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Abstract

:

Many studies have been conducted on organic carbon changes under different land use patterns, but studies and data concerning changes in the molecular composition of soil organic matter (SOM) during land use conversion are scarce. In this work, we studied the chemical composition of SOM on two Robinia pseudoacacia L. plantations and their adjacent croplands in the Loess Plateau using biomarker and nuclear magnetic resonance (NMR) techniques. Experimental data on the molecular composition of SOM showed that the soil microbial biomass carbon content initially decreased and then returned to the original level gradually after afforestation, while the SOM content and stocks increased over time. At the initial stage of afforestation, the content of total solvent extracts did not change significantly but changed slowly over time in the plantations without artificial disturbance. With an increase in restoration time, the concentrations of both the microbial- and plant-derived solvent extracts increased. Moreover, the concentrations of plant-derived solvent extracts were consistently lower than those of microbial-derived solvent extracts. Afforestation also significantly increased the lignin-derived phenol content in the surface soil layer (0–10 cm). However, no obvious change was observed in the lignin-derived phenols of the two adjacent croplands. These results indicate that the accumulation of aboveground litter and underground roots has the strongest effects on the lignin-derived phenol content. In contrast to cropland, the two plantations exhibited a high degree of degradation of lignin-derived phenols in the surface soil, but this remained almost unchanged over time. Moreover, in contrast to 20 years after the establishment of the R. pseudoacacia plantation, the low alkyl/O-alkyl carbon ratio of the 8-year R. pseudoacacia plantation indicated that more easily degradable components accumulated during the initial stage of afforestation. Therefore, the proportion of the unstable carbon pool was relatively high and the SOM content may decline in the early stage of afforestation. These results provide evidence illustrating the detailed changes in the chemical composition of SOM during the ecological restoration process.
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1. Introduction


Soil organic matter (SOM) forms the largest organic carbon pool in terrestrial ecosystems [1] and has a fundamental role in ecosystem processes by regulating global biogeochemical cycles, plant and microbial growth, and soil function [2,3]. Changes in SOM content have a significant impact not only on soil nutrients and plant growth but also on the concentration of greenhouse gases in the Earth’s atmosphere [4]. The decomposition and sequestration of organic carbon in forest soil is influenced by climate change, the soil type, land management practices, tree species, and their interactions [5]. The most important cause of the loss of SOM is changes in land use patterns and management [6,7]. The accumulation and decomposition of SOM depend not only on the change in inputs but also on the molecular composition of SOM [8]. Understanding the molecular composition of SOM is necessary to clarify the mechanisms involved in changes in SOM, which forms a complex mixture composed of various types of substances [9].



Biomarkers provide important information regarding the sources, preservation, and structural modifications of SOM during environmental changes [10,11]. The biomarkers in soil, mainly free lipids, carbohydrates, and lignin-derived phenols, can be quantified via solvent extraction and copper (II) oxide (CuO) oxidation [10]. In addition, proxies such as the average chain length (ACL), acyclic/cyclic ratio, and ratios of cinnamyls to vanillyls (C/V) and syringyls to vanillyls (S/V) can be used to indicate the source and degradation of SOM [12]. Some previous studies have analyzed the sources of organic matter and attempted to explain the changes in organic matter at the molecular level [13,14]. For instance, Pisani et al. (2013) reported that pine soil had a relatively high value for the acyclic/cyclic ratio in Nebraska, USA [10]. Schäfer et al. (2016) observed that the odd-over-even predominance (OEP) of n-alkanes significantly decreased with soil depth in deciduous forest soil [15]. However, studies and data concerning changes in the molecular composition of SOM during land use conversion are scarce. It is important to study the transformation and preservation of lipids and lignin-derived phenols during the land use conversion process.



Nuclear magnetic resonance (NMR) can be used to determine the chemical composition of a diverse range of decomposing SOM [16]. The carbon contained in different chemical structures can be differentiated based on the chemical shift values [16]. The signal intensities associated with the 0–50 ppm, 50–110 ppm, 110–165 ppm, and 165–215 ppm regions have typically been assigned to alkyl carbon, O-alkyl carbon, aromatic and phenolic carbon, and carboxyl and carbonyl carbon structures, respectively [17,18]. However, NMR can only be used to evaluate the composition of carbon functional groups and is limited in distinguishing the content of individual substances and providing the chemical composition of SOM [19]. Thus, biomarker methods used in tandem with NMR can provide complementary and detailed information to understand the composition and characteristics of SOM at the molecular level.



The Loess Plateau of China is a region that has experienced some of the most severe soil erosion in the world. In 1999, an ecological project known as “Grain for Green” was initiated to control soil erosion in the Loess Plateau region [20,21]. As part of this project, extensive croplands were converted into Robinia pseudoacacia plantations. Previous studies have shown that the “Grain for Green” project significantly changed the concentration and stock of SOM in the Loess Plateau [20,21]. However, detailed information on the composition and decomposition of SOM during land use conversion is still lacking. The objective of this study was to evaluate changes in the molecular composition of SOM during land use conversion by applying both the biomarker and NMR spectroscopy methods. The composition and decomposition of SOM were obtained and analyzed, providing new information that can help researchers to understand the relationship between land use conversion and SOM at the molecular level.




