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Abstract

:

The stoichiometry of efficient soil microbial carbon use is a sensitive index for measuring changes in soil quality and plays a crucial role in research on ecological stoichiometry in the soil nutrient cycle. To further understand the effect of feldspathic sandstone and sand compound ratios on microbial carbon use efficiency (CUE), we simulated the field conditions of the feldspathic sandstone-sand compound layer in the Mu Us sandy land and analyzed the soil C:N:P ratio, microbial biomass, extracellular enzyme activity, and microbial carbon use efficiency in soils with different compound ratios. The results demonstrated that an increase in the feldspathic sandstone content had insignificant effects on the soil C:N:P ratio. The maximum values for microbial biomass nitrogen (MBN) and microbial biomass phosphorus (MBP) were observed at compound ratios of 1:5 and 1:2, respectively. Calculations of microbial carbon use efficiency and vector analysis revealed that the microbial carbon use efficiency increased as the feldspathic sandstone content increased, P limitation existed in all compound soils, and soil with a 1:1 compound ratio may be substantially less limited. In conclusion, our research indicated that adding feldspathic sandstone to sand improved soil quality, and the compound ratio affected soil microorganisms; nevertheless, it did not significantly change soil nutrient restriction. Our study provides a theoretical basis for the development and utilization of desert land resources.
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1. Introduction


Mu Us Sandy Land spans a total area of 4.22 × 104 km2 and is one of the four major sandy lands in China [1]. Soil degradation and water erosion render ecosystems in this area very fragile, and low energy and nutrient unavailability limit soil microbial activity and primary plant productivity, further restricting agriculture-forestry development in the region [2]. In this fragile area, sand and feldspathic sandstone exhibit an interphase distribution [3]. Sandy soil is loose with poor water and fertilizer retention, making it prone to erosion [2]. Compared to sand, feldspathic sandstone in this area is as hard as stone when dry, while it is as soft as mud when wet. It has been proposed that the compound of feldspathic sandstone and sand soil are somewhat complementary in nature, which compensates for the shortcomings of the structure of sandy soil that can be further used for planting [4,5]. Since 2009, soil formation by feldspathic sandstone and sand on the Mu Us sandy land has significantly improved the soil texture and physicochemical properties and has produced good ecological benefits [5]. However, studies on compound soils generally focus on soil physical and chemical constraints on biogeochemical processes, while constraints on soil microbial properties have received less attention [6,7].



Empirical evidence shows that soil microorganisms regulate the efficiency of nutrient conversion between plants and soil [8] and play an important role in plant–soil systems. Soil microorganisms convert absorbed nutrients into biomass [9] and release biomass carbon, nitrogen, or phosphorus into the rhizosphere after cell death, thereby making nutrients available for plant use [10].



The carbon use efficiency (CUE) represents the ability of microorganisms to convert absorbed C into biomass [9]. However, changes in nutrient levels, as well as environmental factors, can have a big effect on soil microbial CUE. According to a previous study, as soil nutrient availability improved, soil microbial CUE rose [11], and decreases with prolonged drought [12]. In addition, the actual growth of microorganisms is governed by their stoichiometric balance [9], which shows that microbial carbon use efficiency varies with variation in the stoichiometric ratio of essential elements C, N, and P [13]. For example, Widdig et al. [14] found that microbial CUE was mainly explained by the C:N ratio. Additionally, previous studies have clarified that the stoichiometric control of extracellular enzymes mediates microbial nutrient acquisition from environmental organic matter in an ecosystem [15,16].



