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Abstract

:

This study quantified the horizontal influence range of larch stumps and coarse roots on the phosphorus (P) fraction and availability of microsite soils and explored whether this influence range changes with different plantation types. The total P, available P and P fractions were measured in microsite soils at 0–75 cm horizontal distances from stumps and coarse roots at soil depths of 0–40 cm in a pure larch (Larix olgensis Henry) plantation and a mixed larch–ash (Fraxinus mandshurica Rupr.) plantation. Soils at horizontal distances of 85–95 cm from the stumps and coarse roots were used as the controls. Larch stumps and coarse roots affected the total P concentration at depths of 0–40 cm in the mixed plantations, and the maximum horizontal influence range reached 75 cm. However, in the pure plantation, only the total P at 0–10 cm depths were affected, and the maximum influence range was 35 cm. The NaOH-Pi and NaOH-Po changes in the pure plantation were similar to those of total P, while those of HCl-Pi, HCl-Po and NaHCO3-Po in the mixed plantation were similar to those of total P. Larch stumps and coarse roots could affect the total P and P fraction concentrations in microsite soils. The horizontal distance of soil total P and P fractions concentrations affected by larch stumps and coarse roots in the mixed plantation was greater than that in the pure plantation. These results suggest that the position of stumps and coarse roots should be considered when reforestation sites are selected.
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1. Introduction


Phosphorus (P) is an essential nutrient for plant growth and metabolism [1], and its soil abundance can not only directly affect the productive capacity of forest ecosystems, but also have long-term impacts on the dynamic balance of ecosystem mineral nutrients. The supply capacity of soil P cannot be completely explained through the analysis of changes in total P or available P [2,3]. However, it can be better evaluated by a quantitative description of soil P forms through a P fractionation method [4]. At present, the accepted method involves dividing soil P into H2O-Pi, NaHCO3-Pi, NaOH-Pi, HCl-Pi, NaHCO3-Po, NaOH-Po, HCl-Po and Res-P according to their solubilities [5,6,7]. These fractions can be interconverted through mineralization, retention, adsorption, desorption, precipitation and dissolution [8], which in turn can affect the availability of P [9].



In the past, studies on soil P fractions and availability in forest ecosystems mostly focused on different ecosystem types and communities during different successional stages [7,10,11,12], as well as on the effects of roots and litter [13,14]. However, few studies have been conducted on the effects of coarse woody debris (CWD) on the different fractions of soil P and their availability [15]. Stumps and coarse roots are important components of CWD [16], and their roles and functions have attracted much attention from researchers in China and other countries. Previous studies have shown that stumps and coarse roots could significantly increase the contents of total C, total N and total P in soil through decomposition [17,18,19]. In particular, the decomposition of stumps and coarse roots can increase the total P content of the topsoil by approximately 50% [18]. However, those results only showed the influence of stumps and coarse roots on the overall level of soil mineral nutrients in the ecosystem [17,18,19]. The overall level of soil nutrients is composed of different soluble fractions, such as P with different solubilities [5,7]. At present, there are few studies on the effects of stumps and coarse roots on the concentrations of different P fractions in soil [20]. In addition, there is a lack of scientific knowledge on the influence of stumps and coarse roots on the spatial range of different P fractions in microsite soils.



Larch (Larix olgensis Henry) plantations are a type of plantation ecosystem that have long cultivation histories and large area ratios in the temperate zone of Northeast China [21], and they have played a substantial role in supplying timber and protecting the ecological environment [22]. Larch plantations are planted at intensely high densities in China, and large numbers of stumps and coarse roots are present in forests after tending–cutting operations are carried out during the processes of management and utilization. The study of the effects of stumps and coarse roots on P fractions and availability in plantation microsite soils is of great practical significance and regional relevance. Therefore, it is necessary to study the changes in soil P fractions and availability at microsite scales, which not only help systematically elucidate the status and role of larch stumps and coarse roots in maintaining the dynamic balance of soil P in ecosystems, but also provide a theoretical basis for the selection and regulation of planting sites during reforestation processes. In the present study, larch stumps and coarse roots microsite soil were selected in a pure larch plantation and mixed larch–ash (Fraxinus mandshurica Rupr.) plantation, respectively. The concentrations of total P, available P and different P fractions were measured. Therefore, the objectives of this work were (1) to explore whether larch stumps and coarse roots will affect the supply level of P in the microsite soil of plantations and (2) to determine the differences in this effect on the microsite scales due to different established species of the plantation.




