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Abstract

:

The Loess Plateau in China has long grappled with issues such as chronic soil erosion, poor soil structure, and diminished organic matter. Soil organic carbon plays a crucial role in enhancing soil fertility, and fertilization is a key tool that influences it. In a comprehensive field experiment, we examined five fertilization methods: no fertilization (CK); traditional fertilization used by local farmers (FP); nutrient-balanced fertilization with nitrogen, phosphorus, and potassium (OF); chemical fertilizers used in conjunction with organic fertilizers (OFM); and chemical fertilizers paired with bio-organic fertilizers (OFB). Our findings revealed that the OFM and OFB treatments were the most effective, explaining 84.35% and 81.26% of the variation in soil carbon sequestration, respectively. Further, the OF, OFM, and OFB treatments demonstrated superior effectiveness compared with the FP treatment in enhancing the soil carbon fractions. However, these fertilization patterns did not significantly alter the active-to-inert carbon ratio of the soil. OF, OFM, and OFB treatments enhanced the stability of soil carbon pools more than FP treatment. In structural equation modeling, factors such as microbial biomass nitrogen and phosphorus, soil pH, and β-N-acetyl glucosidase indirectly exhibited a limiting effect on the carbon pool stability index (CPSI), while β-glucosidase displayed an indirect positive correlation with the carbon fractions. In contrast, dissolved organic carbon, low-molecular-weight organic carbon, high-molecular-weight organic carbon, and crop yield demonstrated direct positive correlations with the CPSI. Consequently, both a balanced application of chemical fertilizers and the combination of organic and chemical fertilizers were effective in enhancing and sustaining the soil’s organic carbon content, thereby contributing to soil fertility stability. To this end, this study can inform the efficient selection and use of fertilizers, improving crop yield and soil carbon content.
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1. Introduction


Soil serves as the largest organic carbon reservoir in terrestrial ecosystems [1]. Soil organic carbon (SOC) is a broad term encompassing the carbon resulting from humus, plant and animal remnants, and microbial processes [2], which are crucial for enhancing soil fertility, upholding ecosystem sustainability, and mitigating climate change [3,4]. SOC is delineated into reactive and inert organic carbon. Microbial biomass carbon (MBC), easily oxidizable organic carbon (EOC), light-family organic carbon (LFOC), and particulate organic carbon (POC) are pivotal reactive organic carbon fractions that are responsive to soil management practices, intricately linked to intrinsic soil productivity [2], and instrumental in soil nutrient cycling and carbon sequestration [5,6,7]. MBC reflects subtle alterations at the soil ecosystem level [8], while EOC variations indicate early shifts in the SOC pool, with the proportion of organic carbon directly affecting the SOC pool stability [9]. POC characterizes the transformation of difficult-to-decompose carbon fractions and serves as a primary indicator of metamorphosis and fixation of soil-perishable organic carbon [10]. Soil mineral-bound organic carbon (MOC), recombinant organic carbon (HFOC), and other inert carbon components exhibit sluggish turnover rates and possess steadfast physicochemical properties, thereby functioning as evaluative indices for the storage capacity and alteration traits of soil carbon pools [11].



Accumulation of SOC depends on the equilibrium between carbon inputs and outputs within a system. This equilibrium is influenced by plant biomass inputs, SOC formation, and decomposition processes, in which soil microorganisms play pivotal roles. Soil microorganisms channel most plant-derived carbon into energy production or biomass augmentation, and microbial carcasses contribute to the soil carbon pool [12]. The conversion of MBC to abiotic SOC ranges from 40% to 80% [13,14]. Enzymes generated by microorganisms act as key drivers in the biochemical conversion of SOC, and their activities reflect the role of microorganisms in soil systems. Extracellular enzymes break down organic compounds into smaller reaction products such as sugars, phenolic compounds, and amino acids [15]. For instance, β-glucosidase (β-G) hydrolyzes cellulose to obtain carbon, and β-N-acetyl glucosidase (NAG) breaks down N-acetyl-β-D-glucosaminoglucose to obtain carbon and nitrogen [16]. Therefore, metabolites resulting from microbial activity are essential components of the SOC pool.



