to 650 m2 g−1 (internal) and 80 to 150 cmol+ kg−1 for montmorillonite [10,42]. Interstratified minerals represent intermediate transformation products, most likely in the form of illite–montmorillonnite and/or chlorite–vermiculite [43,44], and likely have intermediate capacity to stabilize residue-derived C and N. De Kimpe et al. [10] found that the Kamouraska soil contains ~44% illite + chlorite, ~15% montmorillonnite, ~7% vermiculite, and ~5% amorphous material, and Kodama et al. [40] found that interstratified minerals represented ~4% of the Dalhousie soil, a similiar gleysol formed on marine clay in Eastern Canada. We therefore postulate that mineral-associated residue C and N in topsoil 2.3–2.5 and subsoil 2.5–2.6 fractions were retained by forming organo-mineral complexes with illite + chlorite > montmorillonite > vermiculite > interstatified minerals = amorphous material. In the SOM-poor subsoil, mineral surfaces were less associated with organic compounds and organo-mineral complexes remained in a heavier density fraction (i.e., 2.5–2.6). In the SOM-rich topsoil, higher coverage of mineral surfaces decreased the density of organo-mineral complexes, which were found in a lower density fraction (2.3–2.5). This is consistent with the postulate that mineral surfaces are less associated with organic compounds in subsoil than topsoil.



Residue-derived C and N were retained by the same minerals in topsoil and subsoil, particularly in association with illite + chlorite and montmorillonite. However, residue N was retained preferentially through organo-mineral interactions, particularly in the subsoil. The evidence for this is (1) the greater proportion of whole-soil residue N than whole-soil residue C in organo-mineral complexes (Table 1) and (2) the higher values for Residue NR-MAOM than Residue CR-MAOM (Figure 5a,b, Equation (7)). This may suggest preferential adsorption of N-containing biomolecules [8,14,45] on illite and montmorillonite. Montmorillonitic soils retain peptides and become enriched with amine-N [46,47]. Microbial residues such as secretions and necromass are a component of mineral-associated SOM [31,48] although Vogel et al. [49] reported that illite retained more microbial-derived C and N than montmorillonite. Finally, residue N could be mineralized to 15N-NH4+, which is then adsorbed onto mineral surfaces or retained into siloxane cavities from montmorillonite surfaces [19,32,50].



The subsoil >2.6 fraction preferentially retained the residue N, based on its lower residue C-to-residue N ratio than other fractions. Hatton et al. [51] found more microbial residues in the mineral grain fraction correponding to a 2.4–2.65 density fraction, and postulated that the mineral grains were a preferential habitat for soil microorganisms. The >2.6 fraction in the subsoil contained illite, chlorite, and traces of vermiculite, which could support soil microbial biomass or bind microbial byproducts. This fraction also contained amphibole, a Fe-bearing mineral. Since Fe coating on primary minerals is expected to increase their sorption potential [32], perhaps amphibole also contributed, at least partly, to retain residue-derived C and N in the subsoil >2.6 fraction.





5. Conclusions


Organo-mineral interactions were more important for the retention of residue-derived C and N in the subsoil than the topsoil, but an appreciable amount of residue-derived C and N was also retained through occlusion in the subsoil. Minerals such as illite + chlorite, montmorillonite, vermiculite, and amorphous material are important for the retention of residue C and N in topsoil and subsoil, but they are found in different density fractions, mainly in the 2.3–2.5 fraction of topsoil and the 2.5–2.6 fraction in subsoil. Finally, mineral-associated SOM was enriched in residue N in subsoil, likely because of greater reactive mineral surface area than in the topsoil. This confirms that low SOM concentration promotes the short-term stabilization of newly added material. Further research should investigate the microbial processing and the molecular nature of mineral-associated residue C and N in topsoil and subsoil. Since this work evaluated the short-term stabilization of residue-derived C and N, a next step could be to evaluate the long-term persistance of recently added C and N retained through organo-mineral intertactions in topsoil and subsoil. In conclusion, our results suggest that in soils with high clay content and reactive minerals, and low autochthonous SOM concentration, residue-derived C and N are rapidly stabilized into mineral-associated organic matter.
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Appendix A


