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Abstract

:

Soil organic carbon (SOC) storage and decomposability are crucial for soil quality. Film mulching and phosphorus (P) application are important agricultural practices on the semiarid Loess Plateau. This study analyzed the combined effects of film mulching and P application on SOC, its fractions, and mineralization kinetics under alfalfa (Medicago sativa L.). The six-year field experiment incorporated randomized blocks of split-plot design with two mulching treatments (no film mulching with flat planting and film mulching with ridges and furrows) as main plots and four P levels (P0: 0 kg ha−1, P1: 9.73 kg ha−1, P2: 19.3 kg ha−1, P3: 28.9 kg ha−1) as subplots. Mulching increased SOC content, SOC fractions (light and heavy fraction organic C, microbial biomass C, and dissolved organic C), and mineralization. After six years, mulching increased SOC content by 2.18, 2.60, 2.37, and 0.17 g kg−1 at P0, P1, P2, and P3, relative to no mulching. With increasing P levels, SOC fractions and mineralization increased under no mulching but increased initially and then decreased under mulching. P1 with mulching displayed the highest SOC utilization efficiency and stability. Kinetic models divided SOC into an active and a slow SOC pool, with the latter showing the lowest decomposability and highest stability in P1 with mulching. Overall, film mulching with a low P level, especially 11.9 kg ha−1 P fertilizer, promoted SOC storage under alfalfa on the semiarid Loess Plateau due to the high SOC content with high C utilization efficiency and stability and low decomposability.
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1. Introduction


Soil is the largest carbon pool in the terrestrial biosphere, about 4.5 times the size of the biotic pool (560 gigatons, Gt) and 3.3 times the size of the atmospheric pool (760 Gt) [1]. Understanding soil carbon dynamics is important because the carbon balance is critical for terrestrial ecosystems and the global carbon cycle. Soil organic carbon (SOC) accounts for more than 60% of global soil carbon (~1550 Gt) and includes plants, roots, soil fauna, fungi, and microbial residues at all stages of decomposition [1]. The amount of SOC is the net balance between SOC inputs from tissue residues or root exudations and SOC outputs in various organic carbon pools through biochemical or soil microbial decomposition [2]. As a major sink and source for atmospheric CO2, small SOC storage and decomposition changes will significantly affect food security [3].



The semiarid region of the Loess Plateau is characterized by low and labile rainfall with considerable spatial-temporal variation, high evaporation rates, limited temperature, and serious soil and water losses, resulting in low soil quality and crop yields [4,5]. Farmers in this region use plastic film to harvest rainfall, reduce evaporation, increase soil temperature, and enhance crop yields [6]. Plastic mulch retained for five years on abandoned land had up to 40% higher SOC contents than areas with no plastic mulch due to better vegetation coverage and aggregate stability [7]. SOC comprises various C fractions with different stabilities and chemical compositions [8]. Light fraction organic carbon (LFOC) mainly comprises botanical relics, soil microorganisms, and microfaunal debris at an intermediate state of decomposition [9,10]. Heavy fraction organic carbon (HFOC), a recalcitrant SOC pool, comprises organic materials tightly bound to soil minerals [2]. Microbial biomass carbon (MBC) is a living and dynamic fraction of the SOC pool. Despite only accounting for 1–5% of the SOC pool [11,12], it is crucial for energy flow, nutrient transformation, and the element cycle due to its ‘eye of the needle’ role through which all organic materials entering the soil must pass [13]. Dissolved organic carbon (DOC) is the most important labile fraction of SOC since it is the main energy source for soil microorganisms [14]. DOC can be rapidly consumed, incorporated into microbial tissue, or released as CO2 [15]. Jia et al. [5] reported that plastic mulch with alternative ridges and furrows increased SOC, LFOC, HFOC, and MBC in an alfalfa (Medicago sativa L.) field on the semiarid Loess Plateau from 2001 to 2003. Large (80 cm) and small (40 cm) ridges alternated and fully mulched with plastic film increased LFOC and MBC [10]. Enhancing SOC and its fractions is important for improving soil quality, reducing soil erosion, and optimizing agricultural productivity [16,17]. However, some studies have shown that long-term film mulching depleted SOC due to the stimulated organic matter decomposition by the enhanced microbial biomass and metabolic processes [18]. Wang et al. [19] reported that while double ridges and furrows mulched with plastic film enhanced SOC mineralization due to increased soil temperature and moisture content, the overall SOC content remained balanced due to the inputs derived from the accumulated maize root biomass in the soil. In another study, double ridges and furrows mulched with plastic film once every two years coupled with no-tillage maintained SOC balance under maize on the semiarid Loess Plateau [6]. Management-induced changes in SOC are difficult to detect in the short term due to the presence of large background amounts of relatively stable SOC [12,20]. However, labile SOC fractions, such as LFOC, MBC, and DOC, can respond rapidly to C supply changes and have been used as sensitive indicators of agricultural management impacts on soil quality due to their high turnover rates [20,21]. HFOC is a more stable SOC fraction with lower C concentrations and can be a major sink for soil carbon storage [22]. Thus, quantitative analysis of SOC and its fractions can be useful for better understanding soil C dynamics and their responses to agricultural management practices [16].