The Loess Plateau region, which constitutes 40% of China’s dryland crop area [17], is a rain-fed agricultural zone that faces long-term soil erosion, drought, and low rainfall challenges, leading to poor soil structure and diminished organic matter [18]. The burgeoning fertilizer industry and increasing food demand have driven farmers to rely heavily on inorganic fertilizers, neglecting the use of organic fertilizers [19]. This practice has detrimentally affected the soil structure in arable drylands, resulting in severe environmental issues. SOC in arable land plays a critical role in soil fertility and crop yield. Augmenting the SOC content not only enhances soil health and quality but also mitigates carbon dioxide emissions [20,21,22,23]. Numerous studies have underlined the various factors influencing the relationship between carbon inputs and SOC content changes, including the climate, soil properties, tillage practices, fertilizer application methods, and crop types, with fertilizer application emerging as particularly crucial [24,25]. Fertilizer application is a key method for increasing grain yield, and the use of either single chemical or organic fertilizers is less effective in enhancing yields compared to the combination of organic and inorganic fertilizers [26,27,28]. Yan et al. [29] discovered that replacing nitrogen in certain chemical fertilizers with manure and other fertilizers increased crop yields by 5.2% through a comprehensive global analysis. Our earlier study demonstrated that a combination of organic and inorganic fertilization could markedly enhance wheat grain yield by 6.0–9.8%. Fertilizer application is also one of the most direct ways soil SOC content can be artificially regulated. Incorporating exogenous organic matter is effective in elevating SOC levels, enhancing turnover capacity, maintaining and increasing soil organic matter levels, and improving soil fertility [30]. Research emphasizes a substantial increase in SOC content after prolonged organic fertilizer application or combined organic and inorganic fertilizer use [31]. Liu et al. [32] reported positive linear correlations between long-term organic fertilizer application and increased total organic carbon content in farmlands. Upon entering the soil, organic fertilizers proficiently enhance soil physicochemical properties, regulate the nitrogen, phosphorus, and potassium contents, and elevate the SOC content. Moreover, substantial carbon and nitrogen sources provided by organic fertilizers foster microbial biomass growth, facilitating root-microbe interactions. In summary, different fertilizer applications have other effects on SOC content. We expect that organic–inorganic fertilizer application will achieve better results than other fertilizer applications.



Consequently, we assessed the long-term impacts (10 years) of various fertilizer application methods on the SOC content at an in situ experimental site located in the wheat-growing area of the Loess Plateau, aiming to screen for appropriate fertilizer application, enhance arable land quality, promote sustainable agriculture, and achieve consistently high crop yields.




2. Materials and Methods


2.1. Study Site


From 2013 to 2023, we conducted an in situ field experiment in Dongliang, Hongtong County, Shanxi Province, China (36°22′ N, 111°35′ E; altitude: 648 m). This area represents a typical Loess dryland plateau region characterized by a temperate monsoon climate. The average annual temperature is 12.6 °C, with a total cumulative temperature of 3326.90 °C; annual rainfall is 500 mm, with the precipitation from June to September constituting approximately 60–70% (Figure 1). The frost-free period spans 180–210 days. The soil texture is loamy soil (based on U.S. soil texture classifications). The soil type is classified as Chromic Cambisols (based on FAO Soil Map), with a pH of 7.61; the soil has a bulk density of 1.21 g·cm−3, an organic matter content of 15.13 g·kg−1, and a total nitrogen content of 0.78 g·kg−1. Additionally, the nitrate nitrogen, quick-acting phosphorus, and quick-acting potassium contents are 8.51 mg·kg−1, 11.61 mg·kg−1, and 200.76 mg·kg−1, respectively.