The density of organo-mineral complexes (ρcpx in g cm−3) was calculated as follows:


ρcpx = Mcpx ÷ [Vmx + Vom],



(A1)




where Mcpx is the mass of the organo-mineral complex (set at 1 g for calculation purposes), and Vmx and Vom are the volumes (in cm3) of the mineral and organic matter in 1 g of organo-mineral complex, respectively. Density (ρ) values are reported without stating g cm−3. The volume of mineral (Vmx, in cm3) in 1 g of organo-mineral complex was as follows:


Vmx = [1 − (1.7*SOCcpx)] ÷ ρmx,



(A2)




where 1.7 is a factor proposed by Baldock and Nelson [52] to convert SOC concentration into SOM content (g SOM g−1 SOC), SOCcpx is organo-mineral complex theoretical SOC concentration (mg SOC g−1 organo-mineral complex), and ρmx is mineral density. Minerals were separated in two groups: the first included quartz, microcline, albite, and amphibole (Table A1), which have low specific surface area (SSA), and the second comprised chlorite, vermiculite, and illite/muscovite, which have moderate to high SSA (Table A2) [10]. We used theoretical SOCcpx values of 0, 25, and 50 mg SOC g−1 organo-mineral complex for minerals of the first group and 50, 100, and 200 mg SOC g−1 organo-mineral complex for minerals of the second group, to calculate Vmx. We also used minimum, average, and maximum values for ρmx taken from the literature (see Table A1 and Table A2). The volume of organic matter (Vom, in cm3) in 1 g of organo-mineral complex was calculated as follows:


Vom = [1.7*(SOCcpx/1000)] ÷ ρom,



(A3)




where ρom is the density of soil organic matter (i.e., 1.6 according to Chenu and Plante [53]). Our procedure yielded nine estimated values of ρcpx for each mineral, resulting in a mean ρ value (and standard deviation) for each mineral (Table A1 and Table A2). We chose 1.9 as the initial density threshold after Gregorich et al. [30] and Basile-Doelsch et al. [16]. From the ρcpx estimates, we set five density thresholds for the sequential fractionation, that is, ρ = 1.9, 2.1, 2.3, 2.5, and 2.6 (Figure A1).
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Table A1. Estimation of organo-mineral complex density for minerals having a low specific surface area.






Table A1. Estimation of organo-mineral complex density for minerals having a low specific surface area.





	
Quartz

	

	

	

	

	

	

	

	

	

	




	
  ρmx (g cm−3) †

	
2.62

	

	

	
2.65

	

	

	
2.66

	

	

	
Mean (SD)




	
  SOCcpx (mg SOC g−1 cpx)

	
0

	
25

	
50

	
0

	
25

	
50

	
0

	
25

	
50




	
Vom (cm3) ‡

	
0.000

	
0.027

	
0.053

	
0.000

	
0.027

	
0.053

	
0.000

	
0.027

	
0.053

	
-




	
Vmx (cm3) ∫

	
0.382

	
0.365

	
0.349

	
0.378

	
0.362

	
0.346

	
0.376

	
0.360

	
0.344

	
-




	
ρcpx (g cm−3) §

	
2.620

	
2.551

	
2.485

	
2.647

	
2.576

	
2.508

	
2.660

	
2.584

	
2.518

	
2.572 (0.062)




	
Microcline

	

	

	

	

	

	

	

	

	

	




	
  ρmx (g cm−3)

	
2.44

	

	

	
2.55

	

	

	
2.60

	

	

	
Mean (SD)




	
  SOCcpx (mg SOC g−1 cpx)

	
0

	
25

	
50

	
0

	
25

	
50

	
0

	
25

	
50




	
Vom (cm3)