Phosphorus (P) fertilizer application is another technique for improving crop growth and yield on the semiarid Loess Plateau, with its low concentration and poor mobility of soil available P [18]. A long-term study found that 26 kg ha−1 P fertilizer significantly increased alfalfa cumulative dry matter yield by 7.78 Mg ha−1 over 24 years on the Loess Plateau. SOC content also increased due to the increased return of organic materials such as decaying roots, litter, and plant residues to the soil [23]. P application increased stable water aggregation by forming an aluminum or calcium phosphate-binding agent, which protected SOC from soil microbial decomposition [24]. Zhang et al. [25] also found that long-term P addition impeded SOC decomposition in a tropical forest, which could be due to the reduced microbial biomass, fungi-to-bacteria ratio, and C-degrading enzyme activities. However, P application also accelerated the decomposition of recalcitrant organic C by stimulating soil microbial growth and increasing enzyme activities, negatively affecting SOC sequestration [3]. In a subalpine forest, continuous P addition decreased plant lignin contribution and increased microbial necromass contribution to SOC. However, it did not affect total SOC content or its physical and chemical stability [26]. Compared with other nutrients (e.g., nitrogen (N)), the effect of P application on soil C cycling and storage is less debated and somewhat contradictory [3]. Further studies on SOC decomposability and stability are needed in relation to soil C sequestration and soil quality.



SOC decomposability is crucial for understanding future changes in soil carbon storage. SOC decomposition is a CO2 emission process that depends on the physical, chemical, and biological factors, such as abiotic conditions (e.g., soil temperature and moisture), physical protection by soil minerals, the amount and quality of the organic carbon stored, and microbial community dynamics [27,28]. Pires et al. [29] reported that C mineralization increased with increasing temperature; however, a high clay content could protect SOC from microbial decomposition by reducing microbial activity. Although soil mineralization has been used widely to reflect the degree of SOC decomposition and soil microbial activity [14,30], laboratory incubation does not accurately reflect SOC turnover in natural soil [28]. SOC mineralization kinetics is an alternative technique for determining the SOC mineralization process by fitting CO2-C evolution data to kinetic models [31]. Parameters derived from kinetic models can be used as indexes for assessing the relationships between SOC decomposability and chemical composition.



Overall, SOC content, fractions, and decomposition are influenced by many factors, including the tillage method, crop species, length of mulching time, and fertilization. Alfalfa is a common perennial forage legume on the Loess Plateau due to its high forage quality and yield, N-fixation ability, drought resistance, and adaptability to various climatic and soil conditions [16,32]. No-tillage practices coupled with the large amounts of organic materials (litter fall, root exudate, root dieback, etc.) entering the soil resulted in relatively high SOC and C fractions under alfalfa cultivation [5,6]. However, low rainfall, temperature, and soil P availability inhibit alfalfa growth [5,33]. Plastic mulch and P application are two effective management practices for increasing alfalfa forage yield [23,30]. Film mulching and P application are closely related to SOC inputs [19,23] and soil physical, chemical, and biological factors [18,24] and thus influence SOC dynamics and decomposition. However, the combined effect of film mulching and P application on SOC dynamics and decomposability is unclear, especially under alfalfa (Medicago sativa L.). We conducted a six-year field experiment and laboratory incubation experiment to explore the long-term effects of plastic mulch and P application on SOC content, fractions, and decomposability. The hypotheses were: (1) Plastic mulch, P application, and their combined effect increases SOC content and its fractions, especially labile fractions (LFOC, MBC, and DOC); (2) Plastic mulch, P application, and their combined effect decreases SOC decomposability, reflected in SOC mineralization kinetic parameters.




2. Materials and Methods


2.1. Site Description and Experimental Design


The field experiment was conducted from 2011 to 2016 at Lanzhou University’s Semi-arid Ecosystem Research Station on the Loess Plateau, Zhonglianchuan village, Yuzhong County (36°02′ N, 104°25′ E, 2400 m a.s.l.), Gansu Province, China. The site has a medium-temperate semiarid climate, with an annual maximum air temperature of 24.8 °C, annual minimum air temperature of −16.7 °C, mean monthly maximum temperature of 19.0 °C (July), and mean monthly minimum temperature of −8.0 °C (January). The region has low and erratic rainfall. Annual precipitation (1999–2016) averaged 315 mm, of which about 88.6% (279 mm) fell between early April and mid-October (alfalfa growing season). The soil at the field site is a Loess orthic entisols (FAO taxonomy) or rusty dark loessial soil (Chinese soil taxonomy), with pH 8.79, 0.660 g kg−1 LFOC, 5.21 mg kg−1 available P, 79.9 mg kg−1 available potassium, 5.28 g kg−1 SOC, 0.335 g kg−1 total N, and 0.655 g kg−1 total P.



The field experiment had a split-plot design with two film mulching treatments (NM: no film mulching with flat planting, M: film mulching with ridges and furrows) as main plots and four P application levels (P0: 0 kg ha−1, P1: 9.73 kg ha−1, P2: 19.3 kg ha−1, and P3: 28.9 kg ha−1) as subplots. The highest P level reflected the P fertilizer level used to produce the maximum aboveground maize biomass in the local area [33]. CaP2H4O8 was used as the P fertilizer in this study. Before sowing in 2011, each plot received 34.5 kg N ha−1 (applied as urea), and half of each corresponding P level was plowed to 20 cm depth. No fertilizers were applied to the soil except for P in the following years. The ridges were formed and covered with 1.2 m wide plastic film (polyethylene film 0.008 mm thick) by machines on 29 June 2011. At the same time, a local alfalfa (Medicago sativa L.) cultivar, ‘Longzhong,’ was sown at 15 kg ha−1. Each treatment plot was 10 m long and 3 m wide in randomized blocks and replicated three times. Aboveground forage was harvested at the full-bloom stage twice (mid-July and mid-October, respectively) each year. At each harvest, plants from a randomly selected 2 m section of a row were sampled at ground level except for the edge rows. This was repeated three times for each plot. The remaining alfalfa was cut at ground level and removed from plots immediately after alfalfa sampling at each harvest. Thus, minimal plant residues remained to supplement the soil, except for litter fall, root turnover, and root dieback. For more details, please see Gu et al. [33]. The experimental field was a terrace, with ridges built between the adjacent plots to prevent runoff. No manure, irrigation, or herbicide was applied, and the plots were hand-weeded. Before 2011, the experimental field was farmland cultivated with maize (Zea mays L.), potato (Solanum tuberosum L.), flax (Linum usitatissimum L.), and other crops in rotation.