2.2. Experimental Design


Five fertilizer treatments were assessed: no fertilization (CK); traditional fertilization used by local farmers (FP); a balanced fertilization pattern involving nitrogen, phosphorus, and potassium (OF); organic and chemical fertilizers (OFM); and bio-organic fertilizers used in combination with chemical fertilizers (OFB). Table 1 details the ten-year cumulative fertilizer application of each treatment.



Local farmers apply fertilizers with only N and P elements but not K because local soils are relatively rich in K elements. Balanced fertilization is the balanced application of mineral fertilizers. The application rates of N, P, and K nutrients are determined by the yield of the previous crop, as well as the nitrate nitrogen content of the 0–100 cm soil layer and the quick-acting phosphorus and quick-acting potassium content of the 0–40 cm soil layer prior to sowing the wheat together.



The fertilizers used were urea (46.0% N), calcium superphosphate (12% P2O5), and potassium chloride (60% K2O). The bio-organic fertilizer was a mixed bacterial solution consisting of Lahn-type bacteria and Pseudomonas 1 and 2, blended with rotted chicken manure at a ratio of 1:9, ensuring a viable bacteria count of ≥0.5 × 108 CFU·g−1. The organic and bio-organic fertilizers used the same carriers, maintaining identical nutrient contents. All fertilizers are commercial fertilizers manufactured and supplied by Shanxi Jinnongkang Biotechnology Co., Ltd. (Xi’an, China).



Each treatment included three replicates organized into randomized blocks. The seeding techniques involved utilizing machinery covering the ridges with mulch and sowing the furrows between the mulch. All fertilizers were uniformly applied to the corresponding plots once per growing season before sowing. Sowing occurred annually in late September at a rate of 150 kg·hm−2. Crops were harvested in early June of the following year, and the idle summer period spanned from mid-June to mid-September. Throughout the experimental period, irrigation was omitted, relying solely on natural precipitation.




2.3. Sample Collection and Analysis


After harvesting wheat in June 2023, topsoil was collected from five sample sites in three replicate plots for each treatment. The soil samples were mixed and removed from impurities and then divided into two portions, one of which was stored at 4 °C, and the other portion of the soil was dried naturally.



We used a pH meter to measure the soil suspension to obtain the data of soil pH, a flame photometer to measure the filtered soil supernatant to obtain the data of soil fast-acting potassium (SAK) (mg·kg−1), the chloroform fumigation extraction method to obtain the data of microbial biomass carbon (MBC), microbial biomass phosphorus (MBP), and microbial biomass nitrogen (MBN) (mg·kg−1), the fluorescence spectrophotometry to obtain the data of β-1,4-glucosidase (β-G) and β-1,4-N-acetylaminoglucosidase (NAG) (nmol·g−1·h−1).



We used potassium dichromate volumetric method for the data of soil organic carbon (SOC) (g·kg−1), a spectrophotometer to measure the soil filtrate with Mn (III)-pyrophosphoric acid solution and concentrated sulfuric acid to obtain the data of soil soluble organic carbon (DOC) (g·kg−1), the proportion separation method to obtain the data of recombinant organic carbon (HFOC) (g·kg−1), and the potassium permanganate oxidation method to obtain the data of easily oxidizable organic carbon (EOC) (g·kg−1).



Determination of particulate organic carbon (POC): We dispersed the soil with 5 g·L−1 sodium hexametaphosphate solution, washed the distributed solution into an aluminum box through a 53 μm sieve, dried and weighed at 60 °C, calculated the percentage of the soil, which is the mass fraction of the particulate state, and determined the organic carbon content of the dried soil sample (g·kg−1).



Determination of mineral-bound organic carbon (MOC) [33], light-family organic carbon (LFOC), and steady-state carbon (SC): The content of SOC was used to subtract the content of POC, HFOC, and EOC, respectively (g·kg−1).