2. Materials and Methods


2.1. Characteristics of the Study Site


The experiments were conducted at the Mengjiagang National Forest Farm of Jiamusi City Heilongjiang Province in Northeastern China (Figure 1). This region is characterized by a continental monsoon climate that has dry and mild springs, short, warm and wet summers, windy but dry falls, and cold and dry winters. The mean annual air temperature is 2.7 °C, and the mean annual precipitation is 535 mm. The soil is an Alfisol [23]. The types of species in the plantation are mainly Larix olgensis Henry, and some Fraxinus mandshurica Rupr., Betula davurica Pall. and Pinus sylvestris L. exist in the area. The major ground cover plants include Carex tristachya Thunb., Sanguisorbae Radix L., Equisetum arvense L., Corylus heterophylla Fisch., Lespedeza bicolor Turcz., Acanthopanax senticosus Rupr., Schisandra chinensis Turcz., Aster scaber Thunb. and a small amount of Vitis amurensis Rupr. and Aralia elata Seem.




2.2. Soil Sampling


In October 2019, three larch stumps and coarse roots were selected from the pure larch plantation and mixed larch–ash plantation, respectively. Both kinds of plantations were planted in 1969 (Table 1). The decay status of the selected stumps and coarse roots was consistent. The criteria for selecting stumps and coarse roots were that the bark of the stumps had fallen off, the wood was soft, and some could be crumpled into pieces, and roots smaller than 2 cm in diameter had completely decomposed, while roots larger than 2 cm in diameter had not (Figure 2). Based on the research of classification of stumps and coarse roots decayed degree by Hunter [24] and Petrillo et al. [25], the decay degree of stumps and coarse roots could be divided into five classes. The higher the classes are, the higher the degree of decay. The larch root stumps and coarse roots selected in this study could be defined as decay class IV. The stump diameter was within 20 ± 5 cm to reduce the error caused by the diameter. A total of six larch stumps and coarse roots were chosen.



Since the spacing of the plantation was 150 cm×150 cm and the superficial root systems of the larch [26], soil samples were collected at depths of 0–10 cm, 10–20 cm and 20–40 cm in the pure plantation and mixed plantation, respectively. Four soil sampling points were selected within a 1/2 plant spacing from larch stumps and coarse roots that were taken from one side of the stumps and coarse roots (the unified direction was east) at distances of 5–15 cm, 25–35 cm, 45–55 cm and 65–75 cm in each soil layer, and these were marked as D1, D2, D3 and D4, respectively. The soil over 1/2 plant spacing, which was 85–95 cm away from the stumps, and coarse roots were less affected by the stumps and coarse roots and other trees. Therefore, the soil sampling point with a horizontal distance of 85–95 cm in each soil layer was used as the control and marked as D5 (Figure 3). The samples were dried in a cool room, and the dried samples were then sieved to <2 mm to determine the chemical properties of the soil and the concentrations of the P fractions.




2.3. Laboratory Analysis


The total P concentration was determined with the phospho-vanado-molybdate colorimetric method, following digestion with H2SO4–HClO4 [27].