2. Materials and Methods


2.1. Site Description


The study site is located in Gaojiazhuang Village, Fu County, Shaanxi Province, on the central Loess Plateau of China (36°3′41″ N, 109°18′59″ E), where the “Grain for Green” project was implemented. This site features a continental warm temperate monsoon climate. The annual average precipitation is 550.3 mm and the annual average temperature is 9.8 °C. The elevation of this region is 990 m above sea level, and the frost-free period is 175 days. The soil type in the study area is Calcic Cambisol (FAO-UNESCO soil classification system).



To quantify the changes in soil nutrients and the molecular composition of SOM following the afforestation of agricultural land, two R. pseudoacacia plantations (5 km apart) that were established on former cropland either 8 or 20 years ago (as of 2019; hereafter R8 and R20, respectively) were investigated. Meanwhile, two croplands (hereafter R8-CR and R20-CR, respectively) that were next to the R8 and R20 plantations were also sampled for comparison. These two sites had similar soil characteristics before afforestation and a relatively uniform soil profile in terms of texture and structure. The two R. pseudoacacia plantations were planted on previous cropland sites in different periods; no other further anthropogenic disturbances occurred after planting.



In each land use study site, three 300 m2 plots were randomly selected and three 9 m2 subplots were established within each plot. Field survey results of the four treatments are shown in Table 1. In the two croplands, the soil was tilled to a depth of approximately 20 cm before planting. Fertilizer with 162 kg ha−1 N, 90 kg ha−1 P2O5, and 162 kg ha−1 K2O per year was applied in accordance with the traditional practices of local farmers. At harvest, most of the straw was removed, and only a small amount of straw was plowed into the soil. The management practices were identical in the two croplands. During the sampling period, no obvious weeds were observed on the cropland surface.




2.2. Sample Collection


All samples were collected in April 2019. Soil samples were collected using a hand auger (5 cm diameter) at two depths: 0–10 cm and 10–20 cm. In each plot, nine soil cores were collected from three subplots and homogenized to represent a composite sample according to its layers. After collection, the soil samples were returned to the laboratory, where impurities were removed. Then, the soil samples were passed through a 2 mm sieve and divided into three parts, with one used immediately to measure the soil microbial biomass carbon, one air-dried to measure the soil organic carbon (SOC), and one freeze-dried to later measure the molecular composition of SOM.




2.3. Soil Organic Matter Biomarker Extraction and Analysis


Soil microbial biomass carbon (MBC) was determined using the chloroform fumigation–extraction method [22], while organic carbon was measured by the K2Cr2O7-H2SO4 oxidation method [23].



In the biomarker measurements, free lipids and lignin-derived phenols in freeze-dried soil were isolated by solvent extraction and CuO oxidation [10,14]. Dichloromethane (DCM), methanol (MeOH), and DCM:MeOH (1:1 v/v) were used for solvent extraction. Specifically, 5 g soil was mixed with 30 mL DCM, which was sonicated for 15 min, followed by the addition of 30 mL DCM:MeOH (1:1 v/v) and 30 mL methanol (MeOH) in sequence. The air-dried soil residue after solvent extraction was oxidized with copper oxide (CuO). A 250 mg subsample was mixed with 1 g CuO, 100 mg ammonium iron (II) sulfate hexahydrate [Fe(NH4)2(SO4)2·6H2O], and 15 mL of 2 mol·L−1 NaOH in a Teflon vessel. Then, the solvent extraction products and CuO oxidation products were converted to trimethylsilyl (TMS) derivatives. All derivatives were analyzed via gas chromatography–mass spectrometry (Agilent Technologies, Palo Alto, CA, USA). The data were acquired by Agilent Mass Hunter GC–MS Acquisition (version B.07.03.2129) and processed via the Agilent Enhanced ChemStation software (version E.02.02.1431). The process of identifying compounds was completed by comparing the mass spectra with the Wiley Registry (9th edition) plus NIST (2008) mass spectral databases, public mass spectra, and a spectral library of soil compounds.




2.4. Solid-State Nuclear Magnetic Resonance Analysis


Before NMR analysis, a 20 g soil mixture of the same treatment was placed into a polyethylene bottle, and 100 mL of 10% hydrofluoric acid was added to remove minerals and magnetic impurities in the soil [24]. The polyethylene bottles were shaken for 30 min per day. In addition, fresh 10% hydrofluoric acid was used to replace this acid every three days for 45 days. Finally, the soil samples were cleaned with deionized water to a pH near neutral to remove hydrofluoric acid and then freeze-dried [24].



The structure and composition of SOM were determined by a Bruker Avance III 400 MHz nuclear magnetic resonance spectrometer (Bruker BioSpin AG, Fällanden, Switzerland) using the cross-polarization magic angle spin technique. The selected standard substance was trimethylsilane with a chemical shift of 0 ppm. During the operation, the NMR instrument rotated at 5000 Hz, and each soil sample was scanned 1024 times. In the spectra, different functional groups corresponded to the following chemical shift regions: alkyl carbon (0–50 ppm), O-alkyl carbon (50–110 ppm), aromatic and phenolic carbon (110–165 ppm), and carboxyl and carbonyl carbon (165–215 ppm). Finally, we used the Mestrenova 14.0 software to calculate the relative concentrations of different functional groups based on the percentage of the peak area to the total area.




