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Effects of Different Management Practices on the Increase in Phytolith-Occluded Carbon in Moso Bamboo Forests
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Phytolith-occluded carbon (PhytOC), a promising long-term biogeochemical carbon sequestration mode, plays a crucial role in the global carbon cycle and the regulation of atmospheric CO2. Previous studies mostly focused on the estimation of the content and storage of PhytOC, while it remains unclear about how the management practices affect the PhytOC content and whether it varies with stand age. Moso bamboo (Phyllostachys heterocycla var. pubescens) has a great potential in carbon sequestration and is rich in PhytOC. Here, we selected four management treatments, including control (CK), compound fertilization (CF), silicon (Si) fertilization (SiF) (monosilicic acid can form phytoliths through silicification), and cut to investigate the variation of phytoliths and PhytOC contents in soil, leaves, and litters, and their storage in Moso bamboo forests. In soil, the SiF fertilizer treatment significantly (P < 0.05) increased phytolith content, PhytOC content, and storage compared to CK, while there were no significant differences between the treatments of CF and cut. In leaf, compared with CK, phytolith content of the second-degree leaves under SiF and the first-degree leaves under cut treatment significantly increased, and the three treatments significantly increased PhytOC storage for leaves with three age classes. In litter, the phytolith and PhytOC contents under the three treatments were not significantly different from that under the CK treatment. The PhytOC storage increased by 19.33% under SiF treatment, but significantly decreased by 40.63% under the CF treatment. For the entire Moso bamboo forest ecosystems, PhytOC storage of all the three management treatments increased compared with CK, with the largest increase by 102% under the SiF treatment. The effects of management practices on the accumulation of PhytOC varied with age. Our study implied that Si fertilization has a greater potential to significantly promote the capacity of sequestration of carbon in Moso bamboo forests.
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INTRODUCTION

How to increase terrestrial ecosystem carbon sequestration and thus mitigate global warming has been a long-term hotspot research area (Heimann and Reichstein, 2008; Pan et al., 2011; Peters et al., 2012; Taylor et al., 2015). Terrestrial biogeochemical carbon sequestration is one of the most promising approaches for long-term atmospheric CO2 sequestration (Parr et al., 2010; Song et al., 2013a). Occlusion of carbon within phytoliths (PhytOC) has been recently shown to be the most promising biogeochemical carbon sequestration mechanism (Song et al., 2012; Li et al., 2013b; Song et al., 2013a).

Bioavailable silicon (Si) in soil solution is absorbed by plant roots in the form of monosilicic acid (H4SiO4) (Meunier et al., 1999) and is mainly deposited in plant tissues (e.g., cell walls, cell lumina, and intercellular spaces of the cortex) to form the phytoliths (Casey et al., 2003; Cornelis et al., 2011; Zhang et al., 2016). Phytoliths exist in many plant tissues. A small quantity of organic carbon ranging from 0.1 to 5.8% can be occluded in plant phytoliths (Wilding, 1967; Parr et al., 2010; Zuo and Lü, 2011; Pan et al., 2017). During the litter decomposition process, phytoliths are released into soil and transferred to the subsoil (Parr and Sullivan, 2005; Fishkis et al., 2009; Pan et al., 2017). PhytOC is highly resistant to decompose and may accumulate in the soil for several thousands of years, as it is protected by phytolith silica (Wilding, 1967; Parr and Sullivan, 2005; Zuo et al., 2014). PhytOC contributes to approximately 82% of the total soil organic carbon (SOC) pool in some sediments after 2,000 years of decomposition (Parr and Sullivan, 2005), implying a high potential of PhytOC in the long-time biogeochemical sequestration of atmospheric CO2.

Previous studies have indicated that the accumulation and distribution of soil PhytOC depend not only on phytolith input from plant’s litter but also on phytolith outputs such as phytolith stability, harvesting loss, and phytolith transport (Blecker et al., 2006; Fishkis et al., 2009; Song et al., 2013b). Parr and Sullivan (2005) estimated that the cumulative flux of PhytOC in the subtropical and tropical regions was 7.2–8.8 kg ha–1 year–1, accounting for 37% of the global average SOC accumulative rate. Huang et al. (2014) reported that PhytOC accumulation could be 79 kg ha–1 year–1 in Lei bamboo forest soil. Zuo et al. (2014) estimated that 5.35 × 106 t year–1 of PhytOC was stored in the upper soil of the Loess Plateau in China. Zhang et al. (2016) reported that the storage of soil PhytOC in Chinese fir forest, chestnut forest, and bamboo forest ranged from 0.96–1.40, 2.44–2.90, and 3.27–4.55 t ha–1, respectively. Therefore, the accumulation of soil PhytOC plays an important role in sequestering atmospheric CO2.

Moso bamboo is the most widely planted bamboo species in the subtropical regions of Asia, Africa, and Latin America, with a global total area of 31.5 million ha, which accounts for about 0.8% of the world’s total forest area in 2010 (Food and Agriculture Organization [FAO], 2010). Moso bamboo forest area is 6.01 million ha in China, accounting for about 73.8% of the total bamboo forests (Xu, 2014). Moso bamboo is widely distributed in southern China and has a long cultivation and utilization history (Xu, 2017), a high economic value, and a high carbon sequestration capability (Zhou, 2006; Zhou et al., 2011; Li et al., 2015). A previous study has indicated that the global potential for bio-sequestration via PhytOC in bamboo or other similar grass crops is 1.5 × 109 Mg CO2 year–1, equivalent to 11% of the current increase in atmospheric CO2 (Parr et al., 2010). The present annual PhytOC sink in China’s forests was 1.7 ± 0.4 Tg CO2 year–1, and bamboo forests contributed by 30% (Song et al., 2013a).

Moso bamboo forests have a unique growth pattern, in which shoots usually begin to emerge from the ground at the end of March and complete height and diameter growth within the following 2 months (Li et al., 1998; Zhou et al., 2010; Song et al., 2016b). After this period, the diameter of breast height (DBH) and the height of culms remain constant owing to the Moso bamboo’s scarce secondary cambium, but the biomass begins to accumulate (Zhou et al., 2010; Xiao, 2015). After the completion of height growth, the old leaves begin to grow rapidly and then fall in the next spring, and in the meanwhile, the new leaves quickly emerge (Song et al., 2017). The leaf growth cycles every 2 years; if the Moso bamboo age is located within the first cycle, it is called “the first-degree bamboo” and within the second cycle, it is called “the second-degree bamboo,” and so on. Furthermore, as a result of long-term harvesting activities, the Moso bamboo forests are characterized by alternating off- and on-years (Chen, 1996; Zhou et al., 2010). In on-years, Moso bamboo forests have more shoot sprouts and slower rhizome root growth; in off-years, Moso bamboo forests have fewer shoot sprouts and faster rhizome root growth. This phenomenon usually alternates every 2 years. Moreover, the capacity of biomass accumulation of Moso bamboo tends to decrease rapidly after 4 years. Therefore, to maximize the economic benefits, farmers usually harvest Moso bamboo culms that are 4 years and older in November. Thus, Moso bamboo forests are uneven-aged forests with a 2-year interval (Zhou et al., 2010; Song et al., 2016a).