It has been determined that a number of extracellular enzymes can serve as helpful indicators of nutritional deficiency and microbial nutrient demand [13], such as β-1,4-glucosidase (BG) as an indicator of carbon demand, β-1,4-N-acetylglucosaminidase (NAG) and leucine aminopeptidase (LAP) as indicators of nitrogen demand, and alkaline phosphatase (AKP) as an indicator of phosphorus demand. In barren soil, microorganisms acclimate to stress by reassigning key resources (energy, C, N, and P) for acquisition mechanisms rather than growth [13], meaning that extracellular enzymatic activities are indicators of microorganisms that meet their metabolic nutrient demands in response to environmental nutrient availability. In general, microbial reactions to multiple soil conditions for nutrient cycling are complex, especially under special soil conditions. Therefore, an assessment of how the microbial community invests their energy for C, N, and P acquisition in feldspathic sandstone and sand soil is a useful way to understand microbial CUE and microbial mechanisms in compound soils. Given that compound of feldspathic sandstone and sand soil demonstrated potential for enhancing physiochemical soil characteristics and crop yield in Mu Us Sandy Land, it deserves further research.



To illustrate the changes in the microbial CUE of feldspathic sandstone and sandy soil, we examined soil nutrient content, microbial biomass, extracellular enzyme activity, and microbial CUE in feldspathic sandstone and sandy soil at ratios of 1:1, 1:2, and 1:5. We hypothesized that soil nutrient contents, microbial biomass, and enzyme activities differ between different compound soils and further affect the stoichiometry of carbon use efficiency. The aim of this study was to (1) assess changes in the stoichiometry of soil nutrient content, microbial biomass, and microbial enzyme activities in compound soils; and (2) explore the differences in CUE changes in soils with different compound ratios.




2. Materials and Methods


2.1. Field Sites and Experimental Design


The long-term fixed experiments, initiated in 2009, were situated in the Shaanxi Provincial Land Engineering Construction Group Fuping pilot base (109°11′ E, 34°42′ N). To simulate the field conditions of the compound layer in the Mu Us sandy land and according to the usual thickness of the cultivated layer, three proportions of feldspathic sandstone-sand compound materials were filled at 0–30 cm, and all sand was filled at 30–70 cm. In this experiment, three treatments were designed, including volume ratios of feldspathic sandstone to the sand of 1:5 (C1), 1:2 (C2), and 1:1 (C3), with three replicates per treatment, and nine (2 m × 2 m) experimental plots were arranged. The test plot was arranged in a “one” shape from south to north according to the site conditions, light, micro-topography, and other factors.



The cropping pattern used in the experiment can be found in Guo and Shi [17]. Briefly, the rotation mode of wheat and maize was adopted at the experimental site. Corn was planted in June and harvested in October of each year. Wheat was planted in early November and harvested in late May of the next year. Meanwhile, the management mode used the traditional water and fertilizer management modes of local farmers, with the fertilizer applied each time N 255 kg/ha, P2O5 180 kg/ha, and K2O 90 kg/ha.




2.2. Soil Sampling


In May 2022, after harvesting wheat, feldspathic sandstone and sand compound soil samples were collected at a depth of 0–10 cm in the study area. In each plot, we used a soil drill to collect 10 soil cores with an “S” shape and then uniformly mixed them into one sample. Each sample was sieved through a 2 mm screen. The part of the sample was stored in a refrigerator at −20 °C for subsequent determination of soil extracellular enzyme activity and microbial biomass, and the rest was air-dried at room temperature to determine the basic soil physical and chemical properties.




2.3. Soil Physicochemical Properties, Microbial Biomass, and Extracellular Enzyme Activity Analysis


The soil pH was determined in a 1:2.5 soil-to-water suspension using a pH meter. The potassium dichromate external heating method was used to determine soil organic carbon (SOC) [18]. To determine soil total nitrogen (TN), samples were digested with sulfuric acid and analyzed using a Kjeldahl apparatus [19]. Soil total phosphorus (TP) content was determined using sulfuric acid-perchloric acid digestion and the molybdenum-antimony anti-colorimetric method [20]. Microbial biomass carbon (MBC), microbial biomass nitrogen (MBN), and microbial biomass phosphorus (MBP) were determined using the chloroform fumigation extraction method [21,22,23]. Fluorometric techniques were used to measure four soil extracellular enzyme activities: C-acquiring enzymes (β-1,4-glucosidase, BG), N-acquiring enzymes (β-N-acetylglucosaminidase, NAG; Leucine aminopeptidase, LAP), and P-acquiring enzymes (alkaline phosphatase, AKP) [24]. Briefly, the principle of enzyme activity determination is that enzymes hydrolyze artificial substrates and produce 4-Methylumbelliferone (MUB), which can be determined by fluorescence [25]. Enzyme C:N, C:P, and N:P ratios were calculated using ln (BG):ln (NAG + LAP), ln (BG):ln (AKP), and ln (NAG + LAP):ln (AKP), respectively.