2.5. Biomarker Parameters and Calculations


In this study, the SOC stocks were calculated according to the equivalent soil mass method [25]:


   M i  = B  D i  ×  Z i  × 100 ,  



(1)






    SOC   i , fixed   =   Con  i  ×  M i  × 0.1 ,    



(2)






   M  i , ex   =  M i  −  M  i , equiv   ,  



(3)






      SOC   i , equiv   =   SOC   i , fixed   −  (    Con   bottom   ×  M  i , ex    )  / 1000 ,    



(4)




where Mi is the dry soil mass (Mg·ha−1), BDi represents the bulk density of the soil at each depth (g·cm−3), Zi represents the thickness of the soil at each depth (cm), Coni represents the SOC concentration in each layer (g·kg−1), Mi,equiv represents the selected equivalent soil mass and is equal to the smallest value of Mi at the same depth, and Conbottom refers to the SOC concentration in the deepest layer.



Otto et al. (2005) proposed to divide the solvent extraction products into plant- and microbial-derived products [14]. The plant-derived solvent extracts included steroids and long-chain n-alkanes, n-alkanols, and n-alkanoic acid (≥C20), while microbial-derived solvent extracts included trehalose and short-chain n-alkanes, n-alkanols, and n-alkanoic acid (<C20). The proxies that could be used to indicate the degradation of free lipids [26] were calculated.



The formulas of the average chain length (ACL) of n-alkanes and n-alkanoic acids, as well as the odd-over-even predominance (OEP) of n-alkanes and even-over-odd predominance (EOP) of n-alkanoic acid, are as follows:


  ACL =     ∑  i n  n ×  C n      ∑  i n   C n    ,  



(5)






  OEP =    C  23   +  C  27   +  C  29   +  C  31   +  C  33      C  18   +  C  20   +  C  24   +  C  26     ,    



(6)






  EOP =    C  12   +  C  14   +  C  16   +  C  18   +  C  20   +  C  22   +  C  24   +  C  26   +  C  28      C  15   +  C  23   +  C  27     ,  



(7)




where n is the number of carbon atoms, and Cn is the concentration of the n-alkanes or n-alkanoic acids with n carbon atoms [15,27].



S/L represents the ratio of short- (<C20) to long-chain (≥C20) n-alkanoic acids, where the ratio of acyclic/cyclic (RAL) represents the ratio of acyclic aliphatic lipids to cyclic lipids, and the formula is shown below [13]:


  RAL =     ∑      C  n − a l k a n e s   +   ∑      C  n − a l k a n o l s   +   ∑      C  n − a l k a n o i c   a c i d s       ∑      C  s t e r o i d s     ,  



(8)







For the lignin-derived phenols, S/V and C/V represent the ratios of syringyls to vanillyls and cinnamyls to vanillyls, respectively. The ratios of lignin-derived phenolic acids and their corresponding aldehydes (Ad/Al) indicate the level of lignin oxidation. The ratio of syringic acid to syringaldehyde is represented by (Ad/Al)s, and the ratio of vanillic acid to vanillin is represented by (Ad/Al)v [12].




2.6. Statistical Analyses


A two-way analysis of variance (ANOVA) was conducted to test the effect of the interaction between the soil depth and treatment on the SOM molecular composition (free lipids and lignin-derived phenols) using the SPSS 19.0 software. All analyses were performed with a significance level of p = 0.05.





3. Results


3.1. MBC and SOC Concentrations under Four Treatments


The results showed that the MBC in R8-CR was significantly larger than that in R8. During afforestation, the MBC content initially decreased, but then it returned to the original MBC content level of the cropland at R20 (Table 2). Compared with croplands, the SOC content and stocks generally increased after afforestation and increased with the extension of the restoration time (Table 3).




3.2. Solvent-Extractable Compounds under Four Treatments


Almost all of the solvent-extractable compounds (SEC) in shallow soil were present in larger amounts than in deeper soil among the four land use sites (Table 4). At R8, the content of total SEC did not change significantly when compared with that of the adjacent cropland (Figure 1a). Slightly larger amounts of SECs were observed in R20 than in R8, but this difference was insignificant in the surface layer. Moreover, SEC in R20-CR were present in significantly larger amounts than in R20 (Figure 1a). This result suggests that soil may require a relatively long time to exhibit a significant change in total SEC after afforestation. The plant- and microbial-derived SEC varied in different land use patterns (Figure 1b,c). All land use patterns had relatively lower plant-derived SEC concentrations than microbial-derived SEC concentrations.



Moreover, some parameters that can be used to illustrate the degradation of free lipids were calculated (Figure 2). No significant difference in the S/L values was observed between the R8 and R8-CR treatments across the 0–20 cm profile. However, in the measured S/L values between R20 and R20-CR at the two soil depths, the S/L value had decreased after 20 years of afforestation. In contrast to S/L, larger RAL values occurred at a depth of 10–20 cm than at 0–10 cm among the four treatments. At a depth of 0–10 cm, the RAL value of R20 was low when compared with that of R20-CR; however, no significant difference was found in RAL values between the R8 and R8-CR treatments. Moreover, the calculation results showed that R8 and R20 had lower ACLal, OEP, and EOP values at the 0–10 cm soil depth than at 10–20 cm (Figure 2). In the 0–20 cm soil profile, at the initial stage of afforestation, R. pseudoacacia plantations had a larger EOP than the adjacent cropland, but after 20 years, this trend had reversed.