2.2. Soil Sampling and Measurements


Three sub-samples (8 cm diameter by 20 cm depth) of the ridge and furrow soils in each plot were taken randomly at harvest each year and bulked to form a composite soil sample. Root fragments, stones, and plant debris were discarded from the soil samples before passing through a 2 mm mesh sieve. The sieved soil samples were divided into two parts: one was stored at 4 °C for soil microbial biomass C (MBC) and dissolved organic C (DOC) measurements, and the other was air-dried for SOC, total N (TN), LFOC, and HFOC measurements. Soil MBC was determined using the fumigation–extraction method [12,16]. Briefly, two 20 g samples of fresh soil were weighed. One portion was fumigated by purified CHCl3 for 24 h. Both fumigated and non-fumigated soil samples were mixed with 80 mL of 0.5 mol L−1 K2SO4 and shaken at 200 rpm for 1 h. After extraction, the filtrate was used to determine C using a CHN Analyzer (LECO CHN–1000, St. Joseph, MI, USA). The MBC was based on differences between total organic C in chloroform-fumigated and non-fumigated soil samples, using a KEC factor of 0.45. The concentration of total organic C in the non-fumigated samples was defined as DOC [34]. SOC was determined using the Walkley and Black dichromate oxidation method, and a factor of 1.3 was multiplied to make organic carbon comparable with that determined by dry combustion [35]. TN was determined using semi-micro-Kjeldahl digestion in the presence of catalysts (K2SO4:CuSO4:Se = 100:10:1), followed by titration with a diluted sulfuric acid solution [30]. LFOC and HFOC were measured following the density fractionation method [10,16,19]. In brief, 20 g air-dried soil (<2 mm) was placed in a 250 mL centrifuge tube with 50 mL NaI solution (1.8 g cm−3). After shaking and centrifuging, the supernatant with floating particles was collected on a 0.45 μm hydrophilic polyvinylidene fluoride filter under a vacuum, and the NaI solution was collected for reuse. The light fractions were then washed three times with deionized water. Then, 100 mL of deionized water was placed in the above centrifuge tube. After shaking and centrifuging, the supernatant was discarded. This process was repeated three times to obtain heavy fractions. The light and heavy fractions were oven-dried at 60 °C for 24 h and 48 h, respectively, weighed and stored for analysis. The Walkley and Black dichromate oxidation method was used to determine organic C in the light and heavy fractions (ground to <0.15 mm). Soil samples were also collected in July 2015 during the first alfalfa harvest to measure SOC mineralization in a 175-day aerobic incubation experiment under controlled conditions [30], with the CO2-C evolution data fitted to kinetic models. Briefly, 10 mL of 1 mol L−1 NaOH prepared with CO2-free distilled water was placed to trap CO2. After 1, 2, 3, 5, 7, 9, 12, 15, 18, 23, 28, 33, 40, 48, 55, 62, 70, 77, 91, 105, 119, 133, 147, 161, and 175 days, the NaOH solution was replaced, and the CO2 trapped in NaOH was determined by back titration of the excess alkali with standard 0.25 mol L−1 HCl after precipitating the carbonate with 1 mol L−1 BaCl2 solution [30]. All calculations were expressed on an air-dry basis. Cumulative SOC mineralization over 175 days (Cm), average mineralization rate, metabolic quotient (qCO2), and SOC mineralization intensity (SOCmin) were calculated as follows [27,36,37]:


Cm = ∑Ri










Average mineralization rate = Average (R1 + R2 + R3 + R5/2 + R7/2 + R9/2 + R12/3 + R15/3 + R18/3 + R23/5 + R28/5 + R33/5 + R40/7 + R48/8 + R55/7 + R62/7 + R70/8 + R77/7 + R91/14 + R105/14 + R119/14 + R133/14 + R147/14 + R161/14 + R175/14)










qCO2 = ∑Ri/175/MBC










SOCmin = Cm/SOCinitial








where Ri is CO2 release at day i, i = 1, 2, 3, 5, 7, 9, 12, 15, 18, 23, 28, 33, 40, 48, 55, 62, 70, 77, 91, 105, 119, 133, 147, 161, and 175. SOCinitial is SOC content before the mineralization process.




2.3. Kinetic Models


Six different models were used to determine SOC mineralization kinetics (Table 1), with the best fitting model used to describe CO2-C evolution data. The size and decomposition rate constants of different SOC pools were estimated from a non-linear curve to analyze cumulative CO2-C evolution during the 175-day incubation. Most of the kinetics models hypothesized the existence of various SOC pools with different stability degrees, such as active, slow, and resistant. The resistant pool was not included in this study as it is unlikely to contribute significantly to SOC mineralization over a relatively short incubation [38]. For each model, Ct (mg CO2-C kg−1 soil, dependent variable) is the cumulative CO2-C mineralized during time t (days, independent variable). C0, C1, and C2 are the potential, active, and slow mineralization SOC pools (mg CO2-C kg−1 soil), respectively, and k, h, and m are the respective instantaneous mineralization rate constants (d−1).