	
0.000

	
0.027

	
0.053

	
0.000

	
0.027

	
0.053

	
0.000

	
0.027

	
0.053

	
-




	
Vmx (cm3)

	
0.410

	
0.392

	
0.375

	
0.393

	
0.376

	
0.359

	
0.385

	
0.368

	
0.352

	
-




	
ρcpx (g cm−3)

	
2.440

	
2.387

	
2.336

	
2.547

	
2.484

	
2.425

	
2.600

	
2.533

	
2.469

	
2.469 (0.083)




	
Albite

	

	

	

	

	

	

	

	

	

	




	
  ρmx (g cm−3)

	
2.59

	

	

	
2.62

	

	

	
2.64

	

	

	
Mean (SD)




	
  SOCcpx (mg SOC g−1 cpx)

	
0

	
25

	
50

	
0

	
25

	
50

	
0

	
25

	
50




	
Vom (cm3)

	
0.000

	
0.027

	
0.053

	
0.000

	
0.027

	
0.053

	
0.000

	
0.027

	
0.053

	
-




	
Vmx (cm3)

	
0.386

	
0.370

	
0.353

	
0.382

	
0.366

	
0.350

	
0.379

	
0.363

	
0.347

	
-




	
ρcpx (g cm−3)

	
2.590

	
2.524

	
2.461

	
2.618

	
2.549

	
2.483

	
2.640

	
2.569

	
2.502

	
2.548 (0.061)




	
Amphibole

	

	

	

	

	

	

	

	

	

	




	
   ρmx (g cm−3)

	
2.59

	

	

	
2.62

	

	

	
2.64

	

	

	
Mean (SD)




	
   SOCcpx (mg SOC g−1 cpx)

	
0

	
25

	
50

	
0

	
25

	
50

	
0

	
25

	
50




	
Vom (cm3)

	
0.000

	
0.027

	
0.053

	
0.000

	
0.027

	
0.053

	
0.000

	
0.027

	
0.053

	
-




	
Vmx (cm3)

	
0.334

	
0.320

	
0.306

	
0.313

	
0.300

	
0.286

	
0.303

	
0.290

	
0.277

	
-




	
ρcpx (g cm−3)

	
2.990

	
2.884

	
2.784

	
3.195

	
3.065

	
2.945

	
3.300

	
3.157

	
3.027

	
3.039 (0.161)








† Minimum, average, and maximum values for mineral density (ρmx) taken from Battey [54], Barthelmy [55], Deer et al. [56], Fischenner [57], Jouenne [58], Mincryst [59], Mindat [60], and [27]. ¶ Theoretical soil organic carbon concentration of organo-mineral complex (SOCcpx). ‡ Volume of organic matter (Vom) in 1 g organo-mineral complex calculated after Equation (A3). ∫ Volume of mineral (Vmx) in 1 g organo-mineral complex calculated after Equation (A2). § Organo-mineral complex density (ρcpx) calculated after Equation (A1). The mean values (and standard deviation) presented in the last column were used to determine density thresholds for the separation protocol.
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Table A2. Estimation of organo-mineral complex density for minerals having a high specific surface area.
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Chlorite

	

	

	

	

	

	

	

	

	

	




	
   ρmx (g cm−3) †

	
2.65

	

	

	
2.83

	

	

	
2.95

	

	

	
Mean (SD)




	
   SOCcpx (mg SOC g−1 cpx) ¶

	
50

	
100

	
200

	
50

	
100

	
200

	
50

	
100

	
200




	
Vom (cm3) ‡

	
0.053

	
0.106

	
0.213

	
0.053

	
0.106

	
0.213

	
0.053

	
0.106

	
0.213

	
-




	
Vmx (cm3) ∫

	
0.345

	
0.313

	
0.249

	
0.323

	
0.293

	
0.233

	
0.310

	
0.281

	
0.224

	
-




	
ρcpx (g cm−3) §

	
2.510

	
2.384

	
2.167

	
2.659

	
2.505

	
2.245

	
2.753

	
2.580

	
2.292

	
2.455 (0.197)




