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Abstract

:

As essential nutrients for plant growth and development, the balance of nitrogen (N) and phosphorus (P) between soils and plants is a key component to ecosystem stability. In this study, we examined the distribution of nutrients in the soils and different organs of Chinese fir (Cunninghamia lanceolata) in Hunan Province, southern China. Additionally, we investigated the nutrient concentrations in soil layers (0–80 cm depth) and in plant organs, and the total biomass of 10-, 20-, and 30-year-old plantations. The results suggested that the nutrients in the soil were aggregated in the surface layer. The highest and lowest values of N concentrations in 0–80 cm soil layers and P concentrations in 0–40 cm soil layers were both in 30-year-old plantations and 20-year-old plantations, respectively. Nitrogen in the organs of Chinese fir in all plantations and P concentrations in the organs of 20- and 30-year-old trees decreased in the following order: leaves, fine roots, coarse roots, and stems. Total biomass (N and P pools of four organs) increased consistently with stand age increase, and N and P pools were the highest in leaves and stems, respectively. There were significant, positive correlations between N and P in the soil (0–80 cm), and organs, respectively, and also between N concentrations of fine roots and that of 0–10 and 10–20 cm soil, respectively. In Chinese fir plantations, concentrations of nutrients in specific tree organs and the soil were correlated positively, which can only partially explain the balance of nutrients within the plant–soil ecosystem. This study suggested that incorrect harvesting patterns may effectively deprive the forest ecosystem of valuable nutrients that would ordinarily have been returned to the soil.
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1. Introduction


Nutrients are essential for plant growth [1] such that a shortage can significantly limit plant growth and ecosystem productivity. At the individual plant level, nutrients are absorbed in inorganic form by roots through a series of physiological and biochemical reactions (e.g., assimilation, transportation, aging, recycling, remobilization) [2,3], and are used for building the plant body and driving metabolic processes [4]. At the forest ecosystem level, the plants absorb nutrients from the soil and transform them into important compounds (e.g., protein, nucleic acids, hormones) used for growth and development. Some compounds are retained in vegetation as biomass, while others are returned to the soil as leaf (including branches) and root litter where they further decompose and are converted to nutrients in the soil, which are absorbed by other vegetation [3,5]. The recycling of nutrients not only in individual plants but also in forest ecosystems ensures the balance of nutrients in the ecosystem. For example, a former study suggested overstory trees and understory plants have different nutrient acquisition patterns and nutrient-use efficiencies, but there were significant correlations between the concentrations of carbon (C), nitrogen (N), and phosphorus (P) in soils and plants in the different aged Robinia pseudoacacia forests on the Loess Plateau, China [6].



Soil is the main source of plant nutrients [3], especially N and P; however, soil and plants play different roles in the complex recycling of N and P in forest ecosystems. An optimal balance of N and P between the soil and plants is a key component to sustaining the stability of soil–plant systems. The variation in plant organs’ (leaves, roots, etc.) N and P concentrations is related to function, rates of growth, turnover, and plant life-history strategies of each organ [7]. Specifically, the concentrations of N and P in actively growing parts of the plant are higher than those in structural parts [8,9,10,11,12,13].



As an important native afforestation species widely planted in southern China, Chinese fir (Cunninghamia lanceolata) is famous as a fast-growing species of excellent timber quality and high timber yield with multiple uses, and has a long planting history of over 1000 years [8,10,14,15]. Chinese fir usually decreases soil fertility and deteriorates the forest environment, reducing overall timber productivity [16] as its lifecycle of fast-growth and clear-cutting after maturation removes essential nutrients from the forest ecosystem [10]. For example, the concentration of soil nutrients (N, P, K, Ca, and Mg) was decreased with plantation age in young, middle-aged, and mature plantations of Chinese fir in Youxi, Fujian Province, southern China [16]. Another study suggested that the planting of Chinese fir could reduce the soil fertility compared with the planting of pure and mixed Chinese fir [17]. Similar results were found in the plantation of a secondary forest and a Chinese fir at Huitong, Hunan Province, China [18]. Researchers have studied nutrient distributions in different organs [8,10] and soil layers [10] in different aged Chinese fir plantations. Although numerous studies have quantified and compared the distribution of nutrients in soil and firs, the linkage between soil and fir organs’ nutrients has seldom been documented. In the current study, we hypothesized that concentrations of N and P in Chinese fir and the associated soil are strictly related, and examined the nutrient distribution in soil and fir organs (fine roots, coarse roots, stems, and leaves) in three ages of Chinese fir plantation. Our study aimed to (i) analyze the trend of nutrients in the soil and firs with the stand ages, and (ii) assess the distribution and relationship of the nutrients in the soil and Chinese fir organs.