The zero-order model does not define the number of SOC mineralization pools and assumes a linear relationship between CO2-C evolution and incubation time [39]. The first-order model is based on the hypothesis that SOC mineralization rate is proportional to the size of the mineralized pool (dC/dt = −kC), termed SOC mineralization potential (C0) [40]. The first-order E model uses an additional parameter C1 as a separate pool of easily decomposable substrate that produces a mineralization flush during the first incubation interval [41]. The first-order two-component simultaneous reactions model [38,40] assumes that SOC is divided into two components, an active fraction (C1) and a slow fraction (C2), both decomposing exponentially at their specific rate constants (k and h, respectively). Beauchamp et al. [42] proposed a special model that considers an active pool decomposing with an exponential kinetic and a slow pool decomposing linearly. The parabolic function Ct = ktm describes net mineralization with an exponential kinetic, which provides a good data fit [43]. In this model, k and m are constants, where k characterizes the units used for the variables and m is the shape of the curve.




2.4. Statistical Analyses


An analysis of variance (ANOVA) was conducted on the response variables in randomized blocks of the split-plot design. The effect of time (2012, 2013, 2014, 2015, and 2016), film mulching, and P application on SOC, soil TN, soil C/N ratio, and SOC fractions (LFOC, HFOC, MBC, and DOC) were analyzed by repeated-measures ANOVA. The differences for all tests were considered significant at p ≤ 0.05 (*), p ≤ 0.01 (**), and p ≤ 0.001 (***), with the least significant difference (LSD) used at the 95% probability limit. Data analyses were undertaken using GenStat 18th (VSN International Ltd., Rothamsted, UK), with the graphs created in Origin 9.2 (OriginLab OriginPro 2015, USA). A non-linear least-squares regression analysis was performed to calculate SOC mineralization kinetics parameters from CO2-C evolution data [44] using 1stOpt software, version 1.5 (First Optimization, 7D-Soft High Technology Inc., Xi’an, China) [45]. We used the Levenberg–Marquardt method with an iterative process and the maximum iteration to determine the best fit line. Principal component analysis (PCA) was performed using CANOCO 5.0 software to determine linkages among parameters. Linear regression analysis determined the relationship between SOC and P application levels under no film mulching. A quadratic model was fitted to determine the relationship between SOC and P application levels under film mulching and the optimum P application level for maximum SOC. All determinations are means of three replicates.





3. Results


3.1. Soil Organic Carbon and Total Nitrogen


SOC, TN, and soil C/N ratio (SOC to TN ratio) increased significantly over time (Table 2, Figure 1). Film mulching significantly increased SOC in P0, P1, and P2 but not in P3, except in 2014 (Figure 1a). Film mulching significantly increased TN in P0, P1, and P2 but not in P3, except in 2012 (Figure 1b). P application did not significantly affect SOC or TN. Film mulching significantly increased soil C/N ratio in P0, P1, and P2 but had no effect in P3, except in 2014 (Figure 1c). With increasing P levels in 2013 and 2015, the soil C/N ratio increased under no film mulching but increased initially and then decreased under film mulching. The MP1 treatment had the highest SOC, TN, and soil C/N ratio.



Film mulching significantly increased SOC, and a linear and quadratic polynomial model well-fitted SOC with P application level as the independent variable under no film mulching and film mulching, respectively (Figure 2). The highest SOC (6.14 g kg−1) occurred under film mulching plus 11.9 kg ha−1 applied P, with higher P levels not increasing SOC.




3.2. Soil Organic Carbon Fractions


LFOC increased significantly from 2012 to 2016 (Table 1, Figure 3). Film mulching significantly increased LFOC and HFOC in P0, P1, and P2 but not in P3, except for HFOC in 2014 (Figure 3a,b). LFOC increased with increasing P level under no film mulching and increased initially and then decreased with increasing P level under film mulching. The MP1 treatment had the highest LFOC and HFOC except for HFOC in 2013. Film mulching produced significantly higher MBC in P0, P1, and P2 than no film mulching but had no effect in P3 (Figure 3c). MBC increased significantly with increasing P level under no film mulching and increased initially and then decreased with increasing P level under film mulching. Film mulching produced significantly higher DOC in P0, P1, and P2 than no film mulching but had no effect in P3 (Figure 3d). The MP1 treatment had the highest MBC and DOC, except for 2013.




3.3. Soil Organic Carbon Mineralization


Film mulching significantly increased cumulative SOC mineralization (Cm) and average mineralization rates over time (175 days) in P0, P1, and P2 but not in P3 (Figure 4a,b). Cm and average mineralization rates increased with increasing P level under no film mulching but followed an inverted parabolic shape under film mulching; the MP1 treatment had the highest values, and NMP0 had the lowest values. Cm and average mineralization rates ranged from 358mg to 472 mg CO2-C kg−1 soil and 2.96mg to 3.77 mg CO2-C kg−1 soil 24 h−1, respectively. Film mulching produced significantly lower qCO2 than no film mulching across P levels (Figure 4c). qCO2 decreased with increasing P level under no film mulching and decreased initially and then increased with increasing P level under film mulching. Film mulching significantly decreased SOCmin across P levels (Figure 4d). The NMP0 treatment had the highest qCO2 and SOCmin, and the MP1 treatment had the lowest.




3.4. Soil Organic Carbon Mineralization Kinetics


SOC mineralization dynamics were monitored over 175 days under laboratory incubation. Six kinetic models commonly used to interpret mineralization data were evaluated for goodness-of-fit to describe the SOC decomposition process. The determination coefficients (R2) used to compare the kinetic models are in Table 2. The six models offered sufficient descriptions of SOC mineralization (R2 ≥ 0.98). The first-order two-component simultaneous reactions model [Ct = C1 (1 − e−kt) + C2 (1 − e−ht)] was the most appropriate (R2 = 0.9998), followed by the special model [Ct = C1 (1 − e−kt) + ht] (R2 = 0.9996). Therefore, we used the first-order two-component simultaneous reactions model to interpret the SOC mineralization process. This model assumes that SOC can be divided into two components with different degrees of decomposability: an active SOC pool (C1) and a slow SOC pool (C2), with mineralization rate constants k and h, respectively.