We used vector analysis (vector length, VL; vector angle, VA) to quantify and visualize the relative C, N, and P controls on soil microbial communities. as follows [26]:


   Vector   length = SQRT          BG    BG + AKP       2   +        BG    BG + NAG       2     



(1)






   Vector   angle = DEGREES       ATAN 2      BG    BG + AKP    ,   BG    BG + NAG         



(2)







When the vector length was longer, indicating the larger carbon limitation; angles >45° indicate P limitation, and angles <45° indicate N limitation. Then, to explore how microbes change their metabolic mechanisms in response to elemental constraints, we calculated CUE as follows [27,28]:


    CUE    C : X       = CUE    max   ×    S   C : X       S   C : X       + K   X     



(3)






   S   C : X    =  1    EEA    C : X      ×   MBC   MBX   ×   SOC   TX    



(4)






    CUE   geomean   =     CUE    C : N       × CUE     C : P       



(5)




where CUEmax is a constant (0.6) that indicates the upper limit of microbial growth efficiency. EEAC:X represents the ratio of different enzyme activities, including those of carbon and nitrogen enzymes, BG:(NAG+LAP), and carbon and phosphorus enzymes, BG:AKP. Kx is the half-saturation constant (0.5). MBX represents MBN or MBP, and TX represents TN or TP.




2.4. Statistical Analyses


Data analyses were completed using Microsoft Excel 2021 and R4.0.2 and visualized using R4.0.2 based on packages of “ggplot2”. We used one-way ANOVA to assess soil properties and stoichiometry based on the packages of “stats”. We calculated SOC:TN (C:N), SOC:YP (C:P), TN:TP (N:P), lnBG:ln(NAG+LAP), lnBG:lnAKP, ln (NAG+LAP):lnAKP, VL, and VA for all cases.





3. Results


3.1. Physicochemical Properties and Stoichiometry of Soil in Different Compound Ratios


Our results showed that soil pH in both soils was weakly alkaline, and pH, SOC, and MBC did not show significant changes in feldspathic sandstone and sandy soil (p > 0.05) (Table 1). Soil TN and TP were highest in C3 and lowest in C1, with TN ranging from 0.21 g/kg in C3 to 0.15 g/kg in C1 and TP from 0.31 g/kg in C3 to 0.25 g/kg in C1. Furthermore, our results showed that chemical stoichiometry (C:N, C:P, and N:P) did not significantly change among the different compound soils (p > 0.05) (Table 1). For the microbial biomass indicated, MBC did not show significant changes among different compound soils (p > 0.05), whereas MBN and MBP did (p < 0.01). MBN was highest in C1, and MBP was highest in C2 and lowest in C3 (Table 1).




3.2. Extracellular Enzyme Activity and Its Soil Stoichiometry in Different Compound Ratios


Our results showed that most enzyme activities of C, N, and P demands were significantly different among the three feldspathic sandstone and sand compound soils (Figure 1). For the carbon-demand enzymes, BG was highest in C3 and lowest in C2 (Figure 1a). For N-demand enzymes, NAG did not show significant changes among the three compound ratios of soil, and LAP was highest in C3 and lowest in C1 (Figure 1b,c). For P-demand enzymes, AKP was highest in C3, compared with C2 and C1, which increased by 2.75 nmol/g/h and 8.66 nmol/g/h, respectively (Figure 1d). Additionally, the ln (BG):ln (LAP + NAG):ln (AKP) ratio was 1.13:0.82:1 in C1, 0.98:0.83:1 in C2, and 0.97:0.79:1 in C3.