2.4. Calculation of Soil Carbon Pool-Related Indicators and the Farmland Carbon Input


The carbon pool stability index (CPSI) [33] was calculated as follows:


CPSI = MOC/POC



(1)







The carbon pool management index (CPMI) was calculated using Equation (2):


CPMI = CPI × AI × 100



(2)







Where CPI is the carbon pool index, and AI is the carbon pool activity index. The equation for the carbon pool index (CPI) was the following:


CPI = SOCi/SOC0



(3)




where SOCi is the organic carbon content after different treatments (g·kg−1), and SOC0 is the SOC content after treatment CK (g·kg−1). In turn, the carbon pool activity index (AI) was calculated as follows:


AI = Ai/A0



(4)




where Ai is the carbon pool activity after different treatments, and A0 is the carbon pool activity after treatment CK. Finally, carbon pool activity (A) was calculated using Equation (5):


A = EOC/SC



(5)







In this study, soil exogenous organic carbon sources were categorized into four components: wheat straw, roots, root secretions, and organic matter input. Belowground wheat biomass accounted for 23% of the straw biomass, and the carbon input from root secretion was approximately equal to the belowground carbon input [34,35].




2.5. Data Analysis


Microsoft Excel 2019 (Microsoft, Redmond, WA, USA) was used for data management, and all analysis was conducted in SPSS v.26 (IBM, Armonk, NY, USA). Further, Duncan’s New Complex Polar Deviation method was further used for one-way ANOVA (p < 0.05), and the homogeneity of variance test was performed. Origin 2021 (OriginLab, Northampton, PA, USA) was used to plot all data, and AMOS v.26 (IBM, Armonk, NY, USA) was used for structural equation modeling (SEM). Before constructing the structural equation model, we analyzed all the indicators using least squares regression combined with ridge regression, which ultimately resulted in 10 eligible indicators, including soil pH,β-G, NAG, MBN, MBP, wheat grain yield (GY), DOC, LFOC, HFOC, and SAK on carbon pool stability (Table 2).





3. Results


3.1. Effect of Carbon Inputs on SOC after Different Fertilizer Treatments


Figure 2a illustrates the cumulative carbon inputs and proportions of various exogenous carbon inputs after each fertilization treatment. The CK, FP, and OF treatments had three exogenous carbon inputs, namely, straw, root system, and root secretion inputs. In contrast, the OFM and OFB treatments included carbon inputs from organic materials in addition to these three sources. The cumulative carbon inputs after OFM treatment were the highest (42.5 t·hm−2), followed by those after OFB, OF, and FP treatment, with 41.2 t·hm−2, 33.7 t·hm−2, and 31.5 t·hm−2, respectively; CK treatment resulted in the lowest carbon input (21.6 t·hm−2). Across all treatments, the carbon input from straw constituted the most significant proportion of the total carbon input. Figure 2b–e show that changes in the SOC content after each treatment were significantly and positively correlated with the year-by-year carbon input. Notably, the year-to-year carbon input resulting from OFM treatment explained 84.35% of the variation in the corresponding SOC increase, with the OF and OFB treatments closely following at 81.26% and 78.65%, respectively. With 62.24%, FP treatment exhibited the lowest correlation.




3.2. Effects of Different Fertilization Practices on the SOC Fractions


Figure 3a shows the SOC content and its components after different fertilization treatments. Analysis of the active and inert carbon fractions provided insight into the fertilization mechanism by which the SOC content is enhanced. OFB treatment significantly increased the EOC content by 33.9%, reaching 4.538 g·kg−1, compared to CK treatment, whereas the others did not show a significant increase. However, all fertilization treatments showed a significantly increased POC compared with the CK treatment, with OFB having the highest content (3.637 g·kg−1), followed by the OFM and OF treatments with 3.571 g·kg−1 and 3.444 g·kg−1, respectively, while the FP treatment showed the lowest POC of 3.342 g·kg−1. LFOC significantly increased after OFB treatment compared to CK treatment, with the increase ranging from 34.5% to 65.0%. Soil carbon significantly increased after OFM, OF, and OFB treatment relative to CK treatment, whereas FP treatment showed only a slight increase. Additionally, FP decreased the MOC content relative to CK treatment, whereas the other treatments led to an increase. Both FP and OFB treatments decreased the HFOC content compared to CK treatment, whereas the others did not result in a significant change. Figure 3b shows the percentage of the active and inert carbon fractions after each treatment under different grouping methods; the proportions of the active and inert carbon fractions did not change significantly after any fertilization treatments relative to CK treatment.