3.3. Lignin-Derived Phenols under Four Treatments


The concentrations of lignin-derived phenols generally increased after the cropland was converted into R. pseudoacacia plantations, while the concentrations of syringyls and vanillyls increased more substantially than the concentration of cinnamyls (Figure 3). With the extension of the restoration time, the concentrations of total lignin-derived phenols increased.



Several indexes were used to indicate the degree of degradation of lignin-derived phenols (Figure 4). At the 0–10 cm depth, no significant differences in the C/V and S/V values were observed between R8 and R20. At depths of 10–20 cm, however, the C/V and S/V values of R20 were significantly lower than those of R8. Moreover, the calculated (Ad/Al)s at the 0–10 cm depth in all four treatments was consistently lower than that at 10–20 cm. In contrast, the result for the (Ad/Al)v of the surface soil was observed to be larger at shallow than at deeper depths.




3.4. Chemical Composition of SOM Measured by NMR


Signal peaks of the four main carbon types (alkyl carbon, O-alkyl carbon, aromatic and phenolic carbon, and carboxyl and carbonyl carbon) appeared in all spectra, but at different intensities. According to the peak areas of different functional groups in the NMR, we calculated the percentages of the chemical structures in SOM. The O-alkyl carbon types were the most abundant (44.28–49.71%) in the four land use patterns (Figure 5). With increasing time after afforestation, the percentage of O-alkyl carbon decreased, and the percentage of aromatic and phenolic carbon increased. Moreover, Table 5 shows that the levels of the alkyl/O-alkyl ratio were higher in R20 than in R8.





4. Discussion


4.1. Effect of Land Use Types on SOC and MBC Concentrations and SOC Stocks


As measured in the 0–20 cm profile, the MBC concentrations of the two R. pseudoacacia plantations were lower than those in the adjacent cropland, and the MBC was slightly different between R20 and R20-CR (Table 2). This may be a result of the application of fertilizer in the cropland, which can increase the MBC concentrations [28,29]. The application of fertilizer in cropland can influence the microbial activity and then have a positive effect on MBC [30]. During the afforestation of previous croplands, we also observed that the MBC content of R. pseudoacacia plantations initially decreased, but then increased to the levels of the cropland after 20 years.



When compared with the conditions in the adjacent cropland, afforestation increased both the concentrations and stocks of SOC (Table 3). This result is consistent with the findings of many researchers who have conducted similar restoration studies on the Loess Plateau [20,31]. For example, Wei et al. (2012) reported that the SOC concentrations and stocks increased after cropland was converted into a Pinus tabuliformis plantation [20]. Moreover, the soil carbon stock calculated with the equivalent soil mass method also showed that the SOC storage increased with the increased afforestation time. This resulted from increased aboveground litter input and an increase in underground root biomass and exudate inputs [32].




4.2. Effect of Land Use Types on the Solvent-Extractable Compounds


Differences in land use patterns have led to a distinction in the surface litter and associated microbial communities, which in turn has led to differences in the chemical composition of the organic matter that accumulates in the soil [17,33]. The solvent-extractable free lipids generally accounted for less than 10% of the SOM, which included characteristic biomarkers that could be used to provide information related to the source and degradation stage of residues in SOM [14]. During the initial stage of afforestation, the content of total solvent-extractable products did not change significantly (Figure 1a). Figure 1a indicates that the change in solvent extraction products in R. pseudoacacia plantations was slow if the plantations were left undisturbed. In addition, larger solvent-extractable compound concentrations among the four treatments were found at depths of 0–10 cm when compared with 10–20 cm, which was consistent with the findings of other research studies conducted during vegetation restoration [34,35]. This phenomenon might be a result of the transfer of free lipids to organo-mineral complexes at deeper soil depths [35]. Moreover, a reduction in root input and selective lipid degradation processes in soil depths deeper than the litter layer also results in a reduction in free lipids [35,36].



Carbohydrates are organic compounds that are easily degraded in the soil profile [37,38,39]. At the measured 0–20 cm profile, R8 had larger carbohydrate concentrations than the adjacent cropland (Table 4). In contrast, no significant difference was found in the carbohydrate concentrations between R20 and R20-CR. This suggests that carbohydrates accumulate easily only in the early stage of afforestation.



In the measured soil, the concentrations of n-alkanoic acid decreased with the soil depth among the four treatments (Table 4), which agreed with previous reports that the degradation effects of n-alkanoic acids were enhanced with increasing soil depth [15]. At the 0–20 cm depth, R8 had significantly lower concentrations of alkanoic acids than R20, which was caused by the soil pH [15]. In our previous study, we found that the soil pH of R. pseudoacacia plantations decreased with the extension of the restoration time [21]. Some scholars have proposed that soil fungi dominate the microbial community when the pH is lower [40], as this provides a good environment for alkanoic acids to accumulate and be preserved [40,41].