Previous studies only focused on the production of phytolith and PhytOC in bamboo forests. Few studies have investigated the effect of different management practices and the effects of age. Many previous studies have demonstrated that management practices could increase the aboveground biomass and SOC pool in the Moso bamboo forests (Zhou et al., 2006a,b; Qi et al., 2009; Li et al., 2017). Moreover, PhytOC sequestration is positively correlated with phytolith content, carbon content of phytolith, and the aboveground net primary production (ANPP) of plants. Therefore, we hypothesize that the treatment of management practices may increase PhytOC in Moso bamboo forests. Based on these hypotheses, our study objectives are (1) to analyze the PhytOC concentrations in Moso bamboo forests under different management practices, (2) to explore the effects of bamboo age on PhytOC concentrations whether these effects varied with age, and (3) to predict the PhytOC sequestration potential of Moso bamboo forests, under an optimized management practice.



MATERIALS AND METHODS


Study Area and Experiment Sites

Our study was conducted in Lin’an District (119°45′E, 30°10′N), Hangzhou City, Zhejiang Province, in southeastern China (Figure 1). This region is characterized by a warm and humid subtropical monsoon climate. It has an average annual precipitation of 1,350–1,500 mm, most of which falls between May and August. The average annual temperature is 15.9°C with the highest temperature in July and the lowest in January. This area has undulating terrain, with elevation ranging from 90 to 200 m. As one of the first batch of the “Top Ten Bamboo Townships in China” and a key forest area in Zhejiang Province, Lin’an District is rich in bamboo resources. The city has 65,400 hectares of bamboo forests, and the annual output value of the bamboo industry is maintained at about 3 billion yuan (Fang, 2018).
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FIGURE 1. Location of the study region (red polygon) and the experimental site (yellow point) for Moso bamboo forests in Lin’an District, Hangzhou City, Zhejiang Province, China.


The experimental sites were located at the southeastern Lin’an (Figure 1). The soils at the experimental sites are developed from siltstone and classified as a slightly acidic red soil in the Chinese system of soil classification (State Soil Survey Service of China, 1998), equivalent to the Ferralsols in the FAO soil classification system (FAO, 2006). The soil thickness is 50 cm. Before the treatments with management practices, the bamboo culms above 6 years old were harvested every 2 years since 2010. The culm density is 3,236 culms ha–1, with a mean DBH of 9.1 cm. The Moso bamboo forests have few understory shrubs and grasses. The sample plots were established in 2010, no tillage was applied, and the understory vegetation was retained.



Experimental Design and Sampling Methods

The experiment was conducted from August 2016 to August 2019.

Four treatments, including compound fertilizer (CF), Si fertilizer (SiF), Cut (harvesting), and Control (CK), were deployed in the experimental sites in 2016. The detailed treatments are:


(i) Compound fertilizer (CF): Normal cut (removal of bamboo culms over 8 years old) and compound fertilizer application (1,800 kg ha–1, twice a year). The composition of compound fertilizer was N 13%, P 3%, K 2%, amino acid ≥ 8%, organic matter ≥ 15%, and humic acid ≥ 10%.

(ii) Si fertilizer (SiF): Normal cut (removal of bamboo culms over 8 years old) and Si fertilizer application (1,800 kg ha–1, twice a year). The composition of Si fertilizer was C concentration of 7 g kg–1 and SiO2 concentration of 723 g kg–1.

(iii) Cut: Intensive cut (complete removal of bamboo culms over 6 years old) and no fertilization.

(iv) Control groups (CK): normal cut and no fertilization.



A completely randomized block design with four management treatments and three replicates were deployed, and there were a total of 12 experimental plots (30 m × 30 m). To reduce the interference from the Moso bamboo rhizome spread to the adjacent plots, a 5-m-wide buffer zone was set up between every two experimental plots. The treatments were applied to the entire experimental plot, but the sample data were only collected from the center of each plot (20 m × 20 m).

Within each experimental plot, soil samples were taken from the 0–20 and 20–40-cm layers from five randomly selected points along two diagonal lines, and then mixed to form a composite sample for each layer. The samples were stored in clean plastic bags then brought back to the laboratory. Visible roots and plant fragments (>2 mm diameter) in soil were removed. The soil samples were then air dried at room temperature and ground to pass through a 2-mm sieve for chemical analysis. The soil samples for determining bulk density were collected using a bulk density corer (5.2 cm height and 3.5 cm radius) with a 100 cm3 volume. The wet soil weight was measured in each corer, and then the soils were dried at 105°C for 24 h to a constant weight. The water content (%) was then calculated.

The DBH of all bamboo culms with different ages in the 30 m × 30 m plots was measured, and the mean DBH in each age class was calculated. Ten bamboo culms close to the average DBH were selected to sample the bamboo leaves for each age class. The leaves were collected using a pruning shear, and the leaves from each age class were mixed. The leaf samples were brought back to the laboratory and rinsed with deionized water. The leaf samples were first dried at 105°C for half an hour and then further dried at 70°C to a constant weight and weighed. The leaf samples were ground as powders and passed through a 100-mesh sieve for chemical analysis.

We also collected all the dead branches and leaves (the new and partially decomposed litters) in three randomly selected 1 m × 1 m plots in each sample plot. The litter samples were stored in sealed plastic bags and weighed. The litter samples were brought back from the field and washed with deionized water, first dried at 105°C, further dried at 70°C to a constant weight, and then weighed. The dried samples were also ground to pass through a 100-mesh sieve for chemical analysis.



Determination of Basic Soil Physicochemical Properties

In our study, the selected physicochemical properties of soil samples were measured using the following methods. Soil pH was determined using an acidity meter, namely, using a pH meter at a soil:water ratio of 1:2.5 (w/v). Soil moisture content was measured gravimetrically. The soil bulk density was determined using the equation below:
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where BD is bulk density (g.cm–3), G is the wet soil weight in a corer (g), V is the volume of the corer (200 cm3), and W is the water content (%).

Alkali-hydrolyzed nitrogen was analyzed using the Alkali solution diffusion method. The soil available P concentration was measured using the Bary colorimetric method. The soil samples were first extracted with a mixed solution of NH4F (0.03 mol⋅L–1) and HCl (0.025 mol⋅L–1), and then the available P was measured colorimetrically using a spectrophotometer. The available K was determined using the ammonium acetate extraction flame photometer method. SOC’s content was oxidized by a certain amount of standard potassium dichromate solution and concentrated sulfuric acid under heating conditions, titrated by ferrous sulfate, and calculated by the consumed potassium dichromate (Bao, 2000).
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where CSOC is SOC reserves (mg kg–1), i is the soil profile layer (1: 0–20 and 2: 20–40 cm), Ci is the SOC content of layer i (g kg–1), Di is the soil thickness of layer i (cm), and Bi is the bulk density of layer i (g cm–3).



Determination of Phytolith and PhytOC

Phytolith from leaves, litter, and soil was extracted by microwave digestion. Of soil, 0.40 g was digested with 4.8 mL of HNO3 and 4.8 mL of HCl in the digestion tube in the microwave digester. Then the liquid was transferred to a centrifugal tube for centrifugal cleaning. The extracted phytolith was placed in an oven, dried at 65°C for 48 h to a constant weight, then weighed (Parr, 2001; Parr et al., 2001).