2. Materials and Methods


2.1. Study Area and Sampling


The plantations studied were at Moshao Village, Huitong County (26°46′–26°59′ N, 109°48′–109°58′ E), in Hunan Province, southern China (Figure 1). It has a typical humid subtropical climate, and the mean annual precipitation and temperature is 1100–1400 mm, (approximately 67% of which occurs between April and August) and 16.7 °C, respectively. There are over 300 frost-free days (data from meteorological station, located approximately 3 km from the field station). After controlled burning, the stands in this study were all restored with soil preparation (a 40 cm in length × 40 cm in width × 30 cm in height pit was dug along the contour line for planting). The original shrubs and herbaceous plants of stands before the forests were planted were similar, such as Smilax china, Maesa japonica, Ilex purpurea, Cyclosorus parasiticus, and Woodwardia japonica. The soil in three stands was oxisol. which were all developed from grayish green shale according to US Taxonomy [18]. After the survey of forest soils, we found the characteristic of the soil’s vertical distribution, textures, and mineral composition of all stands were almost identical. Consequently, the forest’s growth could be the main reason for the differences in the stands’ soil [18].



In April 2013, we identified the 10-, 20-, and 30-year-old Chinese fir plantations using an increment borer and history of planting records. We drilled more than five whole wood cores to calculate the mean age of the trees [19]. There were only a few understory plants such as Maesa japonica, Stenoloma chusanum, Smilax china, Woodwardia japonica, especially in 20- and 30-year-old plots. In each plantation, we randomly selected three sample plots (20 m × 20 m) to investigate the height and diameter at breast height (DBH) of each tree in the plot (Table S1 for details). In each plot, three soil samples were collected evenly across the diagonal using a soil auger with a diameter of 4.5 cm. Soil columns at depths of 0–10, 10–20, 20–40, 40–60, and 60–80 cm were collected separately and transferred to the laboratory to analyze soil nitrogen and phosphorus content (soil sample A). In the same design, we used a soil auger with diameter of 4.5 cm to sample the fine root (diameter less than 2 mm) by five-point sampling method [20], and three additional soil columns of 60 cm depth (divided into 0–20, 20–40, and 40–60 cm) were randomly sampled of each point (soil sample B).



After soil sampling, we selected three standard trees according to the results of tally stem analysis in each plot and manually excavated the whole root system to harvest the standard tree. In order to check the relationship between the coarse roots’ (d > 2 mm) diameter and biomass, we excavated at least one complete root system with the fine roots’ diameter as 2 mm [21]. Based on the relationship, we estimated the coarse root biomass that we can’t get from the soil. Then the whole coarse root biomass was calculated with biomass from excavated part and biomass from estimated part. Leaves, stems (including branches), and coarse roots were separated to measure the biomass of each section. Sub-samples of fine roots (collected while excavating the root systems), coarse roots (collected following [22]), stems (about 5 cm thick disk at breast height [23]), and leaves (about same weight leaves selected from the upper, middle, and lower parts of canopy in all four directions after the trees were dug down [23]) were collected and transported to the laboratory for further analysis.




2.2. Biomass Estimation of Chinese Fir


To determine the biomass of fine roots, B soil samples were sieved (d < 0.25 mm), soaked, and rinsed to separate the fine roots of Chinese fir using characteristics such as shape, color, and elasticity. Fresh samples of each soil layer were dried at 60 °C for about 24 h to determine the dry biomass of fine roots. Biomass of fine roots (kg ha−1) was calculated as dry biomass of fine roots of each soil core (g)/[π (d/2)2] × 10−5 cm2, where d is 4.5.