At a depth of 0–20 cm, the microbial-derived solvent extracts were consistently greater than the plant-derived solvent extracts among the four treatments. This occurred because the plant-derived organic matter was transformed further into microbial necromass during degradation [42,43,44]. The concentrations of microbial- and plant-derived solvent extracts decreased with the soil depth in the four treatments; this phenomenon may be a result of a decrease in the root C inputs and related microbial processes in deeper soil [45,46]. After conversion for 8 years, no significant change was observed in the concentrations of microbial- and plant-derived solvent extracts between R8 and R8-CR in the 0–20 cm soil profile (Figure 1). However, the concentrations of plant- and microbial-derived solvent extracts decreased significantly at R20 compared with the adjacent croplands. This finding may be associated with the cultivation practices and afforestation time, because management practices differ in the type and intensity of disturbance [17]. Moreover, plant- and microbial-derived organic matter is protected from decomposition in soil depending on its interaction with the soil mineral matrix and aggregates [17].



Some indices of solvent extracts can indicate the sources and degradation of free lipids [47,48]. For example, the S/L value represents the ratio of short- to long-chain n-alkanoic acids. Previous studies confirmed that short-chain n-alkanoic acids were more easily degraded than long-chain n-alkanoic acids, so the S/L values decrease with degradation [34,49]. In the current study, the S/L difference between R8 and R8-CR was slight (Figure 2). However, the S/L of R20 was significantly lower than that of the adjacent cropland. This result is consistent with that of Pisani et al. (2015), who proposed that the degradation of n-alkanoic acids might require a long period [50]. The average chain length (ACL) also indicates the degree of degradation, and a lower ACL value means that a lower degree of degradation occurs for n-alkanes or n-alkanoic acids [51]. No significant difference in the ACLal values was observed among the four treatments at the 0–10 cm depth, which shows that the difference in n-alkane degradation was slight. This occurred because the turnover times of n-alkanes usually require time in the order of decades [15]. For the n-alkanoic acids, the lower ACLac of R8 than R8-CR and the higher ACLac of R20 over R20-CR suggest that the degradation of n-alkanoic acids increases with increasing time.



The RAL value is the ratio of acyclic aliphatic to cyclic lipids. Previous studies have proven that acyclic aliphatic lipids are preferred for degradation, in contrast with cyclic lipids, so a high RAL represents a low degree of lipid degradation [10,13]. Figure 2b shows that the RAL of all four treatments at the 0–10 cm depth was lower than that at the 10–20 cm depth, which suggests a higher degree of degradation of lipids in the surface over deep soil. The OEP and EOP values were calculated by the even- and odd-numbered n-alkanes or n-alkanoic acids. The OEP and EOP values generally decreased with degradation because the most abundant compounds of odd-numbered n-alkanes and even-numbered n-alkanoic acids were preferentially degraded [15,52]. In this study, no significant difference in the degradation of surface n-alkanes was observed (Figure 2d). In contrast to R8, the lower EOP value in R20 illustrates that the degradation of n-alkanoic acids increased with increasing afforestation time (Figure 2f).




4.3. Effect of Land Use Types on Lignin-Derived Phenols


Lignin-derived phenols are one of the most abundant compounds of SOM, and they are mainly derived from the vascular tissue of plants [12]. The degradation and transformation of lignin-derived phenols are influenced by land use patterns, plant community compositions, and microbial communities [53,54]. Figure 3a,c show that the concentration of lignin phenolic monomers decreased with increasing soil depth among the four treatments, which was in line with the findings of Feng and Simpson (2007) and Thevenot et al. (2010), who proposed that this trend occurs because of limitations in litter input and the physical protection of aggregates in deep soils [13,53]. Moreover, larger concentrations of syringyls, vanillyls, cinnamyls, and total lignin-derived phenols were observed in R20 than in R8 across the measured 0–20 cm profile, which suggests that more lignin-derived phenols in soils can accumulate with increasing afforestation time.



The sum of lignin-derived phenols (VSC) could be used as an index to study the impact of plant-derived compounds on SOM content and its stability [53,55,56]. In this study, we found that the VSCs of R8 and R20 were larger than those of their adjacent croplands at the 0–10 cm soil depth (Figure 3d). This result was consistent with Guggenberger et al. (1994), who found that the VSC of spruce forest soil was significantly larger than that of cropland [57]. However, these results were in contrast to those of Thevenot et al. (2010), who argued that white rot fungi, which serve as the main decomposers of lignin-derived phenols, are more abundant in forest soil than in cropland [53,58,59]. In their research, the largest VSC concentrations occurred in cropland, followed by forest and grassland soil. In our study, Figure 3d shows that the concentrations of total lignin-derived phenols increased after 8 years of afforestation compared to that of the adjacent cropland, and they increased further with the extension of the restoration time. This result suggests that the accumulation of aboveground litter and underground roots has the strongest influence on lignin-derived phenols.



The specific source of lignin-derived phenols might be inferred through their S/V and C/V values [58]. The S/V and C/V values are the ratios of syringyls or cinnamyls to vanillyls, respectively. Generally, the C/V and S/V values decrease with the degradation of lignin-derived phenols because cinnamyls and syringyls are more easily degraded than vanillyls [12,53,60]. At the 0–10 cm depth, larger S/V and C/V values were observed in croplands than in plantations (Figure 4a,b), which showed that a lower degree of degradation occurred for lignin-derived phenols in cropland, a finding that was consistent with the results of Guggenberger et al. (1994), who performed measurements in Germany [57]. In the present study, no significant difference in the degradation of the lignin-derived phenols in the topsoil was found between R8 and R20 with the extension of the restoration time (Figure 4a,b).