Compared to C3, lnBG:ln (NAG+LAP) and lnBG:lnAKP were higher in C1 (Figure 2a,c). However, the ln (NAG+LAP):lnAKP ratios did not show significant trends with an increase in feldspathic sandstone (Figure 2c). The vector length (VL) was significantly different between the three treatments, with the highest length in C1 (Figure 3a,b). The vector angle (VA) was greater than 45°, indicating P limitation in the different compound soils (Figure 3a,c).




3.3. Microbial Carbon Use Efficiency of Soil in Different Compound Ratios


Our results showed that microbial carbon use efficiencies were significantly different among the compound ratios (Figure 4). CUE showed increasing trends in the three compound soils. The lowest value of CUE was 0.38 in C1, while the highest value of CUE was 0.47 in C3, which was significantly (p < 0.001) higher than C1 by 0.12 (Figure 4).





4. Discussion


4.1. Variation of the Stoichiometric Ratio in Different Compound Ratio Soils


Our results showed that TN and TP were higher in C3, and TN and TP showed a significant increase in soils with higher feldspathic sandstone-to-sand ratios. In line with our results, Guo et al. [29] revealed that after 11 years of mixed soil use, the compound soil with a mixing ratio of 1:1 had the highest TN content. This may be because as the feldspathic sandstone content gradually increases, the capacity of water holding in compound soil increases, which can promote an increase in soil nitrogen content [30]. Moreover, our results demonstrated that the C:N and C:P ratios in C3, C2, and C1 were all lower than the ratios on a global scale (16.8) [31]. Additionally, C:N, C:P, and N:P did not show significant changes in different compound soils (Table 1), indicating that these ratios did not change with changes in feldspathic sandstone-to-sand ratios.



One possible reason for the insignificant change in our results is that our experimental site had the same weather conditions and field management measures. Some studies have validated that soil C, N, and P stoichiometric ratios are affected by natural factors such as climate and soil physicochemical properties [32,33,34] and by human activities such as type of land use and field management measures [35]. Furthermore, our results showed that the range of soil C:N ratio in the three compound ratio soils was 9.41–10.15, which was in the range of Chinese cropland [36]. Therefore, we believe that the soil compounded by feldspathic sandstone and sand is suitable for the cropland under the corn-wheat rotation mode and fertilization.




4.2. Explanation of the Change in Microbe Biomass and Extracellular Enzyme Activity


In our study, MBN and MBP were significantly different in different compound soils, indicating that different feldspathic sandstone-to-sand ratios caused different microbial biomass. According to prior research that supports our findings, soil physical characteristics significantly influence soil MBN and MBP [37,38]. However, MBC did not show a significant difference, with the highest value observed in C3. Our results were consistent with those reported by Guo et al. [29]. A possible explanation is that adding different feldspathic sandstone amounts to sand changed the soil physiochemical properties, providing different nutrients such as C, N, and P for microbes to change the soil MBC, MBN, and MBP.



Wang et al. [39] supported this interpretation. The soil texture gradually changed from sandy to silty loam as the amount of feldspathic sandstone and clay, and silt particles increased. [1]. Changes in soil texture significantly increased the cumulative mineralization rate of SOC. As an energy source for microorganisms, the mineralization degree of SOC affects soil nutrients’ availability [40]. Thus, the improvement in nutrient availability promoted the reproduction of soil microorganisms and increased the soil microbial biomass C, N, and P.