Soil P fractionation was performed using the sequential fractionation method [28], as modified by Sui et al. [6]. A 0.5 g dried soil sample was extracted with the following reagents in that order. First, deionized water extracted H2O-Pi that was directly exchangeable with the soil solution. Second, 0.5 M NaHCO3 (pH = 8.2) extracted NaHCO3-Pi and NaHCO3-Po. Third, 0.1 M NaOH extracted NaOH-Pi and NaOH-Po. Fourth, 1 M HCl was used to extract HCl-Pi and HCl-Po. Finally, the residual P (Res-P) was determined by H2SO4–HClO4 digestion using extracted soil. Extractions were shaken end-over-end in 50 mL centrifuge tubes for 16 h and then centrifuged at 25,000 g and 0 °C for 10 min. The supernatant was decanted through filter paper into a clean vial for subsequent analysis. Pi concentrations in each extract were determined with a UV-V spectrophotometer using phosphomolybdate blue. Total P extracted with NaHCO3, NaOH, and HCl was determined using H2SO4–HClO4 digestion. Po was estimated as the difference between total P and Pi. In total, eight P fractions were quantified. H2O-Pi, NaHCO3-Pi and NaHCO3-Po are the most effective P for plant growth [29]. NaOH-Pi and NaOH-Po are considered medium activity P [10,30]. HCl-Pi and HCl-Po are considered low activity P, and Res-P is the most chemically stable P [29].



Available P was measured by a 0.03 M NH4F and 0.025 M HCl extraction method [31]. The P activation coefficient (PAC, %) was calculated as PAC = (available P/total P) × 100%.




2.4. Statistical Analysis


All statistical analyses were performed in SPSS 21.0 (IBM, Chicago, IL, USA). Soil P fractions, total P, available P, and PAC were tested with one-way ANOVA, and the LSD method was used to test significant differences (α = 0.05).





3. Results


3.1. Soil Total P


A comparison of the total P concentration of different soil sampling points in the horizontal direction at 0–40 cm depths in the two types of plantations are shown in Figure 4. The horizontal influence range of larch stumps and coarse roots on the P concentration of forest microsite soil could be determined based on whether the P concentration of each sampling point in the microsite soil was significantly higher than that of D5, which was outside of the microsite. At a depth of 0–10 cm, the total P concentration from D1 to D4 was significantly higher than that from D5 in the mixed plantation, and in the pure plantation, only D1 and D2 were significantly higher than that of D5 (p < 0.05). In the 10–20 cm and 20–40 cm soil layers, the total P concentrations in the mixed plantation at D1, D2 and D3 were significantly higher than that at D5 (p < 0.05), but the total P concentration at each sampling point in the pure plantation showed no noticeable change.



It can be seen that in the 0–10 cm soil layer, the maximum horizontal range of influence of the larch stumps and coarse roots on the total P concentration in the mixed plantation reached 75 cm, while that in the pure plantation only reached 35 cm. In the 10–20 cm and 20–40 cm soil layers, the maximum horizontal influence distance of the mixed plantation reached 55 cm, but that of the pure plantation was unaffected.




3.2. Soil Available P


The differences in available P concentrations among different soil sampling points are shown in Figure 5. In the 0–10 cm soil layer, the concentrations of available P in the pure plantation in D1 through D4 were significantly higher than that in D5 (p < 0.05). At depths of 10–20 cm, the concentrations at D1 and D2 were also significantly higher than that at D5 (p < 0.05). Therefore, the stumps and coarse roots of larch affected the microsite soil in the pure plantation at depths of 0–10 cm and 10–20 cm, and the maximum horizontal influence ranges were 55 cm and 35 cm, respectively. However, they had no distinct effects on the available P concentration at the 0–40 cm depth in the microsite soil of the mixed plantation.



The percentage values of the P activation coefficient (PAC) of the soil sampling points in the different soil layers of the two plantations is given in Table 2. At a depth of 0–10 cm, the PAC values in D1 through D3 were significantly higher than that in D5 in the pure plantation (p < 0.05). In the 10–20 cm and 20–40 cm layers, the values for D1 and D2 were also significantly higher than that of D5 (p < 0.05). Similar to the change in the available P concentration, the PAC values of microsite soils in the mixed plantation were not affected by the larch stumps or coarse roots. The PAC values of microsite soils in the 0–10 cm, 10–20 cm and 20–40 cm depths of the pure plantation were affected by the larch stumps and coarse roots, and the maximum horizontal influence ranges were 55 cm, 35 cm and 35 cm, respectively.