The monomer degradation of syringyls and vanillyls can be further inferred from the index of (Ad/Al)s and (Ad/Al)v because the aldehydes that correspond to syringyl and vanillyl groups are oxidized into acids during the degradation of lignin-derived phenols [14]. Therefore, larger values of (Ad/Al)s and (Ad/Al)v indicate a higher degree of degradation of corresponding syringyl or vanillyl components. The larger (Ad/Al)s of R20 and R8 at 10–20 cm over the shallow layer in Figure 4c shows that the two plantations experienced the greater degradation of syringyls in the deeper layer. This trend was consistent with Thevenot et al. (2010) and Rumpel et al. (2004), who observed the greater degradation of syringyls in deeper soil than in shallow soil [53,61]. However, (Ad/Al)v in Figure 4d shows a different trend when compared with (Ad/Al)s, as (Ad/Al)v decreased with increasing depth. This may be related to the difficulty of decomposing vanillyls when compared with syringyls and the different external environments required for their degradation [53].




4.4. Effect of Land Use Types on the NMR Chemical Composition of SOM


Figure 5 shows that the proportion of O-alkyl carbon was almost 50% in all four treatments, the largest component among the four functional groups of SOM. These results were in line with the findings of most previous studies [39,62]. The O-alkyl carbon compounds include carbohydrates, amino acids, and lignins [10]. A higher proportion of O-alkyl carbon generally means that the SOM is degraded relatively easily [19]. However, not all O-alkyl carbon groups are degraded readily; these groups may also be physically protected within soil aggregates or by the mineral matrix [17]. Across the 0–20 cm depth, R8 and R20 had lower O-alkyl carbon proportions than R8-CR and R20-CR, respectively (Figure 5). This indicates that the two R. pseudoacacia plantations had a relatively higher proportion of stable carbon in the carbon pool than the cropland.



The afforestation time also influences the NMR chemical composition of SOM. Figure 5 shows that the proportion of O-alkyl carbon in R20 was lower than that in R8. This suggests that the concentration of labile SOM components decreased gradually with an increase in plantation age. In addition, NMR showed that R20 and R8 had increasing proportions of carboxyl and carbonyl carbon with increasing soil depth, which was in line with the findings of Zech et al. (1992) and Guggenberger et al. (1994) [57,63]. This phenomenon may be related to CuO products (Figure 3d), because lignin side-chain oxidation reduces the concentration of total lignin-derived phenols and can contribute to an increase in the concentration of carboxyl groups [57,63].



The degradation degree of SOM can also be illustrated by the ratio of alkyl carbon to O-alkyl carbon, which is positively related to the degree of degradation, because the O-alkyl carbon is unstable and easier to decompose [17,64]. Table 5 shows larger alkyl/O-alkyl ratios of R20 over R8 in the 0–20 cm soil profile, which suggests that the SOM in R20 was relatively stable when compared with that of R8. This indicates that SOM is more easily degraded and a more unstable carbon pool exists during the early stage of afforestation. From another perspective, this also explains why the concentration of SOM often declines in the early stage of afforestation, as has been observed by other researchers.





5. Conclusions


This study evaluated differences in the molecular composition of SOM via biomarkers and NMR among different land use types, including two R. pseudoacacia plantations and their adjacent croplands in the central Loess Plateau of China. The results indicate that afforestation has significant impacts on SOM at the molecular level. After the croplands were converted into R. pseudoacacia plantations, the total solvent extracts in the plantations changed slowly with increasing time after restoration if the land was free of human disturbances. Moreover, microbial-derived solvent extracts were observed to accumulate more than plant-derived solvent extracts in the two R. pseudoacacia plantations examined. Afforestation and the extension of the restoration time also significantly increased the lignin-derived phenol content in the surface layer. The accumulation of aboveground litter and underground roots had the greatest influence on the lignin-derived phenol content. Our results indicate that the conversion of cropland to R. pseudoacacia plantations is an effective method to increase SOC stocks and carbon sequestration in the region.