These results show that fertilization enhanced the content of most carbon fractions in the soil but did not significantly change the proportion of the carbon fractions, highlighting the nuanced effects of different fertilization strategies on the soil carbon fractions and providing valuable insights for sustainable soil management.




3.3. Effects of Various Fertilization Practices on Soil Carbon Pools


Table 3 outlines the correlation indices of the carbon pools across the different fertilization treatments. In terms of A, FP and OFM treatment led to significant differences, with values of 0.704 and 0.499, respectively. However, these two treatments did not reflect significant differences from the other treatments. Regarding the AI, there was a significant decrease in OF and OFM compared to FP. FP treatment had the highest index of 1.158, followed by OF treatment with 0.873; OFM treatment had the lowest of 0.829. Similarly, in terms of the CPI, OFM, OF, and OFB treatments led to a significant increase compared to CK or FP treatments, with OFM treatment leading to the highest value of 1.342, followed by OF treatment with 1.231; OFB treatment resulted in the lowest value of 1.121. In turn, no significant differences existed between all treatments, and the highest CPMI value was observed after FP treatment (126). Lastly, compared to CK treatment, all fertilizer treatments led to notably lower CPSI values, with OF treatment having the highest value of 2.219, followed by the OFB and OFM treatments with 2.172 and 2.102, respectively; FP treatment led to the lowest value of 1.939.




3.4. Effect of Different Fertilization Practices on Soil Characteristics


Figure 4a presents the enzyme activities of β-G and NAG after different fertilization treatments. Regarding β-G, OFM treatment led to the highest activity, with 22.822 nmol·g−1·h−1, which was a significant increase compared to CK treatment. However, the other fertilizer treatments did not show a significant increase, with activity ranging from 18.729 to 21.194 nmol·g−1·h−1. In contrast, no significant differences existed between all treatments; compared to CK treatment, all fertilizer treatments led to a decrease in NAG, with reductions ranging from 11.0% to 23.2%.



Figure 4b shows the microbial biomass carbon (MBC), nitrogen (MBN), and phosphorus (MBP) contents after the different fertilization treatments. All treatments demonstrated a significant increase in the MBC, ranging from 7.8% to 22.2%, compared to CK treatment. Specifically, the OF treatment had the highest content of 97.030 mg·kg−1, followed by the OFM and OFB treatments, while the FP treatment had the lowest (85.579 mg·kg−1). In contrast, OFB treatment led to the highest MBN content of 9.339 mg·kg−1, which was significantly higher than that after CK treatment; the MBN content after the other treatments ranged from 6.966 mg·kg−1 to 8.222 mg·kg−1. Finally, all fertilization treatments showed no significant differences but exhibited a slight increase in the MBP content, ranging from 5.861 mg·kg−1 to 6.696 mg·kg−1 or 5.0% to 22.2% compared to CK treatment. These results suggest that different fertilization strategies influence soil enzyme activity and microbial biomass to varying extents, emphasizing the importance of selecting appropriate fertilization practices for ensuring sustainable soil health.




3.5. Effect of Fertilizer Application on Soil Carbon Pool Stability


The SEM results revealed that dissolved organic carbon (DOC), HFOC, and LFOC had significant positive effects on the CPSI, with LFOC demonstrating a particularly substantial influence. Concurrently, β-G exerted an indirect effect on the CPSI by influencing the three aforementioned carbon fractions. Further, soil pH had a significant adverse effect on the CPSI by influencing MBP, HFOC, DOC, and NAG. Notably, MBN also demonstrated a significant adverse effect on the CPSI, indicating that increased microbial activity may be detrimental to carbon sequestration. Furthermore, NAG exhibited significant adverse effects on MBP, HFOC, DOC, and NAG, thus indirectly influencing the CPSI.