The parameters calculated from the first-order two-component simultaneous reactions model are in Table 3. The C1 fraction was smaller than the C2 fraction, averaging 355 and 9308 mg kg−1, respectively. The mineralization rate constant k of the active SOC pool was faster than the slow SOC pool mineralization rate constant h, averaging 106 × 10−3 and 2.09 × 10−3 d−1, respectively. For the active SOC pool, the mineralization rate constant k and mean residence time MRTk did not differ between treatments. Film mulching had a significantly lower pool size C1 than no film mulching across P treatments. C1 increased significantly with increasing P level under no film mulching and increased initially and then decreased under film mulching. For the slow SOC pool, the mineralization rate constant h, mean residence time MRTh, and pool size C2 significantly differed between P treatments. The mineralization rate constant h decreased significantly with increasing P level under no film mulching and decreased initially and then increased under film mulching. At the same time, the reverse was true for mean residence time MRTh. C2 increased significantly with increasing P application under no film mulching and increased initially and then decreased under film mulching; the MP1 treatment had the highest C2. The percentage of the more active pool relative to total mineralization carbon [C1/(C1 + C2)] was slightly lower under film mulching (3.33%) than no film mulching (4.12%); the NMP0 treatment had the highest value (4.50%), and the MP1 treatment had the lowest value (2.98%).




3.5. Principal Component Analysis (PCA) of SOC Fractions, SOC Mineralization, and SOC Mineralization Kinetic Parameters


The PCA was performed for the 14 major parameters in all treatments (Figure 5). The first two PCA axes explained 83% of the total variance, with the first PCA axis accounting for 65.11% and the second accounting for 17.89% of the variation. The first axis showed a high correlation between SOC content, SOC fractions, mineralization, and the slow SOC pool (C2). The second axis showed a high correlation between SOC mineralization kinetic parameters. Figure 5 shows that the first two principal components divide the samples into two groups (film mulching and no film mulching), suggesting that the two treatments strongly affected SOC fractions, SOC mineralization, and SOC mineralization kinetic parameters. In addition, film mulching, especially the MP1 treatment, positively correlated with SOC fractions, SOC mineralization, and the slow SOC pool (C2) and negatively correlated with qCO2 and SOCmin.





4. Discussion


4.1. Soil Organic Carbon and Its Fractions


The SOC pool represents a dynamic equilibrium of gains/inputs and losses/outputs that can be enhanced by mulching, water harvesting, conservation tillage, and integrated nutrient management, including applied manure, compost, biosolids, and chemicals [1]. We previously found that alfalfa forage yield increased with film mulching, linearly with increasing P level under no film mulching, and well-fitted by a quadratic model with P level as the independent variable under film mulching [30]. Despite removing aboveground forage from the field twice a year, leaving minimal plant residues to supplement the soil (except litter fall), root-derived C inputs contributed considerable SOC through root turnover and root dieback [19]. On the one hand, the improved N and P availability under no film mulching and improved soil water, temperature, and N and P availability under low P level with film mulching (MP1 treatment) [6,30,33], increased alfalfa forage yield. Additionally, the organic material (litterfall and root turnover) returned to the soil, increasing SOC content to a certain extent. On the other hand, the decreased soil microbial activities at high P levels with film mulching reduced SOC mineralization and, thus, soil inorganic N content [30]. The low soil N availability limited alfalfa growth and reduced the number of organic materials returned to the soil, decreasing SOC content at high P levels with film mulching. Therefore, SOC increased linearly with P application level under no film mulching. Film mulching and low P level, especially 11.9 kg P ha−1, will improve SOC and conserve non-renewable resources (P) and is thus an environmentally friendly and sustainable agricultural management practice. Li et al. [47] reported a positive feedback loop between SOC and soil C/N ratio in a mulching agroecosystem in typical Loess soil, as reflected by the increased SOC and soil C/N ratio over time in the present study. Film mulching produced a significantly higher soil C/N ratio than no film mulching, indicating that SOC increased faster under film mulching than no film mulching. Generally, the soil C-to-nutrient ratio determines whether nutrients are immobilized in microbial biomass or mineralized to become available for plant uptake [5,48]. In soil possessing a high C to N ratio, soil microbes immobilize N and compete with plants for N [30]. Therefore, film mulching reduced soil N losses relative to no film mulching due to the higher soil C/N ratio and N immobilization [47], significantly increasing TN. Thus, film mulching could be used to increase SOC and soil C/N ratio, maintaining soil quality and reducing soil N losses in alfalfa production on the semiarid Loess Plateau [30].