The method of extracting phytolith from leaves and litter was slightly different from the above method. Soil samples (0.3 g), 5 mL of HNO3, 1 mL of H2O2, and 1 mL of HCl (added twice, 0.5 mL each time) were added into a digestion tube. The digestion tube was moved to a microwave digester for digestion; then the liquid was transferred to a centrifugal tube for centrifugal cleaning (Parr, 2001; Parr et al., 2001).

PhytOC was determined by alkali fusion spectrophotometry according to Yang et al. (2014). Put 0.01 g phytolith sample into a plastic centrifuge tube, add 0.5 mL of 10 mol⋅L–1 NaOH, shake well, and let it remain for 12 h. The solution was then transferred to a 30-mL glass centrifuge tube, 1 mL of 0.8 mol⋅L–1 K2Cr2O7 and 4.6 mL of H2SO4 were added, shaken gently, and placed in a 98° boiling water bath for 1 h. Finally, we cooled it and shook well at a constant volume, and took the supernatant for colorimetric determination after low-speed centrifugation. (Note: the weighing of the implant before and after the test used the same balance, which could not be calibrated in the middle).

In order to characterize the capacity of phytolith carbon sequestration, two parameters are selected: one is carbon content in phytolith and the other is PhytOC. Because different management practices can affect the phytolith content, then they will affect the carbon content in phytolith. In addition, PhytOC storage and SOC storage are two different ways of carbon sequestration, so it is meaningful to study the influence of different management practices on the sum of the two ways of carbon sequestration.

Soil phytolith concentration, C concentration in phytolith, PhytOC concentration, and soil PhytOC storage were calculated using the following equations:
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where i is the soil profile layer (1: 0–20 and 2: 20–40 cm), thi is the thickness of each soil layer (cm), and BDi represents the soil bulk density for each layer (g cm–3).

Plant phytolith concentration, C concentration in phytolith, and PhytOC concentration were calculated the same as the soil. The PhytOC storage was calculated as follows:
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Statistical Analyses

The data presented in this paper were the average value of three replicates. Before performing the analysis of variance (ANOVA), the normality and homogeneity of variance were tested. ANOVA was conducted to examine factors and their interactive effects on the SOC concentration and storage, phytolith concentration, C concentration in phytolith (density of carbon contained in phytoliths), and the PhytOC concentration (density of carbon contained in the soil samples) and storage in Moso bamboo forest soils. When the ANOVA analysis indicated a significant treatment effect, the least significant difference (LSD) test was utilized to separate the means. An alpha level of 0.05 for significance was used in all statistical analyses, unless mentioned otherwise. The linear relationship between phytolith concentration and PhytOC storage in soil was determined. All statistical analyses were performed using R statistical software (R v3.2.1) (R Core Team, 2015).



RESULTS


Soil Physicochemical Properties

Si fertilization and cut practices significantly affected bulk density in the 20- to 40-cm soil layer (Table 1). SOC concentration under the treatments of CF, SiF, Cut, and CK were 14.67, 26.0, 11.47, and 17.6 mg kg–1, respectively. Compared with CK, SOC increased under SiF but decreased under CF and Cut treatments. The SOC concentration and storage under SiF significantly increased by 32.3 and 38.9%, respectively, compared with CK (Figure 2).


TABLE 1. Characteristics of soil physicochemical properties (means ± standard deviations) under different management treatments in Moso bamboo forests.
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FIGURE 2. Concentration and storage of soil organic carbon (SOC) under four management practices in Moso bamboo forests. Different letters indicate significant (p < 0.05; n = 3) differences between treatments based on least significant difference (LSD) test. CF, compound fertilizer treatment; SiF, silicon fertilizer treatment; CK, control.




Phytolith Content Under Different Management Practices

For CF and cut treatments, phytolith content had no significant difference with that under CK treatment for both soil layers, while SiF significantly increased phytolith content by 54.8% in the topsoil (0–20 cm) and 76.2% in the subsoil layer (20–40 cm) (Figure 3). The phytolith content of leaves under four management treatments varied from 29.73 to 72.97 g kg–1. For the first-degree leaves, the phytolith content under the cut treatment was significantly higher (78.36%) than that under CK, while there were no significant differences among three treatments. For the second-degree leaves, the phytolith content under SiF treatment was significantly higher than that under CK and CF treatment, while there were no significant differences with the cut treatment. For the third-degree leaves, the phytolith content was not significantly different among the four treatments. For litters, although the phytolith content was higher under the three treatments, the difference was not significant compared with the CK (Figure 3C).
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FIGURE 3. Phytolith content (g kg–1) under different management treatments for different forest components. (A) 0–20-cm soil layer. (B) 20–40-cm soil layer. (C) Litter. (D) First-degree leaves. (E) Second-degree leaves. (F) Third-degree leaves. Error bars represent the standard deviations of the means. Different lowercase letters indicate significant differences among treatments at a significance level of p < 0.05 based on the LSD statistic test. CF, compound fertilizer treatment; SiF, silicon fertilizer treatment; CK, control.




Content and Storage of PhytOC Under Different Management Practices

A startling contrast was found in the carbon content of phytolith in the soil. The result demonstrated decreased content while showing little difference among the three groups except CK. The carbon content of phytolith in both soil layers was significantly reduced under the three treatments compared with CK, while it was not significant among the three treatments (Figure 4A). The SiF treatment significantly increased PhytOC content by 52.2% in the 0–20-cm layer and 78.6% in the 20–40-cm layer, respectively, compared with CK, while there was no significant difference among CF, Cut, and CK (Figure 5). In the entire 0–40-cm soil layer, the PhytOC storage ranged from 14.8 to 73.13 kg ha–1 under four management practices and significantly increased under the application of the SiF treatment by 133% in the topsoil layer and 394% in the subsoil layer compared with CK, respectively (Figure 6). The carbon content of soil phytolith in the soil decreased under three treatments compared with CK, while the PhytOC storage increased significantly, implying that there was a significant negative correlation between the two indexes in the soil between these two variables.
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FIGURE 4. Carbon content in phytolith (g kg–1) under different management treatments for different forest components. (A) 0–20-cm soil layer. (B) 20–40-cm soil layer. (C) Litters. (D) First-degree leaves. (E) Second-degree leaves. (F) Third-degree leaves. Error bars represent the standard deviations of the means. Different lowercase letters indicate significant differences among treatments at a significance level of p < 0.05 based on the LSD statistic test. CF, compound fertilizer treatment; SiF, silicon fertilizer treatment; CK, control.
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FIGURE 5. PhytOC content (g kg–1) under different management treatments for different forest components. (A) 0–20-cm soil layer. (B) 20–40-cm soil layer. (C) Litterfall. (D) First-degree leaves. (E) Second-degree leaves. (F) Third-degree leaves. Error bars represent the standard deviations of the means. Different lowercase letters indicate significant differences among treatments at a significance level of p < 0.05 based on the LSD statistic test. CF, compound fertilizer treatment; SiF, silicon fertilizer treatment; CK, control.
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FIGURE 6. PhytOC storage (kg ha–1) under different management treatments for different forest components. (A) 0–20-cm soil layer. (B) 20–40-cm soil layer. (C) Litter. (D) First-degree leaves. (E) Second-degree leaves. (F) Third-degree leaves. Error bars represent the standard deviations of the means. Different lowercase letters indicate significant differences among treatments at a significance level of p < 0.05 based on the LSD statistic test. CF, compound fertilizer treatment; SiF, silicon fertilizer treatment; CK, control.