The normalized total, direct, and indirect effects of each indicator on the CPSI are illustrated in Figure 5. While soil pH, MBN, MBP, and NAG had negative effects on the CPSI, soil-available potassium, β-G, HFOC, LFOC, DOC, and grain yield had a positive influence. Specifically, LFOC exhibited the strongest total and direct effects, whereas soil pH and NAG displayed the strongest indirect effects.





4. Discussion


4.1. Effect of Fertilizer Application on Soil Carbon Pools


This study investigated the impact of different fertilization treatments on SOC content over one decade. Notably, OFM and OFB treatment demonstrated a pronounced carbon sequestration effect, albeit with a fluctuating trend that initially decreased and subsequently increased (Figure 2). This trend may be attributed to the substantial input of exogenous carbon during the initial years, leading to soil carbon mineralization until saturation, followed by a gradual increase in SOC. Insights from previous research conducted by Mary et al. [36] and Duong et al. [37] are consistent with our results. The mechanism of this counteracting is mentioned in the study of Perveen et al. [38], i.e., a possible priming effect (PE) due to adding fresh organic matter. Several studies [39,40,41] demonstrated that PE increases with carbon input until reaching a saturation level. Moreover, our study indicated that the enhanced soil microbial population and activity following OFM or OFB treatments could directly influence the priming effect. The intricate dynamics involved in this process were highlighted by Fontaine et al. [42], showcasing the importance of the energy available to soil microbes and microbial competition in soil carbon decomposition.



Examination of different fertilization treatments revealed varied impacts on the soil fractions. While the majority led to an increase in the SOC content compared to CK treatment, exceptions, such as a decrease in MOC after FP treatment and a reduction in HFOC after OFB, were observed. These deviations were probably attributed to the unhealthy fertilization pattern of local farmers reflected in the FP treatment, as well as the unique characteristics of the OFB treatment favoring an increase in the active rather than inert carbon fractions. Surprisingly, this study found no significant differences in the carbon fractions after OF, OFM, and OFB treatment, which did not align with expectations. Temporal differences in the organic carbon content after these treatments may account for this discrepancy, suggesting the need for continued experimentation to unravel the intricacies of combined organic and chemical fertilizer application.



In agroecosystems, the CPMI, amalgamated CPI, and AI serve as crucial tools for evaluating the potential impacts of diverse agroecosystem management practices on soil carbon sequestration. This facilitates long-term monitoring of SOC, with larger CPMI values indicating improved ecosystem recovery, enhancement, and sustainability [43,44]. As stressed by Blair et al. [45], specific variations in the CPMI among different farm management practices may be less critical than the insights gained from comparative analyses. In our study, all fertilizer treatments contributed to enhancing the soil CPMI, with the OFB and OFM treatments notably surpassing the OF treatment in improving the CPMI, which was consistent with our expectations. Additionally, this aligns with an extensive 13-year experiment conducted by Zhang et al. [46], in which the soil CPMI was higher after treatment with organic and organic–inorganic fertilizer blends than with chemical fertilizers. Similarly, Tang et al. [30] found that the CPMI was higher after treatment with organic fertilizer and straw return than with none or chemical fertilizers. Interestingly, FP treatment yielded counterintuitive results, resulting in the highest CPMI values of all treatments. This may be attributed to other fertilizer treatments increasing the SOC content by altering the carbon components and ratios. However, FP exhibiting the highest CPMI values was also noted by Ghosh et al. [47]. Lastly, regarding the soil CPSI, the decreasing trend observed after fertilizer treatments compared to CK treatment may be attributed to fertilizer application, one of the most direct field management measures, artificially disturbing the soil carbon pool, resulting in the observed phenomenon.