An appropriate density cut-off provides LFOC with maximum organic material and minimum contamination by mineral material [49]. This study had a higher LFOC proportion (~24%) in SOC than other alfalfa [5] and maize [10] fields on the semiarid Loess Plateau, which could be attributed to the greater light fraction recovery from using a higher density of the NaI solution (1.80 vs. 1.70 g cm−3). HFOC dominated in SOC (~76%), more than the ~60% reported for grass coverage and no-tillage systems [2], indicating that this study had effective agricultural management for long-term SOC storage [22]. Film mulching increased SOC due to the large organic material inputs (senescing root tissue and plant residues), increasing LFOC and HFOC [10,34,50]. Similar to other studies [21,34], LFOC increased with increasing P application in the short term because the C supply changed. The labile organic carbon fraction responded rapidly to changes in C supply [51]. Increasing SOC over time indicates an active carbon component conversion in the soil, reflected in the gradual increase in LFOC from 2012 to 2016. Yu et al. [8] and Malhi et al. [9] reported that the labile fraction is more sensitive to land-use changes than the recalcitrant fraction. SOC responded to agricultural management due to its transient nature. However, in this study, HFOC increased significantly over a relatively short period under film mulching, which might be because the long turnover time of the resistant fraction only applies to steady-state conditions [52]. The conversion of cropland to an alfalfa field activated this fraction, which did not stabilize over six years (2011–2016). MBC is a sensitive indicator for SOC dynamics, with an important role in decomposing and humifying SOC [53]. Film mulching and P application provide more substrates for soil microbial proliferation by improving alfalfa growth in rainfall, temperature, and P-limited environments [10,34], increasing MBC. This indicates that organic inputs drive soil microbial biomass due to their heterotrophic nature [11,37]. Soil microbial biomass not only drives nutrient cycling and turnover but also acts as a nutrient repository in soil. Living and dead microbial organisms contribute to SOC sequestration [54]. The increased microbial biomass improved SOC transformation and stabilization [12,16], reflected in the increased LFOC and HFOC with film mulching and P application. DOC comprises organic compounds present in soil solution through direct dissolution, leaching, desorption from soil surfaces, or microbial processes [15,21]. The DOC content depends on its rate of supply, rate of biological decomposition, and soil adsorption characteristics. Film mulching increased DOC content, possibly due to the improved soil water and temperature conditions benefiting microbial reproduction and soil organic matter decomposition and thus increasing soluble carbon [51]. Microbial metabolites contribute significantly to the soluble C pool [51]. The DOC in October 2016 was higher than in the other years, possibly due to the decreased MBC.




4.2. Soil Organic Carbon Mineralization


SOC mineralization is the most popular method for estimating soil microbial activity and substrate decomposability [55]. However, soil microbial activity can be evaluated using other parameters, such as soil microbial biomass. Film mulching and P application increased organic inputs and soil MBC, stimulating soil microbial activity and thus increasing SOC mineralization [10]. Adverse living environments, such as low organic inputs and soil MBC, decreased SOC mineralization at high P levels under film mulching. The metabolic quotient (qCO2, CO2-C respired 24 h−1 per unit MBC) is an important indicator of soil microbial efficiency for using carbon energy [37] and the degree of substrate limitation for soil microbes [11]. Film mulching had a higher SOC utilization efficiency of soil microbes than no film mulching due to the lower qCO2; the MP1 treatment had the highest SOC utilization efficiency. The higher qCO2 under no film mulching might be due to unfavorable conditions for soil microbes [56], such as a low supply of organic materials, decreased microbial biomass, and decreased use efficiency for C substrates [11]. In such perturbed conditions, soil microbes use more carbon energy for cell integrity and maintenance than growth [37]. The low qCO2 under film mulching and P application reflected a more efficient use of organic carbon by soil microbes. SOC mineralization intensity is the cumulative CO2-C released during the entire incubation (Cm) per unit of initial carbon present, regulated by the quality of substrates and microbial activity [57]. The mulched treatment had lower SOCmin than no mulching, indicating a smaller fraction of available SOC for mineralization [37] and more stable SOC with lower decomposability under film mulching. The MP1 treatment had the most stable SOC with the lowest decomposability. SOCmin closely correlated with qCO2, indicating that the lower SOCmin under film mulching had a lower decomposability degree of the SOC pool and high SOC utilization efficiency [37,56].



Moscatelli et al. [37] reported that agricultural soil had lower SOC and higher SOC mineralization than forest and grassland soils, altering the equilibrium between mineralization and humification processes. In contrast, SOC closely correlated with Cm in the present study, i.e., more SOC was conserved despite greater SOC mineralization under film mulching and P application. This suggests greater organic inputs through rhizodeposits and plant residues under film mulching and P application than SOC mineralization under improved soil water, temperature, and nutrient conditions [53]. The SOC decomposition process (SOC mineralization) was characterized by decreased SOC and increased available minerals previously immobilized in organic forms. When SOC decomposed, more nutrients were available for alfalfa growth, increasing the alfalfa residues (mainly root debris and secretion) returned to the soil [22]. SOC decomposition also depends on its physical accessibility to soil microbes, as determined by soil aggregation [2]. Clay particles can protect some of the more easily decomposable organic compounds from rapid microbial breakdown by forming organic-mineral complexes [29,55]. Therefore, high SOC might result from physical protection and organo-mineral associated interactions but requires further investigation.




4.3. Soil Organic Carbon Mineralization Kinetics


In the present study, the zero-order model worst fitted the CO2-C evolution data, probably because it does not account for variation in SOC decomposability with incubation time [41]. CO2-C emission data under film mulching fit better than under no film mulching in the zero-order model, first-order model, first-order E model, and parabolic function. This result might be due to the smaller active SOC pool under film mulching and the characteristic of a relatively mature and stable SOC [41]. In contrast, the first-order two-component simultaneous reactions model and special model fit well under film mulching and no film mulching (slightly better for no film mulching), possibly due to the more intense SOC activity. Fernández et al. [41] reported that the goodness-of-fit improves as the complexity of kinetic models increases. That is why the first-order two-component simultaneous reactions model best described CO2-C evolution.