For the first-degree leaves, the carbon content in phytolith was not significantly different among four treatments. For the second-degree leaves, SiF treatment significantly increased the carbon content in phytolith and no significant differences under the other three treatments. For the third-degree leaves, SiF treatment also significantly increased the carbon content in phytolith compared with CK, but not significantly different from that under CF and Cut treatments (Figure 4). The SiF treatment significantly increased the PhytOC content in all leaf age classes, while no significant differences exist among the other three treatments (Figure 5). Compared with CK, the three treatments significantly increased the PhytOC storage for all classes of leaves. For the mature age classes (second and third degree), the effects of SiF treatment on the PhytOC storage were the largest, increasing by 72.5% for the second-degree leaves and 45.4% for the third-degree leaves, respectively, compared with CK. In contrast, the effects of SiF reduced when the leaves were young (first degree), and CF had the largest effects on PhytOC storage, increased by 71.43% (Figure 6).

For the litters, the effects of treatments on PhytOC and phytolith carbon contents were similar (Figures 4, 5). The CF and Cut treatments decreased the PhytOC content by 48.72 and 23.64%, respectively, compared with CK, while the SiF treatment increased PhytOC content by 10.51% (Figure 5). The effects of treatments on PhytOC storage and PhytOC content were consistent, with an increase of 19.33% under SiF treatment, and a decrease of 40.63 and 20.25% under CF and Cut treatments, respectively (Figure 6).

Different from the soil, there was a positive correlation between the phytolith content and the organic carbon content in phytoliths of litter and leaf.

Compared with CK, the other three management treatments can significantly increase the PhytOC storage in the Moso bamboo forest ecosystems (Figure 7). However, no significant difference was found between the treatments of CF and Cut. Among the four management treatments, the increase in PhytOC storage during the study period was the largest under the treatment of SiF (102%), followed by CF (34.4%) and cut treatments (26.9%).
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FIGURE 7. PhytOC storage of the entire Moso bamboo forest ecosystem (soil + litter + leaves) under four management treatments. CF, compound fertilizer treatment; SiF, silicon fertilizer treatment; CK, control. Different lowercase letters indicate significant differences among treatments at a significance level of p < 0.05 based on the LSD statistic test.




DISCUSSION


Moso Bamboo Forest SOC Sink Under Different Managements

The analysis of SOC storage showed that the application of SiF could improve soil fertility and thus significantly increase SOC storage in Moso bamboo forests. The result coincided with a previous study (Xu, 2019). In Xu’s research, compared with CK, the SOC storage increased by 45.52 CO2-eq Mg ha–1, high-efficiency water-soluble Si fertilizer increased SOC storage by 51.94 CO2-eq Mg ha–1 under Si1 (0.225 t ha–1) treatment and 53.68 CO2-eq Mg ha–1 under Si3 (1.125 t ha–1) treatment. Song et al. (2018) studied the SOC stabilization by regulating Si and found that positive relationships existed between biogenic Si and SOC. We demonstrated that the application of SiF increased the SOC of Moso bamboo, shrubs, and herbs on the sample plots. After the litters of these bamboo leaves, shrubs, and herbs decomposed and transferred into soil, the SOC at the top soil layer would also increase. Li et al. (2017) found that fertilization and cut can significantly affect SOC in the Moso bamboo forests. They found that both large-scale fertilization with intensity cut and large-scale fertilization with moderate cut can cause a decrease in SOC storage, while both the large-scale fertilization with weak cut and medium-scale fertilization with weak cut can increase SOC storage. Their results indicated that the SOC storage of bamboo forests decreased significantly after intensive management, while the reasonable combination of management practices could significantly increase the SOC storage and improve the carbon sink capacity. Our study showed similar results that the management practices of CF and cut reduced the SOC storage, but with no statistically significant difference (p > 0.05). Du (2013) studied the effect of different fertilizer applications on the carbon storage of bamboo forest ecosystems and found that compared with no fertilization, the SOC under all fertilization treatments decreased in varying degrees. In addition, the effect of bamboo special fertilization on SOC was greater than that of organic fertilizer and NPK formula fertilizer. The reason may be that the large-scale application of CF can provide additional organic matter and nutrients to the forests, and accelerate the decomposition and transformation of organic matter. In addition, human activities such as harvesting (cut) down and bamboo shoots digging, and understory vegetation controls can result in nutrient losses from Moso bamboo forests, which further reduced the litter mass and soil organic matter accumulation.



Effects of Different Management Measures on the Accumulation of Phytoliths

In this study, phytolith contents in both soil and leaves increased under all the three management treatments compared with CK, and significant differences were found under SiF treatment. SiF can significantly increase the available Si content in soils and thus the plant organs of Moso bamboo forests, which can promote the formation of phytolith since Si is an important component in phytolith. This pattern is in accordance with a recent study (Li et al., 2020b) that has showed that the addition of SiF can increase available Si in soil.

We also found that the increase in phytolith content in soil was much greater in leaves and litter under the three treatments compared with the control. This can be explained by the transpiration of leaves that can drive the Si transport and deposit to the root, stem, leaf, and shoots of Moso bamboo in the form of monoclinic acid. Thus, the Si fertilization can significantly increase the Si contents in plant organs, and then through litterfall and its decomposition, the soil phytolith content could also increase. It is necessary to further explore the effects of Moso bamboo litter on the carbon sink of bamboo forest ecosystems to help clarify the relationship between carbon flow between soil and vegetation components, which provides an essential basis for understanding the carbon sink potential of bamboo forest ecosystems (Hu, 2019). Our result is also in good agreement with recent studies, indicating that SiF addition increased phytolith concentration (Si uptake) in wheat (Liu et al., 2014) and rice (Sun et al., 2019; Li et al., 2020a), as well as bamboo (Huang et al., 2020). Certainly, the different impact magnitude under Si fertilization may be caused by the variations in vegetation types, source of SiF, and soil Si availability (Li and Delvaux, 2019; Huang et al., 2020).

We also found that the effects of management practices on phytolith contents varied with age, i.e., the phytolith content increased from the third-degree leaves to the second-degree leaves, but decreased to the first-degree leaves in the Moso bamboo forests (Figure 5). This result could be due to the following reasons. First, the development and accumulation rate of dry matter of third-degree bamboo forests slowed down or kept no change, so there was no significant difference among the four management treatments. Second, the second-degree bamboo was in its fast growth stage, and its capability to absorb nutrients (e.g., Si) was stronger. Combined with the characteristics of SiF mentioned above, the SiF applied to the second-degree leaves can significantly increase phytolith content. Finally, for the first-degree bamboo, its capability to absorb nutrients such as Si was weak, so the SiF and CF treatments did not significantly change the phytolith contents compared with the control. However, when some Moso bamboo culms was harvested, the stand density reduced, the competition among bamboos weakened and thus increased the area directly irradiated by the sun and the absorption of CO2 per unit area of bamboo leaves, while the change in atmospheric CO2 concentration affects the formation and size of phytoliths by affecting the photosynthetic rate of plants (Ge et al., 2010). Therefore, with the photosynthetic capacity enhanced, the phytolith contents of first-degree leaves under the cut treatment significantly increased compared with the control.