3.3. Soil P Fractions


A comparison of the concentrations of different P fractions among the soil sampling points is shown in Figure 6. At a depth of 0–10 cm, the concentrations of NaOH-Pi in D1 through D3 in the pure plantation were significantly higher than that in D5, and the NaOH-Po concentration in D1 was also significantly higher than that in D5 (p < 0.05). In the 10–20 cm soil layer, the NaOH-Pi and NaOH-Po concentrations of D1 were significantly higher than those of D5 in the pure plantation (p < 0.05). The results indicate that the concentrations of NaOH-Pi and NaOH-Po were affected by the larch stumps and coarse roots in the pure plantation. In the 0–10 cm and 10–20 cm soil layers, the maximum horizontal influence range of NaOH-Pi reached 55 cm and 35 cm, respectively, and that of NaOH-Po reached 15 cm. The concentrations of NaOH-Pi and NaOH-Po in the mixed plantation microsite soils were not affected by larch stumps and coarse roots.



At a depth of 0–10 cm, the concentrations of HCl-Pi and HCl-Po in D1 through D4 in the mixed plantation were significantly higher than those in D5 (p < 0.05). At depths of 10–20 cm, their concentrations in D1 through D3 were also significantly higher those that in D5 (p < 0.05). However, the concentrations of HCl-Pi and HCl-Po at each soil sampling point in the pure plantation showed no noticeable change. The results suggest that the concentrations of HCl-Pi and HCl-Po in the 0–10 cm and 10–20 cm depths of microsite soils were influenced by larch stumps and coarse roots in the mixed plantation. The maximum horizontal influence ranges of the two soil layers reached 75 cm and 55 cm, respectively.



In the 0–10 cm soil layer, the concentrations of NaHCO3-Po and Res-P in D1 through D4 in the mixed plantation were significantly higher than those in D5 (p < 0.05). The concentrations of Res-P in D1 and D2 in the pure plantation were significantly higher than those in D5 (p < 0.05). In the 10–20 cm and 20–40 cm soil layers, the concentrations of NaHCO3-Po and Res-P in D1 through D3 in the mixed plantation were significantly higher than those in D5 (p < 0.05). In the 10–20 cm soil layer of the pure plantation, the NaHCO3-Po concentrations of D1 and D2 were significantly higher than that of D5 (p < 0.05). At depths of 20–40 cm, the NaHCO3-Po concentration of D1 was also significantly higher than that of D5 (p < 0.05). The results demonstrate that the larch stumps and coarse roots clearly affected the NaHCO3-Po and Res-P concentrations in the microsite soils at depths of 0–10 cm, 10–20 cm and 20–40 cm in the mixed plantations. The maximum horizontal influence ranges of the three soil layers reached 75 cm, 55 cm and 55 cm, respectively. In addition, they also affected the concentrations of NaHCO3-Po at depths of 10–20 cm and 20–40 cm and the concentrations of Res-P at depths of 0–10 cm in the pure plantations. The maximum horizontal influence ranges of NaHCO3-Po in the pure plantation reached 35 cm and 15 cm in the 10–20 cm and 20–40 cm soil layers, respectively, and those of Res-P reached 35 cm in the 0–10 cm soil layer.



The concentrations of H2O-Pi and NaHCO3-Pi in the microsite soils at different depths in the mixed plantation and the pure plantation showed a trend toward increasing with distance from larch stumps and coarse roots. The results indicate that the concentrations of H2O-Pi and NaHCO3-Pi in the microsite soils of the mixed plantation and pure plantation were not affected by the larch stumps and coarse roots.





4. Discussion


4.1. Effect of Stumps and Coarse Roots on Microsite Soil P and Availability


In this study, it was found that the total P concentration increased with decreasing horizontal distance from the larch stumps and coarse roots in two types of plantations (Figure 4). This result indicated that the stumps and coarse roots could promote an increase in the total P concentration in microsite soils. Błońska et al. [17] reported that the total C and total N concentrations at distances of 0–10 cm from stumps and coarse roots were higher than those at distances of 50 cm from stumps and coarse roots, which also indicated the positive effect of stumps and coarse roots on soil nutrient accumulation. Furthermore, it was also found that the concentration of available P increased with a decrease in horizontal distance from the stumps and coarse roots at depths of 0–20 cm in the pure plantation (Figure 5). More than 2% of the PAC in the microsite soil (Table 2) means that the soil had a strong P activation capacity [32], which can provide effective P for plant growth in the woodland [1,10,29].