The NMR results of this study indicate that more easily degradable components of SOM accumulated during the early stage of afforestation. Therefore, the proportion of the unstable carbon pool was relatively high, and the SOM content might be reduced in the early stage of afforestation. These results can provide a useful reference for land managers during the ecological restoration process.
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Figure 1. Concentrations of total and calculated sources of solvent extraction compounds (SEC) at 0–10 cm and 10–20 cm soil depths under four treatments. (a) Concentrations of total solvent extracts. (b,c) Concentrations of microbial-derived and plant-derived SEC at depths of 0–10 cm and 10–20 cm, respectively. L and S denote the effects of land use and soil depth, respectively (based on results of two-way ANOVA). Values in bold indicate significant treatment effects at p < 0.05. Values followed by different lowercase letters represent significant differences among the four treatments for the same soil layer (p < 0.05). Note: Robinia pseudoacacia plantations had been established for 8 (R8) and 20 (R20) years, and their adjacent croplands (R8–CR and R20–CR, respectively) were also analyzed. 
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Figure 2. Measurement of free lipids at 0–10 cm and 10–20 cm soil depths under four treatments: (a) ratio of short-chain n-alkanoic acids to long-chain n-alkanoic acids (S/L), (b) ratio of acyclic lipids to cyclic lipids (RAL), (c) average chain length of n-alkanes (ACLal), (d) odd-over-even predominance (OEP) for n-alkanes, (e) average chain length of n-alkanoic acids (ACLac), and (f) even-over-odd predominance (EOP) for n-alkanoic acids. Values in bold indicate significant treatment effects at p < 0.05. Values followed by different lowercase letters represent significant differences among the four treatments for the same soil layer (p < 0.05). Note: Robinia pseudoacacia plantations had been established for 8 (R8) and 20 (R20) years, and their adjacent croplands (R8–CR and R20–CR, respectively) were also analyzed. 






Figure 2. Measurement of free lipids at 0–10 cm and 10–20 cm soil depths under four treatments: (a) ratio of short-chain n-alkanoic acids to long-chain n-alkanoic acids (S/L), (b) ratio of acyclic lipids to cyclic lipids (RAL), (c) average chain length of n-alkanes (ACLal), (d) odd-over-even predominance (OEP) for n-alkanes, (e) average chain length of n-alkanoic acids (ACLac), and (f) even-over-odd predominance (EOP) for n-alkanoic acids. Values in bold indicate significant treatment effects at p < 0.05. Values followed by different lowercase letters represent significant differences among the four treatments for the same soil layer (p < 0.05). Note: Robinia pseudoacacia plantations had been established for 8 (R8) and 20 (R20) years, and their adjacent croplands (R8–CR and R20–CR, respectively) were also analyzed.



[image: Forests 14 01502 g002]







[image: Forests 14 01502 g003 550] 





Figure 3. The concentrations of (a) vanillyls, (b) syringyls, (c) cinnamyls, and (d) total lignin-derived phenols under four treatments. Values in bold indicate significant treatment effects at p < 0.05. Values followed by different lowercase letters represent significant differences among the four treatments for the same soil layer (p < 0.05). Note: Robinia pseudoacacia plantations had been established for 8 (R8) and 20 (R20) years, and their adjacent croplands (R8–CR and R20–CR, respectively) were also analyzed. 
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Figure 4. The parameters of lignin-derived phenols at 0–10 cm and 10–20 cm under four treatments: (a) the ratio of syringyls to vanillyls (S/V), (b) the ratio of cinnamyls to vanillyls (C/V), (c) the ratio of syringic acid to syringaldehyde ((Ad/Al)s), and (d) the ratio of vanillic acid to vanillin ((Ad/Al)v). Values in bold indicate significant treatment effects at p < 0.05. Values followed by different lowercase letters represent significant differences among the four treatments for the same soil layer (p < 0.05). Note: Robinia pseudoacacia plantations had been established for 8 (R8) and 20 (R20) years, and their adjacent croplands (R8–CR and R20–CR, respectively) were also analyzed. 
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Figure 5. Relative percentages of different functional areas as determined from the nuclear magnetic resonance spectra at 0–10 cm and 10–20 cm under four treatments: (a) Relative percentages of alkyl carbon; (b) Relative percentages of O–alkyl carbon; (c) Relative percentages of aromatic and phenolic carbon; (d) Relative percentages of carboxyl and carbonyl carbon; (e) Relative percentages of aliphatic carbon (aliphatic carbon = alkyl carbon + O-alkyl carbon). Note: Robinia pseudoacacia plantations had been established for 8 (R8) and 20 (R20) years, and their adjacent croplands (R8–CR and R20–CR, respectively) were also analyzed. 
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Table 1. Field survey results and soil bulk densities (0–20 cm, mean ± SE) under four treatments.
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	Treatment
	Tree Height

(m)
	Diameter at Breast Height (cm)
	Understory Vegetation/Crop Type
	Soil Bulk Density

(g·cm−3)





	R8
	9.52
	10.31
	Potentilla reptans L. var. sericophylla Franch., Carex breviculmis R. Br., and Setaria viridis (L.) Beauv.
	1.35 (0.16)



	R8-CR
	–
	–
	Wheat and oilseed rape rotation
	1.58 (0.13)



	R20
	9.71 m
	16.3
	Potentilla reptans L. var. sericophylla Franch., Carex breviculmis R. Br., and Setaria viridis (L.) Beauv.
	1.35 (0.18)



	R20-CR
	–
	–
	Wheat and oilseed rape rotation
	1.43 (0.23)







Note: Robinia pseudoacacia plantations had been established for 8 (R8) and 20 (R20) years, and their adjacent croplands (R8-CR and R20-CR, respectively) were also analyzed. Standard error is displayed in brackets.
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Table 2. Soil microbial biomass carbon (MBC) and soil organic carbon (SOC) concentrations under four treatments.
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Soil Depth (cm)

	
Treatment

	
MBC (g·kg−1)

	
SOC (g·kg−1)