Interestingly, compared to the control, our data further showed that the phytolith content in litter decreased under the treatments of CF and cut. In contrast, the CF and cut treatments significantly increased soil and leaf phytolith contents, and the SiF treatment increased soil, leaf, and litter phytolith content. This phenomenon is probably because after Moso bamboo leaves experienced the stress effect and decay, the treatment’s effect on phytolith content started to decrease, and the growth began to decline, even lower than that of the control. However, the growing base under SiF treatment was larger initially, so the final phytolith content was still increasing. Besides, cut affected the amount and decomposition rate of litter (Paudel, 2015). The removal of the accumulation from the forest will reduce the stand density, increase the area directly irradiated by the sun, and increase the ground temperature, which will accelerate the decomposition of litter and reduce the amount of litter (Hu et al., 2007). Li et al. (2018) studied the existing amount of litter in the semi-decomposed layer of natural spruce-fiber and broad-leaved mixed forests and found that the management effects can be ranked as severe logging > control > light logging > moderate logging. Ying (2015) also studied the litter carbon sinks and fluxes in key subtropical forest types in China and found that the content of phytoliths in Moso bamboo forests was significantly different from, and higher than, the other three forest types.



Effects of Management Practices on Phytolith Carbon Sequestration

Among all the management treatments, our analysis suggested that carbon content in phytolith of the soil had decreased significantly by 41.8, 52.2, and 52.6% at the topsoil layer and 36.4, 47.1, and 55.9% at the subsoil layer under the treatments of CF, SiF, and cut, respectively, compared with the control. However, there was no significant difference among the three management treatments. This was opposite to the management effects on phytolith content. The change in PhytOC content was in line with phytolith content under the three management measures, i.e., soil PhytOC content showed a significant difference (p < 0.05) under the treatment of SiF, but no significant difference was found in the leaves and litters. This was probably because the application of SiF increased the absorption of soluble Si by higher plant roots, and then the effect was transported to other organs such as stems, leaves, and roots, through the transduction tissue, and finally precipitated in the plant cells and came down (Zhang and Li, 2020).

The application of SiF can significantly affect soil PhytOC storage. A recent study (Sun et al., 2019) found that no matter whether the paddy soil was lacking in Si or rich in Si, the application of SiF significantly improved the Si contents of rice organs, such as stem, sheath, leaf, grain, and root. This is consistent with our results. This finding is also in good agreement with Li et al. (2013a), who showed that regulating Si supply might increase plant PhytOC content. In this respect, the combination of Si supply may enhance the contents of bamboo phytolith and OC occluded within phytoliths in bamboo forests. Guo et al. (2015) applied basalt powder to paddy soil and found that Si-rich fertilizer could distinctly increase the phytolith and PhytOC content of rice tissues, and increase the phytolith carbon production flux 1.5 times in the meantime. The PhytOC storage in leaves presented significant differences of the mature leaves and had not reached a significant level of the young leaves, which indicated from the side that SiF has a stress effect on the Moso bamboo. We attributed this result to the fact that in the year when SiF was applied, the fertilizer has a stimulating effect on the bamboo leaves and increased the phytOC storage. As time passed, the effect on the phytolith of the bamboo forest leaves began to move down and transferred to the soil, and the leaves entered a stable stage, so it did not reach a significant level of young leaves. Although CF and cut did not reach a significant level, they could substantially improve the PhytOC storage through increasing phytolith accumulation. In the same way, the change in PhytOC storage is as consistent with the phytolith content in the litter. This indicated that the increased PhytOC storage was the result of the accumulation of phytolith content rather than increased carbon content in phytolith. Namely, increasing phytolith content can promote the potential of phytolith C sequestration. This result was similar to that of Huang et al. (2014) and Yang et al. (2018). In addition, the carbon content of phytolith in bamboo leaves and litter is not inversely proportional to the phytOC storage and may be related to other factors, such as the biomass in bamboo forests (Li et al., 2013a).

On the whole, both PhytOC storage and SOC storage show higher carbon storage under SiF, that is, the application of SiF had better capacity of carbon sequestration under these four management practices.



CONCLUSION

In this study, we explored how the management practices affected phytolith content and PhytOC content and whether the effects varied with age of Moso bamboo forests. The results were summarized as follows: (i) In soil, compared with CK, phytolith content and PhytOC storage increased under the three management treatments, both in the topsoil and subsoil layer, and the treatment of SiF had achieved statistically significant increase. The management effects on overall PhytOC storage can be ranked as: SiF > CF > cut > CK. (ii) In leaf, compared with CK, the phytolith content had all increased under the three treatments, and the management effects on overall PhytOC storage varied as a following trend: SiF > CF > cut > CK. Importantly, the phytolith content in the leaves under different treatments varied with age. Compared with CK, the management treatments showed no significant impacts on the phytolith content in the third-degree leaves; the SiF treatment significantly increased phytolith content in the second-degree and the first-degree leaves. (iii) In litter, the management effects on PhytOC storage and phytolith content were similar. Both decreased under the treatment of CF and cut, but increased under the SiF treatment. The management impacts on overall PhytOC storage varied in the following order: SiF > CK > cut > CF. (iv) For the entire Moso bamboo forest ecosystems, PhytOC storage under the three management treatments increased significantly compared with CK, but there were no significant differences between CF and cut treatments. Our results suggested that Si fertilization is an effective way to promote the PhytOC sequestration in Moso bamboo forests via improving the phytolith accumulation.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



FUNDING

This study was supported by the National Natural Science Foundation of China (Grant No. 32001315), the National Natural Science Foundation of China (Grant No. 31870618), the Central Fiscal Forestry Science and Technology Extension Demonstration Project (Grant No. 2017TS07), the China Green Carbon Sink Foundation Project (Grant No. H20170049), Zhejiang Province Key Science and Technology Projects (Grant No. 2015C03008), and the Zhejiang Provincial Collaborative Innovation Center for Bamboo Resources and High-Efficiency Utilization Project (Grant No. 2060290005).



ACKNOWLEDGMENTS

We thank the editor and reviewers for their contribution to the peer reviews of our study.



REFERENCES

Bao, S. D. (2000). Soil Agrochemical Analysis. Beijing: China Agriculture Press.

Blecker, S. W., Mcculley, R. L., Chadwick, O. A., and Kelly, E. F. (2006). Biologic cycling of silica across a grassland bioclimosequence. Global Biogeochem. Cycles 20, 1–11. doi: 10.1029/2006GB002690

Casey, W. H., Kinrade, S. D., Knight, C. T. G., Rains, D. W., and Epstein, E. (2003). Aqueous silicate complexes in wheat, Triticum aestivum L. Plant Cell Environ. 27, 51–54. doi: 10.1046/j.0016-8025.2003.01124.x

Chen, X. F. (1996). Study on cultivating Dictyophora under moso bamboo forest. Chin. For. Products 03, 23–25.