SOC comprises various heterogeneous pools that differ in decomposability and stability and contribute differently to CO2-C as the major product of microbial decomposition [3]. The active SOC pool (C1) is the most easily biodegradable fraction. It is easily attacked by soil microorganisms, while the slow SOC pool (C2) mainly contains relatively stable organic products and soil aggregates and clay particles protected SOC [46]. Film mulching had a lower active SOC pool and slightly higher slow SOC pool than no film mulching (except for P3), indicating that rapid SOC fraction mineralization was more sensitive to temperature increases under film mulching than the stable SOC fraction [58,59]. It could also be that the SOC under no film mulching had not stabilized, and the maturation process was ongoing. The active SOC fraction C1 accounted for ~3.7% of the total mineralization carbon (C1 + C2), suggesting good SOC stability in the alfalfa field and indicating a very low active SOC pool concentration. Thus, the slow SOC pool might play an important role as the unstable SOC fraction in SOC mineralization. Film mulching had a slightly lower [C1/(C1 + C2)] proportion than no film mulching, with the lowest in MP1 (most stable SOC) and highest in NMP0 (least stable SOC).



The active SOC pool mineralization rate constant k did not differ between treatments, ranging from 0.0905–0.127 d−1, indicating that organic compounds metabolized from microbial respiration (active SOC pool) had similar decomposability or the same degree of availability to soil microbes [60]. The average k value was 0.105 d−1, similar to the carbon mineralization of organic wastes at different composting stages [61] and less than Pisa urban soils [44], indicating that the active SOC pool decomposed slowly and was relatively stable compared with others. The active SOC pool had similar mean residence times (MRTk, 1/k) between treatments, ranging from 8–11 d, as Bernal et al. [61] reported. The slow SOC pool mineralization rate constant h ranged from 0.00174–0.00288 d−1 (mean 0.00209 d−1), somewhat lower than other studies [38,41,44]. The slow SOC pool had a relatively slow mineralization process in the present study, reflected by the longer mean residence time MRTh (495 d). In addition, the MRTh of the slow SOC pool was longest under P3 with no film mulching and P1 with film mulching (MP1 > NMP3); i.e., MP1 had the most stable SOC with the lowest decomposability.





5. Conclusions


Film mulching improved SOC, C fractions (LFOC, HFOC, MBC, and DOC), and mineralization. P application increased SOC fractions and mineralization in the mulching and no mulching treatments, decreasing at high P levels with film mulching. P1 with film mulching increased SOC utilization efficiency and SOC stability. The CO2-C evolution data fitting divided SOC into two components: an active SOC pool and a slow SOC pool, with the latter having the lowest decomposability and highest stability in MP1. In conclusion, film mulching with ridges and furrows and 11.9 kg ha−1 P fertilizer was suitable for soil C accumulation under alfalfa cultivation in this semiarid environment due to high SOC content with high organic C utilization efficiency and stability and low decomposability. This quantitative analysis of SOC content, fractions, and decomposability under combined film mulching and P application is crucial for understanding soil C dynamics and soil quality in the long term.
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Figure 1. Soil organic C (SOC, a), soil total N (TN, b), and soil C/N ratio (c) under no film mulching (NM) and film mulching (M) at four P levels (P0, P1, P2, and P3). * p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001. Numbers in brackets are LSD at p = 0.05. Error bars are standard deviations. 
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Figure 2. Relationship between soil organic C (SOC) and P application level (P0, P1, P2, and P3) under no film mulching (NM, a) and film mulching (M, b). There were three replicates. The solid red lines are fitted lines; the corresponding 95% confidence bands are shaded purple (the reader is referred to the web version of this article to interpret the color references in the figure legend). 
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Figure 3. Light fraction (LFOC, a) and heavy fraction (HFOC, b) organic C, soil microbial biomass C (MBC, c), and dissolved organic C (DOC, d) under no film mulching (NM) and film mulching (M) at four P levels (P0, P1, P2, and P3). * p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001. Numbers in brackets are LSD at p = 0.05. Error bars are standard deviations. 
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Figure 4. Cumulative soil organic C (SOC) mineralization over 175 days (Cm, a), average mineralization rates (b), qCO2 (metabolic quotient, average cumulative SOC mineralization over 175 days per unit microbial biomass carbon in July 2015, c), and SOCmin (SOC mineralization intensity, cumulative SOC mineralization over 175 days per unit of initial SOC in July 2015, d) under no film mulching (NM) and film mulching (M) at four P levels (P0, P1, P2, and P3). * p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001. Numbers in brackets are LSD at p = 0.05. Error bars are standard deviations. 
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Figure 5. Principal component analysis (PCA) for SOC fractions, SOC mineralization, and SOC mineralization kinetic parameters for all treatments. SOC: soil organic carbon; TN: total nitrogen; C/N ratio: SOC to TN ratio; LFOC: light fraction organic carbon; HFOC: heavy fraction organic carbon; MBC: microbial biomass carbon; DOC: dissolved organic carbon; Cm: cumulative SOC mineralization over 175 days; qCO2: metabolic quotient; SOCmin: SOC mineralization intensity; k: active SOC mineralization rate constant; h: slow SOC mineralization rate constant; C1: active SOC fraction; C2: slow SOC fraction. 
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Table 1. Kinetic models to describe SOC mineralization. The determination coefficient (R2) is displayed and used to evaluate goodness-of-fit for comparing kinetic models.






Table 1. Kinetic models to describe SOC mineralization. The determination coefficient (R2) is displayed and used to evaluate goodness-of-fit for comparing kinetic models.