4.2. Effects of Different Plantation Established Species on Microsite Soil P


In the present study, the larch stumps and course roots affected the 0–40 cm soil layer in the mixed plantation, and in the pure plantation, they only affected the 0–10 cm layer (Figure 4). This may be due to the differences in the established species of the mixed plantation and the pure plantation. Mixed plantations can enhance the activity of soil microorganisms [33], thus accelerating the release of P from stumps and coarse roots into the soil [34]. Therefore, the influence range of soil total P that was influenced by larch stumps and coarse roots in the mixed plantation was greater than that in the pure plantation.



In this work, two types of plantations had different soil P fractions that dominated the change in total P in the microsite soils. The total P concentration in the pure plantation was mainly related to the change in NaOH-Pi and NaOH-Po concentrations, but in the mixed plantation, it was related to the HCl-Pi, HCl-Po and NaHCO3-Po concentrations (Figure 6). This may be due to the following reasons. On the one hand, Spears et al. [35] illustrated that CWD inputs dissolved organic matter into the soil, and organic acids could promote the release of Fe3+ and Al3+ in the soil [36,37], thereby increasing the concentration of NaOH-P in the soil [10]. This means that a change in the established species in a plantation could inhibit the decomposition of larch stumps and coarse roots and alter the amount of dissolved organic matter that is released into the soil; therefore, the NaOH-P concentrations of microsite soils in the mixed plantation were lower than those in the pure plantation. On the other hand, low soil pH could promote exchangeable Mn2+ and Ca2+ [38], and these were induced to be released in the mixed plantation. This can lead to a rapid precipitation of inorganic P by Mn2+ or Ca2+ [39], thus increasing the recalcitrant and stable concentrations of HCl-P and Res-P in the mixed plantation [40]. In addition, H2O-Pi and NaHCO3-Pi, which are inorganic P fractions that have high activity, showed a decrease in the horizontal distance from larch stumps and coarse roots in the two plantations (Figure 6). A similar phenomenon was also found for the concentration of P fractions in the rhizosphere soil of plants studied by Zhang et al. [41]. This may be because the microorganisms that decompose the stumps and coarse roots need large amounts of P during their process of enzyme synthesis [42,43]. However, H2O-Pi and NaHCO3-Pi are easily absorbed and dissolved [29], so they can be easily used by microorganisms.



The ability of P activation in microsite soil was lower in the mixed plantation than in the pure plantation (Table 2). In terms of P fractions, the concentrations of NaOH-Pi and NaOH-Po were higher in the pure plantation than in the mixed plantation (Figure 6). The NaOH-Pi fraction shows a medium level of soil activity and can be quickly converted into P, which is effective for plants after degradation [10]. Conversely, HCl-Pi and HCl-Po, which have low activity, had high concentrations in the mixed plantation, and these fractions take long periods of time to transform into P that can be used by plants [44].




4.3. Limitations of Research


This study clarified the effects of stumps and coarse roots on soil P, P fractions and availability and explored the maximum horizontal range affecting soil P concentration at the microsite scales. This has important practical significance for the selection of reforestation planting sites. Due to the limited sampling conditions, we are still unable to determine whether the soil within 1/2 of the plant spacing around the stumps and coarse roots is affected by other trees near the sampling stumps and coarse roots and the degree of influence. Further investigations are required to determine this scientific problem.