Cornelis, J. T., Delvaux, B., Georg, R. B., Lucas, Y., Ranger, J., and Opfergelt, S. (2011). Tracing the origin of dissolved silicon transferred from various soil-plant systems towards rivers: a review. Biogeosciences 8, 89–112. doi: 10.5194/bgd-7-5873-2010

Du, M. Y. (2013). Study on Carbon Balance of Phyllostachys Pubescens Forest Ecosystem with Different Fertilization in Northwest Fujian. Beijing: Chinese Academy of Forestry. doi: 10.7666/d.Y2405224

Fang, Q. S. (2018). Analysis of Lin’an Bamboo Industry Development Stage and Influencing Factors Based on the Industry Life Cycle. Hangzhou: Zhejiang A&F University.

Fishkis, O., Ingwersen, J., and Streck, T. (2009). Phytolith transport in sandy sediment: experiments and modeling. Geoderma 151, 168–178. doi: 10.1016/j.geoderma.2009.04.003

Food and Agriculture Organization [FAO] (2010). Global Forest Resources Assessment 2010: Main Report. Rome: Fao Forestry Paper.

Ge, Y., Jie, D. M., Guo, J. X., Liu, H. M., and Shi, L. X. (2010). Study on response of phytolitic silicon of Leymus chinensis to simulated global increase of CO2 concentration in Songnen Grassland. Chin. Sci. Bull. 55, 2635–2641.

Guo, F., Song, Z., Sullivan, L. A., Wang, H., Liu, X.-Y., Wang, X., et al. (2015). Enhancing phytolith carbon sequestration in rice ecosystems through basalt powder amendment. Sci. Bull. 60, 591–597. doi: 10.1007/s11434-015-0729-8

Heimann, M., and Reichstein, M. (2008). Terrestrial ecosystem carbon dynamics and climate feedbacks. Nature 451, 289–292. doi: 10.1038/nature06591

Hu, X. F., Chen, F. S., and Ge, G. (2007). The impact of forest logging on the main characteristics of forest surface soil and its ecological process. Soil Bull. 31, 1213–1218. doi: 10.19336/j.cnki.trtb.2007.06.037

Hu, X. W. (2019). Litters and Fresh Leaf Phytoliths of Three Typical Scattered Bamboo Species Omission Variation Law and Estimation of Carbon Production Flux of Phytolith. Hangzhou: Zhejiang A&F University.

Huang, C. P., Wang, L., Gong, X. Q., Huang, Z. T., Zhou, M. R., Li, J., et al. (2020). Silicon fertilizer and biochar effects on plant and soil PhytOC concentration and soil PhytOC stability and fractionation in subtropical bamboo plantations. Sci. Total Environ. 715:136846. doi: 10.1016/j.scitotenv.2020.136846

Huang, Z. T., Li, Y. F., Jiang, P. K., Chang, S. X., Song, Z. L., Liu, J., et al. (2014). Long-term intensive management increased carbon occluded in phytolith (PhytOC) in bamboo forest soils. Sci. Rep. 4:3602. doi: 10.1038/srep03602

Li, C., Zhou, G. M., Shi, Y. J., Zhou, Y. F., Xu, L., Fan, Y. Q., et al. (2017). Effects of different management measures on the net carbon sink capacity of the bamboo forest ecosystem. For. Sci. 02, 1–9. doi: 10.11707/j.1001-7488.20170201

Li, P. H., Zhou, G. M., Du, H. Q., Lu, D., Mo, L., Xu, X., et al. (2015). Current and potential carbon stocks in Moso bamboo forests in China. J. Environ. Manage. 156, 89–96. doi: 10.1016/j.jenvman.2015.03.030

Li, R., Werger, M. J. A., During, H. J., and Zhong, Z. C. (1998). Carbon and nutrient dynamics in relation to growth rhythm in the giant bamboo Phyllostachys pubescens. Plant Soil 201, 113–123. doi: 10.1023/A:1004322812651

Li, X., Wang, H. Y., Qin, Q. Q., Xie, Y. L., Wang, F. Z., Zheng, Y. L., et al. (2018). Effect of cutting on spatial heterogeneity of standing crop and water content in semi-decomposition litter layer and canopy density in natural spruce-fir mixed forest. For. Res. 06, 114–120. doi: 10.13275/j.cnki.lykxyj.2018.06.016

Li, Z. M., Cornelis, J. T., Linden, C. V., van Ranst, E., and Delvaux, B. (2020a). Neoformed aluminosilicate and phytogenic silica are competitive sinks in the silicon soil–plant cycle. Geoderma 368:114308. doi: 10.1016/j.geoderma.2020.114308

Li, Z. M., and Delvaux, B. (2019). Phytolith-rich biochar: a potential Si fertilizer in desilicated soils. GCB Bioenergy 11, 1264–1282. doi: 10.1111/gcbb.12635

Li, Z. M., Guo, F. S., Cornelis, J. T., Song, Z. L., Wang, X. D., and Delvaux, B. (2020b). Combined silicon-phosphorus fertilization affects the biomass and phytolith stock of rice plants. Front. Plant Sci. 11:67. doi: 10.3389/fpls.2020.00067

Li, Z. M., Song, Z. L., and Jiang, P. K. (2013a). Biogeochemical sequestration of carbon within phytoliths of wetland plants: a case study of Xixi wetland, China. Chin. Sci. Bull. 58, 2480–2487. doi: 10.1007/s11434-013-5785-3

Li, Z. M., Song, Z. L., Parr, J. F., and Wang, H. L. (2013b). Occluded C in rice phytoliths: implications to biogeochemical carbon sequestration. Glob. Change Biol. 370, 615–623. doi: 10.1007/s11104-013-1661-9

Liu, X. Y., Li, L. Q., Bian, R. J., Chen, D., Qu, J. J., Wanjiru Kibue, G., et al. (2014). Effect of biochar amendment on soil-silicon availability and rice uptake. J. Plant Nutr. Soil Sci. 177, 91–96. doi: 10.1002/jpln.201200582

Meunier, J. D., Colin, F., and Alarcon, C. (1999). Biogenic silica storage in soils. Geology 27, 255–258. doi: 10.1130/0091-7613(1999)027<0835:BSSIS>2.3.CO;2

Pan, W. J., Song, Z. L., Liu, H. Y., van Zwieten, L., Li, Y. T., Yang, X. M., et al. (2017). The accumulation of phytolith-occluded carbon in soils of different grasslands. J. Soils Sediments 17, 2420–2427. doi: 10.1007/s11368-017-1690-8

Pan, Y. D., Birdsey, R. A., Fang, J., Houghton, R., Kauppi, P. E., Kurz, W. A., et al. (2011). A large and persistent carbon sink in the world’s forests. Science 6045, 988–993. doi: 10.1126/science.1201609

Parr, J., Sullivan, L., Chen, B. H., Ye, G. F., and Zheng, W. P. (2010). Carbon bio-sequestration within the phytoliths of economic bamboo species. Global Change Biol. 16, 2661–2667. doi: 10.1111/j.1365-2486.2009.02118.x

Parr, J. F. (2001). A comparison of heavy liquid floatation and microwave digestion techniques for the extraction of fossil phytoliths from sediments. Rev. Palaeobot. Palynol. 120, 315–336. doi: 10.1016/S0034-6667(01)00138-5

Parr, J. F., Dolic, V., Lancaster, G., and Boyd, W. E. (2001). A microwave digestion method for the extraction of phytoliths from herbarium specimens. Rev. Palaeobot. Palynol. 116, 203–212. doi: 10.1016/S0034-6667(01)00089-6

Parr, J. F., and Sullivan, L. A. (2005). Soil carbon sequestration in phytoliths. Soil Biol. Biochem. 37, 117–124. doi: 10.1016/j.soilbio.2004.06.013

Paudel, E. (2015). Dynamics of Litter Decomposition Under Different Disturbance Gradients in Tropical Forests in Xishuangbanna. Beijing: University of Chinese Academy of Sciences.