	
0–10

	
R8

	
0.30 (0.05) b

	
9.98 (0.84) ab




	
R8-CR

	
0.62 (0.11) a

	
7.12 (0.46) bc




	
R20

	
0.72 (0.06) a

	
12.55 (1.04) a




	
R20-CR

	
0.78 (0.06) a

	
5.25 (0.64) c




	
10–20

	
R8

	
0.19 (0.02) b

	
6.34 (0.13) a




	
R8-CR

	
0.74 (0.08) a

	
8.02 (0.68) a




	
R20

	
0.78 (0.13) a

	
8.36 (0.94) a




	
R20-CR

	
0.91 (0.06) a

	
7.02 (0.12) a








Note: Robinia pseudoacacia plantations had been established for 8 (R8) and 20 (R20) years, and their adjacent croplands (R8-CR and R20-CR, respectively) were also analyzed. Standard error is displayed in brackets. Values followed by different lowercase letters within columns represent significant differences among the four treatments for the same soil layer (p < 0.05). These notes also apply to Table 3 and Table 4.
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Table 3. Soil organic carbon (SOC) stocks at 0–20 cm depth under four treatments.






Table 3. Soil organic carbon (SOC) stocks at 0–20 cm depth under four treatments.





	Treatment
	SOC Stock (Mg·ha−1)





	R8
	21.11 (1.24) ab



	R8-CR
	20.53 (1.81) b



	R20
	27.24 (2.56) a



	R20-CR
	15.96 (0.98) b







Values followed by different lowercase letters within columns represent significant differences among the four treatments (p < 0.05).
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Table 4. Concentrations of the solvent-extractable compounds under four treatments.






Table 4. Concentrations of the solvent-extractable compounds under four treatments.





	
Soil Depth (cm)

	
Treatment

	
n-Alkanes

	
n-Alkanols

	
n-Alkanoic Acids

	
Carbohydrates

	
Steroids

	
Short-Chain Aliphatic Lipids

	
Long-Chain Aliphatic Lipids






	

	

	
μg·g−1




	
0–10

	
R8

	
9.35 (0.48) a

	
10.47 (1.20) c

	
35.78 (3.83) c

	
19.73 (1.21) a

	
12.33 (1.34) b

	
32.17 (3.92) c

	
23.44 (1.44) b




	
R8-CR

	
8.68 (0.93) a

	
9.57 (0.88) c

	
37.84 (4.51) bc

	
16.16 (1.13) b

	
13.01 (0.67) ab

	
32.34 (4.00) bc

	
23.76 (2.27) b




	
R20

	
8.19 (0.28) a

	
14.58 (0.97) b

	
49.24 (3.16) b

	
14.72 (1.38) b

	
15.11 (0.86) ab

	
42.90 (3.34) b

	
29.10 (1.00) a




	
R20-CR

	
9.77 (0.14) a

	
18.60 (0.74) a

	
63.87 (2.48) a

	
18.24 (0.34) ab

	
15.47 (0.80) a

	
60.39 (2.74) a

	
31.86 (0.57) a




	
10–20

	
R8

	
5.65 (0.33) b

	
3.92 (0.06) b

	
17.83 (0.23) b

	
9.70 (0.34) ab

	
5.58 (0.17) c

	
16.18 (0.26) c

	
11.22 (0.46) b




	
R8-CR

	
5.66 (0.33) b

	
4.74 (0.18) b

	
20.46 (0.38) b

	
8.92 (0.28) b

	
6.98 (0.24) b

	
17.00 (0.37) c

	
13.86 (0.36) b




	
R20

	
6.39 (0.38) b

	
4.82 (0.12) b

	
30.67 (3.68) a

	
10.96 (0.47) a

	
5.82 (0.30) bc

	
26.85 (3.54) b

	
15.03 (0.49) a




	
R20-CR

	
10.20 (1.16) a

	
9.22 (0.62) a

	
37.16 (3.07) a

	
10.89 (0.60) a

	
8.23 (0.60) a

	
35.20 (2.88) a

	
21.38 (1.96) a








Values followed by different lowercase letters within columns represent significant differences among the four treatments for the same soil layer (p < 0.05).













[image: Table] 





Table 5. The parameters of different functional areas as determined from the nuclear magnetic resonance spectra at 0–10 cm and 10–20 cm under four treatments.






Table 5. The parameters of different functional areas as determined from the nuclear magnetic resonance spectra at 0–10 cm and 10–20 cm under four treatments.





	
Soil Depth (cm)

	
Treatment

	
Alkyl C/O-Alkyl Ratio

	
Aromatic/O-Alkyl Ratio

	
Aliphatic/Aromatic Ratio






	
0–10

	
R8

	
0.56

	
0.28

	
5.49




	
R8-CR

	
0.55

	
0.29

	
5.30




	
R20

	
0.57

	
0.34

	
4.68




	
R20-CR

	
0.59

	
0.31

	
5.12




	
10–20

	
R8

	
0.60

	
0.32

	
5.00




	
R8-CR

	
0.58

	
0.33

	
4.73




	
R20

	
0.66

	
0.38

	
4.36




	
R20-CR

	
0.58

	
0.30

	
5.29








Note: Robinia pseudoacacia plantations had been established for 8 (R8) and 20 (R20) years, and their adjacent croplands (R8-CR and R20-CR, respectively) were also analyzed.
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