	
Vermiculite

	

	

	

	

	

	

	

	

	

	




	
   ρmx (g cm−3)

	
2.30

	

	

	
2.37

	

	

	
2.50

	

	

	
Mean (SD)




	
   SOCcpx (mg SOC g−1 cpx)

	
50

	
100

	
200

	
50

	
100

	
200

	
50

	
100

	
200




	
Vom (cm3)

	
0.053

	
0.106

	
0.213

	
0.053

	
0.106

	
0.213

	
0.053

	
0.106

	
0.213

	
-




	
Vmx (cm3)

	
0.398

	
0.361

	
0.287

	
0.386

	
0.350

	
0.278

	
0.366

	
0.332

	
0.264

	
-




	
ρcpx (g cm−3)

	
2.218

	
2.141

	
2.002

	
2.277

	
2.191

	
2.037

	
2.386

	
2.282

	
2.099

	
2.181 (0.184)




	
Illite/Muscovite

	

	

	

	

	

	

	

	

	

	




	
   ρmx (g cm−3)

	
2.70

	

	

	
2.83

	

	

	
2.90

	

	

	
Mean (SD)




	
   SOCcpx (mg SOC g−1 cpx)

	
50

	
100

	
200

	
50

	
100

	
200

	
50

	
100

	
200




	
Vom (cm3)

	
0.053

	
0.106

	
0.213

	
0.053

	
0.106

	
0.213

	
0.053

	
0.106

	
0.213

	
-




	
Vmx (cm3)

	
0.339

	
0.307

	
0.244

	
0.323

	
0.293

	
0.233

	
0.316

	
0.286

	
0.228

	
-




	
ρcpx (g cm−3)

	
2.551

	
2.417

	
2.188

	
2.713

	
2.548

	
2.272

	
2.656

	
2.503

	
2.244

	
2.455 (0.186)








† Minimum, average, and maximum values for mineral density (ρmx) taken from Battey [54], Barthelmy [55], Deer et al. [56], Fischenner [57], Jouenne [58], Mincryst [59], Mindat [60], and [27]. ¶ Theoretical soil organic carbon concentration of organo-mineral complex (SOCcpx). ‡ Volume of organic matter (Vom) in 1 g organo-mineral complex calculated after Equation (A3). ∫ Volume of mineral (Vmx) in 1 g organo-mineral complex calculated after Equation (A2). § Organo-mineral complex density (ρcpx) calculated after Equation (A1). The mean values (and standard deviation) presented in the last column were used to determine density thresholds for the separation protocol.
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Figure A1. Theoretical densities of organo-mineral complexes associated with soil minerals. Horizontal bars are standard deviations from the means calculated in Table A1 and Table A2 (see above). Dotted lines are thresholds for the sequential density separation. 
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Figure 1. Fractionation scheme illustrating the methodological procedure and presumed functionality of soil organic matter. 
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Figure 2. X-ray diffractograms (Co-Kα radiation) of soil density fractions in (a) topsoil and (b) subsoil that were incubated without residue. Mineralogical analysis of the subsoil 1.9–2.1 fraction is missing due to insufficient mass to analyze this fraction. All diffractograms are presented on the same vertical scale (intensity) and were truncated for legibility when the reading exceeded 4000 counts. The maximum number of counts is written next to the peak (Al, albite; Am, amphibole; Cl, chlorite; I, illite; Mi, microcline; Mu, muscovite; Mt, montmorillonite; Q, quartz; V, vermiculite; W, sodium polytungstate). 
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Figure 3. Fraction of (a) soil organic C (SOC) coming from residue C (fC, Equation (4)) and (b) total soil N coming from residue N (fN, Equation (4)) within density fractions in topsoil (0–20 cm) and subsoil (30–70 cm) after 51 d of incubation with 10 g C kg−1 of 13C-15N-labelled corn residues. Different uppercase letters indicate a significant difference between topsoil and subsoil within density fractions, and different lowercase letters indicate a significant difference between density fractions within soil according to Fisher’s least significant difference (LSD) test. 
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Figure 4. Concentrations of (a) residue C and (b) residue N in density fractions in topsoil (0–20 cm) and subsoil (30–70 cm) (Equation (5)) after 51 d of incubation with 10 g C kg−1 of 13C-15N-labelled corn residues. Error bars are standard deviation of the mean. NOFL, non-occluded light fraction (ρ < 1.9); OFL, occluded light fraction (ρ < 1.9). Within soil density fractions, NS indicates no significant difference and *, **, and *** indicate significant difference between topsoil and subsoil at p < 0.05, 0.01, and 0.001, respectively (LSD test). The y-axis is on a logarithmic scale. 
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Figure 5. Proportions of (a) residue C and (b) residue N retained by the soil matrix in the form of mineral-associated organic matter (Residue CR-MAOM and Residue NR-MAOM, Equation (7)) in topsoil (0–20 cm) and subsoil (30–70 cm) from a heavy clay incubated for 51 d with 10 g C kg−1 of 13C-15N-labelled corn residues. * indicates significant difference at p < 0.05 between topsoil and subsoil. 
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Table 1. Recovery of residue C and residue N, and C/N and residue C-to-residue N ratios in density fractions in topsoil (0–20 cm) and subsoil (30–70 cm) incubated with 10 g C kg−1 soil of 13C-15N-labeled corn residues for 51 d.
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Density Fractions