Peters, G. P., Andrew, R. M., Boden, T., Canadell, J. G., Ciais, P., Quéré, C. L., et al. (2012). The challenge to keep global warming below 2°C. Nat. Clim. Chang. 3, 4–6. doi: 10.1038/nclimate1783

Qi, L. H., Liu, G. L., Fan, S. H., Yue, X. H., and Du, M. Y. (2009). Effects of different tending measures on carbon density, storage, and allocation pattern of phyllostachy edulis forests in Western Fujian Province. Chin. J. Ecol. 28, 1482–1488.

R Core Team (2015). R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing. Vienna: R Core Team.

Song, X. Z., Chen, X. F., Zhou, G. M., Jiang, H., and Peng, C. H. (2017). Observed high and persistent carbon uptake by Moso bamboo forests and its response to environmental drivers. Agric. For. Meteorol. 247, 467–475. doi: 10.1016/j.agrformet.2017.09.001

Song, X. Z., Gu, H. H., Wang, M., Zhou, G. M., and Li, Q. (2016a). Management practices regulate the response of Moso bamboo foliar stoichiometry to nitrogen deposition. Sci. Rep. 6:24107. doi: 10.1038/srep24107

Song, X. Z., Peng, C. H., Zhou, G. M., Gu, H. H., Li, Q., and Zhang, C. (2016b). Dynamic allocation and transfer of non-structural carbohydrates, a possible mechanism for the explosive growth of Moso bamboo (Phyllostachys heterocycla). Sci. Rep. 6, 423–447. doi: 10.1038/srep25908

Song, Z. L., Liu, C. Q., Müller, K., Yang, X. M., Wu, Y. T., and Wang, H. L. (2018). Silicon regulation of soil organic carbon stabilization and its potential to mitigate climate change. Earth Sci. Rev. 185, 463–475. doi: 10.1016/j.earscirev.2018.06.020

Song, Z. L., Liu, H. Y., Li, B. L., and Yang, X. M. (2013a). The production of phytolith-occluded carbon in China’s forests: implications to biogeochemical carbon sequestration. Glob. Chang. Biol. 19, 2907–2915. doi: 10.1111/gcb.12275

Song, Z. L., Parr, J. F., and Guo, F. S. (2013b). Potential of global cropland phytolith carbon sink from optimization of cropping system and fertilization. PLoS One 8:e73747. doi: 10.1371/journal.pone.0073747

Song, Z. L., Wang, H. L., Strong, P. J., Li, Z. M., and Jiang, P. K. (2012). Plant impact on the coupled terrestrial biogeochemical cycles of silicon and carbon: implications for biogeochemical carbon sequestration. Earth Sci. Rev. 115, 319–331. doi: 10.1016/j.earscirev.2012.09.006

Sun, X., Liu, Q., Tang, T. T., Chen, X., and Luo, X. (2019). Silicon fertilizer application promotes phytolith accumulation in rice plants. Front. Plant Sci. 10:425. doi: 10.3389/fpls.2019.00425

Taylor, L. L., Quirk, J., Thorley, R. M. S., Kharecha, P. A., Hansen, J., Ridgwell, A., et al. (2015). Enhanced weathering strategies for stabilizing climate and averting ocean acidification. Nat. Clim. Chang. 6, 402–406. doi: 10.1038/nclimate2882

Wilding, L. P. (1967). Radiocarbon dating of biogenetic opal. Science 156, 66–67. doi: 10.1126/science.156.3771.66

Xiao, W. H. (2015). High-yield and high-efficiency cultivation techniques of green bamboo. Fujian Agric. Sci. Technol. 6, 47–48. doi: 10.13651/j.cnki.fjnykj.2015.06.017

Xu, J. D. (2014). Forest resources in China. The 8th national forest inventory. For. Econ. 3, 6–8. doi: 10.13843/j.cnki.lyjj.2014.03.002

Xu, L. (2019). Study on the Effect of Biomass Charcoal and Silicon Fertilizer on Soil Greenhouse Gas Emission and Ecosystem Carbon Sink in Moso Bamboo Forest. Hangzhou: Zhejiang A&F University.

Xu, X. (2017). The Response Law of Phyllostachys pubescens Root Endophytic Flora to Basal Rot. Hangzhou: Zhejiang A&F University. doi: 10.1016/j.scitotenv.2020.141380

Yang, J., Li, Y. F., Huang, Z. T., Jiang, P. K., and Ying, Y. Q. (2014). Determination of phytolith-occluded carbon content using alkali dissolution-spectrophotometry. Chin. J. Anal. Chem. 42, 1389–1390.

Yang, X. M., Song, Z. L., Liu, H. Y., Van Zwieten, L., Song, A. L., Li, Z. M., et al. (2018). Phytolith accumulation in broadleaf and conifer forests of northern China: implications for phytolith carbon sequestration. Geoderma 312, 36–44. doi: 10.1016/j.geoderma.2017.10.005

Ying, Y. Q. (2015). Study on Phytolith-Occluded Carbon in the Litter and the Phytoliths Carbon Bio-sequestration Flux under Important Forest Stands in Subtropical China. Hangzhou: Zhejiang A&F University.

Zhang, W. Y., and Li, X. K. (2020). Research progress of rice silicon nutrition and high-efficiency application technology of silicon fertilizer. China Soil Fertili. 04, 231–239.

Zhang, X. D., Song, Z. L., Mcgrouther, K., Li, J. W., Li, Z. M., Ning, R., et al. (2016). The impact of different forest types on phytolith-occluded carbon accumulation in subtropical forest soils. J. Soils Sediments 16, 461–466. doi: 10.1007/s11368-015-1259-3

Zhou, G. M. (2006). Carbon Storage, Fixation and Distribution in Moso bamboo (Phyllostachy pubescens) Stands Ecosystem. Hangzhou: Zhejiang University.

Zhou, G. M., Jiang, P. K., and Xu, Q. F. (2010). Carbon Fixing and Transition in the Ecosystem of Bamboo Stands. Beijing: Science Press.

Zhou, G. M., Meng, C. F., Jiang, P. K., and Xu, Q. F. (2011). Review of carbon fixation in bamboo forests in China. Bot. Rev. 77, 262–270. doi: 10.1007/s12229-011-9082-z

Zhou, G. M., Wu, J. S., and Jiang, P. K. (2006a). Effects of different management modes on the carbon storage in Phyllostachys pubescens forest. J. Beijing For. Univ. 06, 51–55.