4.2. Soil Microbial Biomass Carbon, Nitrogen, and Phosphorus and Two Enzymes


Soil enzymes play a pivotal role in the soil ecosystem [48], and their activities serve as indicators of the impact of fertilization on soil fertility and quality [49,50]. β-G, crucial for organic matter degradation, and β-1,4-N-acetylaminoglucosidase (NAG), involved in converting organic carbon and nitrogen, were the focus of this study. Our findings align with those of Zhao et al. [43] and Qi et al. [51], indicating that both organic and inorganic fertilizers enhance soil enzyme activity. Further, we observed that OFM treatment significantly increased β-G activity compared to CK treatment because OFM introduces a higher amount of exogenous organic matter, leading to increased β-G secretion, while all fertilizer treatments, including OFM, led to a decrease in NAG activity. This trend is consistent with the findings of Li et al. [52], suggesting a potential negative correlation between NAG activity and soil pH (alterations in soil pH can lead to modifications in the spatial conformation of NAG, consequently hindering its catalytic activity), and the observations of Zheng et al. [53].



In examining the soil microbial components, it was noted that long-term organic fertilization with chemical fertilizers increased the MBN, which is consistent with the results of Zhu et al. [54] and Kumar et al. [55]. However, MBC did not show similar changes, with balanced fertilizer application resulting in a significantly higher MBC compared to other treatments. This contrasts with the results of Li et al. [56], who indicated that balanced fertilizer application promotes the synthesis of microbial cellular fractions, suggesting that nuanced interactions influence the effectiveness of different fertilization approaches.



The MBP was enhanced after all fertilizer treatments when compared to no fertilization; however, an unexpected outcome was observed after OFM treatment, where the MBP was lower than that after OF and FP treatment. This discrepancy may be attributed to the stoichiometric relationship between carbon and phosphorus, potentially indicating that exogenous organic matter inputs resulting from OFM treatment slowed microbial biomass carbon limitation and exacerbated microbial biomass phosphorus limitation [57]. These findings resonate with those of Zheng et al. [53], in which nitrogen, phosphorus, and potassium application intensified microbial biomass carbon limitation, consequently weakening microbial phosphorus limitation.




4.3. Effects of Various Environmental Factors on Differently Fertilized Soil Carbon Pools


Understanding the mechanisms underlying soil carbon pool stability is pivotal for rationalizing soil utilization, implementing effective controls, regulating the soil carbon sequestration potential, and enhancing environmental conditions. Considering the correlations between various factors and employing SEM, we identified significant contributors to soil carbon pool stability, including crop yield, MBP, MBC, soil pH, NAG, β-G, DOC, LFOC, and HFOC. This aligns with the findings of Stark et al. [58], which emphasized that pH is a primary factor influencing soil extracellular enzyme activity. Similarly, Guo et al. [59] revealed a noteworthy negative correlation between SOC fractions and soil pH. Our study further highlighted that soil pH indirectly affected the CPSI by inhibiting MBP, NAG, DOC, and HFOC. Li et al. similarly showed a negative correlation between soil pH and soil MBP [60]. Further, NAG and β-G, identified as soil carbon-associated enzymes, significantly influenced the three carbon fractions, thereby also indirectly affecting the CPSI. In line with other research [61], it has been observed that MBN plays a promoting role in MBP, and they both have emerged as crucial elements associated with soil carbon pool stability, demonstrating a significant negative correlation with the CPSI. Lastly, crop yield, which serves as a direct indicator of agricultural soil productivity [62], exhibited a substantial positive correlation with the CPSI, which signifies that enhancing the overall nutrient status of the soil contributes to the stabilization of the soil carbon pool.