(g cm−3)

	
Distribution of Residue C (%)

	
Distribution of Residue N (%)

	
C/N

	
Residue C-to-

Residue N Ratio




	
Topsoil

	
Subsoil

	
Topsoil

	
Subsoil

	
Topsoil

	
Subsoil

	
Topsoil

	
Subsoil






	
NOLF 1

	
45.7 Aa3

	
40.5 Aa

	
16.7 Aa

	
18.8 Aa

	
21.6 Aa

	
19.2 Ba

	
35.7 Aa

	
30.5 Aa




	
OLF 2

	
24.9 Ab

	
20.8 Bb

	
15.1 Aa

	
15.1 Aa

	
18.7 Ab

	
14.2 Bb

	
21.6 Ab

	
19.4 Ab




	
1.9–2.1

	
1.0 Ad

	
1.4 Ad

	
1.1 Ac

	
1.7 Ab

	
15.4 Ac

	
9.8 Bc

	
12.1 Ad

	
11.1 Ac




	
2.1–2.3

	
0.8 Ae

	
0.8 Ae

	
0.9 Ac

	
1.1 Ad

	
12.7 Ad

	
9.7 Bc

	
10.9 Ae

	
10.2 Ac




	
2.3–2.5

	
6.4 Ac

	
0.7 Be

	
8.1 Ab

	
1.0 Bd

	
9.5 Af

	
10.1 Ac

	
10.4 Ae

	
9.8 Ac




	
2.5–2.6

	
0.2 Bf

	
7.4 Ac

	
0.2 Bd

	
11.0 Aa

	
10.8 Ae

	
7.4 Bd

	
12.7 Acde

	
9.4 Ac




	
>2.6

	
0.2 Bf

	
0.4 Af

	
0.2 Bd

	
0.5 Ae

	
9.4 Af

	
7.9 Ad

	
15.4 Ac

	
10.7 Bc




	
All fractions

	
79.2 A

	
72.0 A

	
42.1 A

	
49.2 A

	
-

	
-

	
-

	
-








1 NOLF = non-occluded light fraction (ρ < 1.9). 2 OLF = occluded light fraction (ρ < 1.9). 3 Means followed by different uppercase letters indicate a significant (p < 0.05) difference between topsoil and subsoil within density fractions, and means followed by different lowercase letters indicate a significant (p < 0.05) difference between density fractions within soil according to LSD test at α = 0.05. C, carbon; N, nitrogen.
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