Zhou, G. M., Xu, J. M., Wu, J. S., and Jiang, P. K. (2006b). Evolution of soil active organic carbon pool during intensive management of Phyllostachys pubescens. For. Sci. 06, 124–128. doi: 10.3321/j.issn:1001-7488.2006.06.020

Zuo, X. X., and Lü, H. (2011). Carbon sequestration within millet phytoliths from dry-farming of crops in China. Chin. Sci. Bull. 56, 3451–3456. doi: 10.1007/s11434-011-4674-x

Zuo, X. X., Lü, H. Y., and Gu, Z. Y. (2014). Distribution of soil phytolith-occluded carbon in the Chinese Loess Plateau and its implications for silica–carbon cycles. Plant Soil 374, 223–232. doi: 10.1007/s11104-013-1850-6

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Lv, Zhou, Chen, Zhou, Ge, Niu, Xu and Shi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpls-11-591852-t001.jpg
Soil depth Management measures

0-20 cm CF
SiF
Cut
CK
20-40cm CF
SiF
Cut
CK

pH

4.983 4+ 0.17a
5.35 £ 0.66a
4.85 + 0.36a
5.562 & 0.43a
4.91 4+ 0.39a
5.60 £+ 0.77a
4.87 £+ 0.38a
5.01 £ 0.11a

Bulk density (g cm~3)

1.077 £ 0.049a
1.063 £ 0.097a
1.043 £ 0.358a
0.957 £ 0.208a
1.307 £ 0.248ab
1.463 £ 0.083a
1.093 £ 0.110b
1.310 £ 0.232ab

Hydrolyzable N

79.33 £ 16.17a
105.00 &+ 12.12a
86.33 + 16.17a
86.33 + 17.62a
58.33 + 16.17a
56.00 + 21.00a
51.33 + 14.57a
56.00 £ 7.00a

Available P

18.30 £+ 16.74a
4.30 £ 3.00a
13.38 £ 9.01a
14.51 £ 6.90a
11.87 £ 2.62a
7.70 & 3.00a
10.35 + 4.59a
8.46 & 2.36a

Available K

3.73 £ 0.60a
3.90 £0.89a
3.70 £0.36a
3.97 £1.12a
2.90 £ 0.46a
2.73 4+ 0.59a
3.03 £0.61a
2.87 + 0.64a

Note. Different letters indicate significant (o < 0.05; n = 3) differences between treatments based on least significant difference (LSD) test.

CF, compound fertilizer treatment; SiF; silicon fertilizer treatment; CK, control.





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Effects of Different Management Practices on the Increase in Phytolith-Occluded Carbon in Moso Bamboo Forests



		INTRODUCTION



		MATERIALS AND METHODS



		Study Area and Experiment Sites



		Experimental Design and Sampling Methods



		Determination of Basic Soil Physicochemical Properties



		Determination of Phytolith and PhytOC



		Statistical Analyses







		RESULTS



		Soil Physicochemical Properties



		Phytolith Content Under Different Management Practices



		Content and Storage of PhytOC Under Different Management Practices







		DISCUSSION



		Moso Bamboo Forest SOC Sink Under Different Managements



		Effects of Different Management Measures on the Accumulation of Phytoliths



		Effects of Management Practices on Phytolith Carbon Sequestration







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/fpls-11-591852-g007.jpg
350

1
<

300 |

CF

Cut

CK

0 -

7 = >

ol nuh z
(,.ry ) ofieors DOIMY

5

100 |





OPS/images/fpls-11-591852-g005.jpg
CK
CK

a
Cut
Cut

a
SiF
a
SiF

a
CF
CF

ab
Cut
Cut CK

SiF

ab
CF
CF

b
CK
CK

b
Cut

Cut

a
SiF

el
<

SiF

b
CF
CF

T
= w >
r - =

(,-34 3) w3pu02 HOIAY (- ) yuaguod HAYY

L]
"

O

o]
T
S

6
5
4
3
2
1~
0
0,0 -





OPS/images/fpls-11-591852-e002.jpg
Soil phytolith concentration (g kg™")

= phytolith weight (g)/soil weight( kg) (3)
C concentration in phytolith (g kg™')

= C content in phytolith (g)/phytolith weight (kg) ~ (4)
Soil PhytOC concentration (g kg ™)

= C content in phytolith (g)/soil weight (kg) )
Soil PhytOC storage (kg ha™')

n
=" BD; x th; x soil PhytOC concentration (g kg™")

i=1

%10000 ©)





OPS/images/fpls-11-591852-g006.jpg
g

(, ey 3y) 38e.1015 DOIAUD

< £

« <

ol 3 =

D ] 3

= &

< Z [ 7

= =

(5] o G =

o <

el =z =

3 =

- & &

= P

(] 7 o] F

w o

<z o

fla) ] Z

o 3 =

~ -

= =

e = o

< -~ o g
L) L) L) Ll L] L) L) L)
2 3 3 B4 * 2 g = S

(,-®y 3y) adeams HOMYY





OPS/images/fpls-11-591852-e001.jpg
Csoc = Z CiD;B;100"
L3

@





OPS/images/fpls-11-591852-g003.jpg
® 3
-
T & <
=y
@ 5 .
%
o <
b b
<! S S
© Z ]
=
© w
X
R
& =
ke
&
e
pt o
3 & 8 8 8 § 8§ °
(-1 3) Juaguod ypjopfyd (,.34 3) yuapuod YayjorAnd

Sir Cot CK

CF

Sik Cat CK

CK

Cut CK

Sile

Cr





OPS/images/fpls-11-591852-g004.jpg
d
Cut

a
SiF
Cut

SiF

Cr

C
a
CF
F

a
CK
CK

Cut
Cut

b
SiF
a

SiF

CF

b
CF

d
CK
CK

=
<

Cut

b
Cut

SiF

b
SiF

)
£

C

b
CF
CF

< o

T T T T
N < v < "
.

-~ — -—

(;-7Y 8) yNoAyd ur Juduod ;-84 3) yoaLyd uryunuos >

L] L] L]
> < > <
. - ~ —

0





OPS/images/fpls-11-591852-e003.jpg
Plant PhytOC storage (kgha™")
= PhytOC concentration (g kg™")
xbiomass (kgha~') x 107

@)





OPS/images/fpls-11-591852-g001.jpg
Jiaxing

Shaoxing

Quzhou

O — — s
O sample plots  F TP





OPS/images/cover.jpg
frontiers
In Plant Science

Effects of Different Management
Practices on
the Increasein Phytolith-
Occluded Carbon in Moso
Bamboo Forests





OPS/images/fpls-11-591852-g002.jpg
SOC concentration (g kg™)

SOC storage (mg kg™)

2]
>
T
o
=

— >
< =) =Y
L} L
e
A
- -
(=p
o

500
100 b a
a
300 b
ab , b
b ab
200 b
100 b i
0

CF SiF cut CK CF SiF cut





OPS/images/fpls-11-591852-e000.jpg
100
BD = Gy (100 + W) [









OPS/images/logo.jpg
' frontiers
in Plant Science