5. Conclusions


This study explored the effects of larch stumps and coarse roots on total P, P fractions and availability in microsite soil of plantations and provides the first quantitative determination of the maximum horizontal range of P concentrations influenced by larch stumps and coarse roots on plantation soils in China. This research found that the closer to the larch stumps and coarse roots, the higher the concentration of total P, P fractions and availability in microsite soil. Therefore, the distance from stumps and coarse roots should be considered in the selection of planting sites during reforestation processes. Larch stumps and coarse roots affected the total P concentration in microsite soil, and the P fractions that caused the change in total P concentration were different in the two types of plantations. The total P concentration in the pure plantation was mainly related to the change in the medium active P concentration, while that in the mixed plantation was related to the low active P concentration. This means that the microsite soil P affected by stumps and coarse roots in the pure plantation can be converted into P, which can be quickly absorbed and utilized by plants faster than that in the mixed plantation.
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Figure 1. Location of the study area. 
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Figure 2. Larch stump and coarse root of the decay state selected in the experiment. 
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Figure 3. Illustration of the soil sampling design for each stump and coarse root. H denotes the depth of the soil layers, 0–10 cm, 10–20 cm and 20–40 cm. D1, D2, D3, D4 and D5 denote sampling points within horizontal distances of 5–15 cm, 25–35 cm, 45–55 cm, 65–75 cm and 85–95 cm from the stump and coarse root, respectively. 
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Figure 4. Concentrations of total P at different soil sampling points in the pure larch plantation and mixed larch–ash plantation. Lowercase letters indicate significant differences among different soil sampling points in the same plantation, p < 0.05; capital letters indicate significant differences among different plantations at the same sampling point, p < 0.05. n = 3, standard deviation bars are shown. 
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Figure 5. Concentrations of available P at different soil sampling points in the pure larch plantation and mixed larch-ash plantation. Lowercase letters indicate significant differences among different soil sampling points in the same plantation, p < 0.05; capital letters indicate significant differences among different plantations at the same sampling point, p < 0.05. n = 3, standard deviation bars are shown. 
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Figure 6. Concentrations of P fractions at different soil sampling points of the pure larch plantation and mixed larch-ash plantation. Lowercase letters indicate significant differences among different soil sampling points in the same plantation, p < 0.05; capital letters indicate significant differences among different plantations at the same sampling point, p < 0.05. n = 3, standard deviation bars are shown. 
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Table 1. Basic characteristics of pure larch plantation and mixed larch–ash plantation.
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	Stand Types
	Planting Time
	Stand Initial Density (Trees∙ha−1)
	Stand Density (Trees∙ha−1)
	Canopy Coverage (%)
	Average Height (m)
	Average DBH (cm)
	Stand Volume (m3∙ha−1)





	Pure plantation
	1969
	4440
	920
	79
	23.5
	24.1
	251



	Mixed plantation
	1969
	4440
	1190
	84
	20.2
	20.6
	258
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Table 2. The P activation coefficient at different soil sampling points for the pure larch plantation and mixed larch–ash plantation (%). Lowercase letters indicate significant differences among different soil sampling points in the same plantation, p < 0.05; capital letters indicate significant differences among different plantations at the same sampling point, p < 0.05. n = 3, values are means ± standard deviation.
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	Soil Depth
	Types of Plantations
	D1
	D2
	D3
	D4
	D5





	0–10 cm
	Pure
	2.57 ± 0.12 Aa
	2.62 ± 0.18 Aa
	2.71 ± 0.25 Aa
	2.20 ± 0.11 Ab
	2.23 ± 0.08 Ab



	
	Mixed
	1.60 ± 0.12 Bcd
	1.46 ± 0.14 Bd
	1.76 ± 0.08 Bbc
	1.85 ± 0.15 Bab
	2.02 ± 0.09 Aa



	10–20 cm
	Pure
	2.70 ± 0.12 Abc
	2.99 ± 0.41 Aab
	2.62 ± 0.20 Ac
	3.16 ± 0.12 Aa
	2.38 ± 0.10 Ac



	
	Mixed
	1.45 ± 0.07 Bb
	1.51 ± 0.05 Bb
	1.60 ± 0.07 Bb
	2.41 ± 0.19 Ba
	2.47 ± 0.12 Aa



	20–40 cm
	Pure
	1.35 ± 0.06 Aa
	1.40 ± 0.09 Aa
	1.11 ± 0.12 Ab
	0.96 ± 0.06 Ac
	1.16 ± 0.08 Ab



	
	Mixed
	0.62 ± 0.04 Bb
	0.74 ± 0.03 Bb
	0.61 ± 0.09 Bb
	1.17 ± 0.15 Aa
	1.04 ± 0.13 Aa
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