	
SOC Mineralization Kinetic Models

	
Zero-Order

	
First-Order

	
First-Order E

	
First-Order Two-Component Simultaneous Reactions Model

	
Special Model

	
Parabolic Function




	
Equations

	
Ct = kt + intercept

	
Ct = C0 (1 − e−kt)

	
Ct = C0 (1 − e−kt) + C1

	
Ct = C1 (1 − e−kt) + C2 (1 − e−ht)

	
Ct = C1 (1 − e−kt) + ht

	
Ct = ktm






	
NM

	
P0

	
0.9829

	
0.9927

	
0.9962

	
0.9998

	
0.9996

	
0.9993




	
P1

	
0.9835

	
0.9929

	
0.9962

	
0.9999

	
0.9998

	
0.9993




	
P2

	
0.9878

	
0.9945

	
0.9974

	
0.9998

	
0.9995

	
0.9993




	
P3

	
0.9839

	
0.9927

	
0.9960

	
0.9999

	
0.9998

	
0.9992




	
M

	
P0

	
0.9881

	
0.9955

	
0.9979

	
0.9997

	
0.9995

	
0.9996




	
P1

	
0.9889

	
0.9948

	
0.9977

	
0.9997

	
0.9995

	
0.9994




	
P2

	
0.9911

	
0.9964

	
0.9985

	
0.9998

	
0.9995

	
0.9996




	
P3

	
0.9880

	
0.9960

	
0.9982

	
0.9998

	
0.9994

	
0.9997
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Table 2. Repeated measures ANOVA for the effect of time (Ti), film mulching (M), and phosphorus application (P) on soil organic C (SOC), total N (TN), C/N ratio, and SOC fractions (LFOC, HFOC, MBC, and DOC).






Table 2. Repeated measures ANOVA for the effect of time (Ti), film mulching (M), and phosphorus application (P) on soil organic C (SOC), total N (TN), C/N ratio, and SOC fractions (LFOC, HFOC, MBC, and DOC).





	
Character

	
Source of Variation




	
Ti

	
M

	
P

	
Ti × M

	
Ti × P

	
M × P

	
Ti × M × P






	
Soil organic C (SOC, g kg−1)

	
*** (0.29)

	
*** (0.26)

	
n.s.

	
** (0.45)

	
n.s.

	
*** (0.51)

	
n.s.




	
Soil total N (TN, g kg−1)

	
*** (0.023)

	
*** (0.024)

	
n.s.

	
* (0.039)

	
n.s.

	
** (0.048)

	
n.s.




	
Soil C/N ratio

	
*** (0.39)

	
*** (0.24)

	
* (0.34)

	
* (0.55)

	
n.s.

	
** (0.48)

	
n.s.




	
Light fraction organic C (LFOC, g kg−1)

	
*** (0.037)

	
*** (0.024)

	
*** (0.034)

	
n.s.

	
** (0.074)

	
*** (0.049)

	
* (0.105)




	
Heavy fraction organic C (HFOC, g kg−1)

	
*** (0.23)

	
*** (0.23)

	
* (0.32)

	
* (0.37)

	
n.s.

	
*** (0.45)

	
n.s.




	
Soil microbial biomass C (MBC, mg kg−1)

	
*** (6.22)

	
*** (3.09)

	
*** (4.37)

	
* (8.39)

	
n.s.

	
*** (6.18)

	
n.s.




	
Dissolved organic C (DOC, mg kg−1)

	
*** (3.66)

	
*** (3.06)

	
** (4.33)

	
*** (5.49)

	
*** (7.76)

	
*** (6.12)

	
n.s.








n.s. indicates no significant difference between treatments. * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001. Numbers in parentheses are LSD among treatments (p = 0.05).
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Table 3. SOC mineralization kinetic parameters (a) obtained from the model Ct = C1 (1 − e−kt) + C2 (1 − e−ht).
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Kinetic Parameters

	
k × 10−3 (d−1)

	
C1 (mg kg−1)

	
h × 10−3 (d−1)

	
C2 (g kg−1)

	
MRTk (d)

	
MRTh (d)

	
C1/(C1 + C2) (%)






	
NM

	
P0

	
108

	
368

	
2.166

	
7.98

	
9.28

	
463

	
4.50




	
P1

	
96.8

	
408

	
1.823

	
9.34

	
10.4

	
556

	
4.21




	
P2

	
108

	
336

	
1.976

	
9.13

	
9.31

	
508

	
3.56




	
P3

	
127

	
461

	
1.740

	
10.5

	
7.97

	
575

	
4.22




	
M

	
P0

	
90.5

	
322

	
2.126

	
9.21

	
11.1

	
482

	
3.44




	
P1

	
99.8

	
356

	
1.712

	
11.6

	
10.0

	
587

	
2.98




	
P2

	
116

	
303

	
2.284

	
9.46

	
8.80

	
439

	
3.10




	
P3

	
98.5

	
287

	
2.884

	
7.24

	
10.5

	
347

	
3.80




	
LSD0.05 for analysis of variance (ANOVA) in randomized blocks of split-plot design




	
M

	
n.s.

	
(36.11) *

	
n.s.

	
n.s.

	
n.s.

	
n.s.

	
n.s.




	
P

	
n.s.

	
(24.17) ***

	
(0.2431) **

	
(1.24) *

	
n.s.

	
(61.9) **

	
(0.4591) *




	
M × P

	
(20.01) *

	
(34.72) ***

	
(0.4373) ***

	
(1.71) **

	
n.s.

	
(103.9) **

	
n.s.








(a) C1 and C2 are active and slow SOC fractions, respectively; k and h are active and slow SOC mineralization rate constants, respectively; MRTk and MRTh are mean residence time (reciprocal of the active and slow SOC pool decomposition rate constants k and h, respectively) [36,46]; C1/(C1 + C2) (%) is the percentage of the more active pool relative to total mineralization carbon. n.s. indicates no significant difference between treatments. * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001. Numbers in parentheses are LSD among treatments (p = 0.05).
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