5. Conclusions


This study examined the effects of long-term fertilization of experimental sites in a wheat-growing area of the Loess Plateau. Our results showed that fertilization with exogenous carbon inputs over ten consecutive years enhanced the SOC content. When combined with inorganic fertilizers, the carbon sequestration potential of organic fertilizers was much greater than that of chemical fertilizers. Moreover, fertilization, one of the most direct field management measures, significantly increased the content of the soil carbon fractions. Organic and inorganic fertilizer combination with balanced fertilization was superior to the fertilization techniques used by local farmers. However, the different fertilization methods did not significantly alter the active-to-inert carbon fraction ratio. Both the combination of organic and inorganic fertilizers and the balanced application of chemical fertilizers increased the stability of soil carbon pools compared to farmers’ fertilizer uses. This had a positive effect on the increase in soil enzyme activity and microbial biomass carbon, nitrogen, and phosphorus. After screening and constructing a structural equation model with 10 soil indicators, we found that microbial biomass nitrogen and phosphorus, soil pH, and NAG had indirect, limiting effects on the CPSI. In contrast, β-G exhibited an indirect positive correlation with the carbon fractions, while DOC, LFOC, and HFOC were directly positively correlated with the CPSI. A high crop yield indicated a high exogenous carbon input, thus contributing to a certain degree of carbon pool stability and, to some extent, a positive effect on the CPSI. Ensuring soil carbon stability should thus involve stabilizing soil pH through fertilization, increasing crop yields, and enhancing the content of SOC fractions and their associated enzyme activities.



In conclusion, our findings indicate that both the balanced application of chemical fertilizers and the combined use of organic and chemical fertilizers contribute to the enhancement and preservation of the SOC content. Moreover, the effectiveness of the combination of organic and chemical fertilizers surpassed that of balanced chemical fertilization alone. Given the challenging environmental conditions of the Loess Plateau, we suggest that farmers incorporate judicious amounts of organic fertilizers while maintaining a balance in the application of nitrogen, phosphorus, and potassium. This approach is crucial for stabilizing soil fertility and ensuring the long-term sustainability of the Loess Plateau ecosystem.
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Figure 1. Average monthly rainfall from 2013 to 2023. 
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Figure 2. (a) Ten-year cumulative carbon inputs per treatment. (b) Relationship between treatment FP year-to-year carbon inputs and soil organic carbon. (c) Relationship between treatment OF year-to-year carbon inputs and soil organic carbon. (d) Relationship between treatment OFM year-to-year carbon inputs and soil organic carbon. (e) Relationship between treatment OFB year-to-year carbon inputs and soil organic carbon. 
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Figure 3. (a) Content of soil carbon fractions under different fertilization treatments. (b) Proportion of soil carbon fractions under different fertilization treatments. Error bars represent the standard deviations from the mean (n = 3), and different lowercase letters indicate significant differences between different treatments (p < 0.05). 
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Figure 4. (a) Content of β-1,4-glucosidase (β-G) and β-1,4-N-acetylaminoglucosidase (NAG) under different fertilization treatments. (b) Content of microbial biomass carbon (MBC), microbial biomass phosphorus (MBP), and microbial biomass nitrogen (MBN) under different fertilization treatments. Error bars represent the standard deviations from the mean (n = 3), and different lowercase letters indicate significant differences between different treatments (p < 0.05). 
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Figure 5. (a) Soil pH, β-1,4-glucosidase (β-G), β-1,4-N-acetylaminoglucosidase (NAG), microbial biomass nitrogen (MBN), microbial biomass phosphorus (MBP), wheat grain yield (GY), soil soluble organic carbon (DOC), soil light-family organic carbon (LFOC), soil recombinant organic carbon (HFOC), and soil fast-acting potassium (SAK) are used as independent variables and carbon pool stability index (CPSI) as dependent variable for structural equation modeling (red arrow indicates positive correlation, and blue colored arrow indicates negative correlation; for instance, when A points to B, it signifies that A has an impact on B). (b) The standardized overall effect values, direct effect values, and indirect effect values of some indicators (χ2/df = 1.017; CFI = 0.988; RMSEA = 0.040; significant level: *** p < 0.001; ** p < 0.01; * p < 0.05). 
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