Furthermore, lnBG:ln (LAP + NAG) decreased with more feldspathic sandstone, which suggests that the soil N was relatively sufficient in the 1:1 soil. The enzyme stoichiometries of ln (BG):ln (LAP + NAG):ln (AKP) were 1.13:0.82:1, 0.98:0.83:1, and 0.97:0.79:1, respectively. Contrary to our results, Sinsabaugh et al. [24] demonstrated that the mean enzyme stoichiometric C:N:P ratio at the global level is approximately 1:1:1. This may imply nutrient limitation in the compound soils, which can be explained by the resource allocation theory proposed by Zhong et al. [28]. Specifically, microbes are anticipated to best spend their available resources toward acquiring the most limiting resource [41,42,43]. Meanwhile, we found that enzyme activity and stoichiometry were not significantly correlated with pH. This is inconsistent with a previous study that revealed significant correlations between soil pH and enzyme activity and its stoichiometry but consistent with the results of Feng et al. [1], indicating that pH is not an important index for feldspathic sandstone and sand compound soils.




4.3. Variation of Microbial Carbon Use Efficiency in Different Compound Ratio Soils


Our results showed that CUE increased with an increase in feldspathic sandstone in compound soils (Figure 4), implying a gradual decrease in nutrient limitation. Meanwhile, we found that the vector length was shorter in C2 and C3 than that in C1 (Figure 3a), indicating that increasing the proportion of feldspathic sandstone in compound soil can reduce the carbon limitation. Previous studies demonstrated that adding feldspathic sandstone to sandy soil significantly changes its physical properties. A greater proportion of feldspathic sandstone leads to filled non-capillary pores between sand, promoting the formation of soil aggregate structures and the accumulation of potentially mineralizable organic carbon [29], which is accompanied by a decrease in soil C deficiency. However, a previous meta-analysis showed that increased clay content can lead to increased substrate adsorption, reducing substrate availability to microbes. [44]. Therefore, soil microorganisms improved CUE to cope with the reduced C availability.





5. Conclusions


Our research demonstrated that variations in the proportion of feldspathic sandstone in compound soils had an insignificant impact on the stoichiometry of the soil C, N, and P contents. The MBN and MBP levels were significantly different, indicating that the compound soil promoted their accumulation. Additionally, soil lnBG:ln (LAP + NAG) decreased with a greater feldspathic sandstone content in the sand; this suggests that soil N was relatively sufficient in the 1:1 soil. In addition, microbial carbon use efficiency increased as feldspathic sandstone content increased, implying that increasing feldspathic sandstone content alleviated compound soil nutrient limitations but increased carbon limitations to some extent. A 1:1 compound ratio resulted in moderate nutrient restriction. Overall, adding feldspathic sandstone to sandy soils improved the physicochemical properties and reduced soil nutrient limitations, which provides new light on the application of feldspathic sandstone in agriculture and allows a decrease application of industrially produced mineral fertilizers. Our study presented a reference for the utilization of desert land resources.
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Figure 1. The extracellular enzyme activity in compound soils with different feldspathic sandstone-to-sand ratios. (a) BG, β-1,4-glucosidase, (b) NAG, β-N-acetylglucosaminidase, (c) LAP, Leucine aminopeptidase, (d) AKP, alkaline phosphatase. C1, C2, and C3 represent ratios of feldspathic sandstone to sand of 1:5, 1:2, and 1:1. Different lowercase letters represent significant differences at the 0.05 level. Error bars are the standard errors (n = 3). 






Figure 1. The extracellular enzyme activity in compound soils with different feldspathic sandstone-to-sand ratios. (a) BG, β-1,4-glucosidase, (b) NAG, β-N-acetylglucosaminidase, (c) LAP, Leucine aminopeptidase, (d) AKP, alkaline phosphatase. C1, C2, and C3 represent ratios of feldspathic sandstone to sand of 1:5, 1:2, and 1:1. Different lowercase letters represent significant differences at the 0.05 level. Error bars are the standard errors (n = 3).



[image: Agriculture 13 00058 g001]







[image: Agriculture 13 00058 g002 550] 





Figure 2. The ecoenzymatic stoichiometry in compound soils with different feldspathic sandstone-to-sand ratios. (a) Enzyme C:N rations, (b) enzyme C:P ratios, (c) enzyme N:P ratios. BG: β-1,4-glucosidase, NAG: β-N-acetylglucosaminidase, LAP: Leucine aminopeptidase, AKP: alkaline phosphatase. Different lowercase letters represent significant differences at the 0.05 level. C1, C2, and C3 represent ratios of feldspathic sandstone to sand of 1:5, 1:2, and 1:1. Error bars are the standard errors (n = 3). 
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Figure 3. The vector characteristics of enzyme activity in compound soils with different feldspathic sandstone-to-sand ratios. (a) Vector analysis, (b) vector length (VL), (c) vector angle (VA). Ces: C-acquiring enzymes activities; Nes: sum of N-acquiring enzymes activities; Pes: P-acquiring enzymes activities. C1, C2, and C3 represent ratios of feldspathic sandstone to sand of 1:5, 1:2, and 1:1. Different lowercase letters represent significant differences at the 0.05 level. Error bars are the standard errors (n = 3). 
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Figure 4. Soil microbial carbon use efficiency in compound soils with different feldspathic sandstone-to-sand ratios. C1, C2, and C3 represent ratios of feldspathic sandstone to sand of 1:5, 1:2, and 1:1. Different lowercase letters represent significant differences at the 0.05 level. Error bars are the standard errors (n = 3). 






Figure 4. Soil microbial carbon use efficiency in compound soils with different feldspathic sandstone-to-sand ratios. C1, C2, and C3 represent ratios of feldspathic sandstone to sand of 1:5, 1:2, and 1:1. Different lowercase letters represent significant differences at the 0.05 level. Error bars are the standard errors (n = 3).



[image: Agriculture 13 00058 g004]







[image: Table] 





Table 1. The soil properties of compound soils with different feldspathic sandstone-to-sand ratios.
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	C1
	C2
	C3
	F(2,6)
	p





	pH
	8.9 ± 0.04 a
	8.95 ± 0.03 a
	8.97 ± 0.01 a
	1.22
	-



	SOC (g/kg)
	1.52 ± 0.07 a
	1.53 ± 0.15 a
	1.95 ± 0.18 a
	3.03
	-



	TN (g/kg)
	0.15 ± 0.01 b
	0.16 ± 0.01 b
	0.21 ± 0.01 a
	7.01
	<0.05



	TP (g/kg)
	0.25 ± 0.01 b
	0.3 ± 0.02 a
	0.31 ± 0 a
	9.42
	<0.05



	C:N
	10.15 ± 0.14 a
	9.66 ± 0.58 a
	9.41 ± 0.52 a
	0.68
	-



	C:P
	6.14 ± 0.44 a
	5.19 ± 0.74 a
	6.23 ± 0.53 a
	0.96
	-



	N:P
	0.61 ± 0.05 a
	0.54 ± 0.07 a
	0.66 ± 0.04 a
	1.35
	-



	MBC (mg/kg)
	87.82 ± 2.67 a
	86.25 ± 3.39 a
	93.48 ± 6.75 a
	0.68
	-



	MBN (mg/kg)
	7.05 ± 0.32 a
	5.48 ± 0.07 b
	5.42 ± 0.28 b
	13.76
	<0.01



	MBP (mg/kg)
	6.21 ± 0.8 b
	15.33 ± 1.73 a
	3.92 ± 0.36 b
	28.98
	<0.001



	MBC:MBN
	12.51 ± 0.69 b
	15.74 ± 0.46 a
	17.23 ± 0.62 a
	16.33
	<0.01



	MBC:MBP
	14.81 ± 2.55 b
	5.74 ± 0.54 c
	24.1 ± 2.09 a
	22.6
	<0.01



	MBN:MBP
	1.19 ± 0.22 a
	0.36 ± 0.04 b
	1.41 ± 0.14 a
	13.33
	<0.01







Values are represented as the mean value followed by standard error (n = 3). Different letters indicate significant differences (ANOVA, p < 0.05, Tukey’s LCBD posthoc analysis) among the different feldspathic sandstone and sand compound soils.
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