Approximately 15% of fresh weight of coarse roots, stems, and leaves was dried to constant weight at 60 °C to obtain the ratio of dry to fresh biomass of each organ. Then, dry weights of organs were estimated as fresh weight × [dry– fresh weight]. Subsequently, an allometric equation was specified for dry biomass and DBH of harvested trees (Table S2), and we used the density of trees and allometric equation in the sample plots to estimate biomass per hectare.




2.3. Analysis of Total Nitrogen and Phosphorous


Soil samples A were air-dried and ground to less than 0.25 mm after removing plant roots, gravel. We milled the dried samples of fine roots, coarse roots, stems, and leaves smaller than 0.25 mm. Total N in soil and Chinese fir was determined by the Kjeldahl method by Kjeldahl analyzer (Kjeltec™ 8400, FOSS, Hillerød, Denmark) [24]. Total P in soil and Chinese fir was measured colorimetrically after digestion with H2SO4 and HClO4 [24], and H2SO4 and H2O2 [25], respectively. N and P pools were calculated using biomass and N and P concentrations in each organ [24]. Total N and P content was calculated for soil and Chinese fir dry weight.




2.4. Statistical Analysis


We used STATGRAPHICS 3.0 (STN, St Louis, MO, USA) to perform all statistical tests. All of the data were tested for normality prior to statistical analysis before being analyzed by two-ways ANOVA with soil depth/age and organ/age of plantations for soil and Chinese fir, respectively. A simple regression analysis revealed relationships between nutrient concentrations in soil and organs, and between nutrient concentrations in the four organs. Significant differences between means were recognized when the p-value of the plantation age F test was less than 0.05. The data were all expressed as means ± SE (n = 3).





3. Results


3.1. Nitrogen and Phosphorus in Soil


Total N concentrations decreased with increasing soil depth (except in the 10–20 cm soil) in all Chinese fir plantations, and were at their lowest and the highest in the 20- and 30-year-old plots, respectively (Figure 2A). Nitrogen concentration (2.25 g kg−1) was highest in the 0–10 cm soil of the 30-year-old plantation (Figure 2A). Concentrations of N in 10- and 20-year-old Chinese fir plantations were significantly higher in the surface layer soil (0–10 and 10–20 cm) than in the other three soil layers (20–40, 40–60, and 60–80 cm) (Figure 2A). However, concentrations of N in 30-year-old plots were significantly higher in the 0–10, 10–20, and 20–40 cm soil layers than the other two soil layers (40–60 and 60–80 cm) (Figure 2A).



Variation in P concentrations between different soil layers of the three plantations was small (between 0.16 and 0.32 g kg−1) (Figure 2B) compared with N concentrations. Overall, P concentrations varied little with soil depth in 20-year-old Chinese firs (0.21 to 0.19 g kg−1); P concentrations in the 10- and 20-year-old plantations decreased with increasing soil depth in the 0–40 cm layers, and were essentially unchanged in the 40–80 cm layers. However, concentrations of P in the 30-year-old plantation decreased with increasing soil depth in the 0–60 cm layers, and the amount in the 60–80 cm layer was higher than in the 40–60 cm layer (Figure 2B). In the 0–10 cm layer, P concentrations were lowest (0.21 g kg−1) in 20-year-old plots and highest (0.32 g kg−1) in 10-year-old plots. In the 10–40 cm layers, P concentrations were lowest in the 20-year-old plots, and the amounts in the 10- and 30-year-old plots were the same (0.24 and 0.21 g kg−1 at 10–20 and 20–40 cm soil layers, respectively). In the 40–80 cm layers, P concentrations were lowest and highest in the 10-and 20-year-old plantations, respectively (Figure 2B).




3.2. Nitrogen and Phosphorus in Chinese Fir


In general, N concentrations varied greatly between different organs in trees of the same age (Figure 3A). Nitrogen concentrations decreased in the following order: leaves, fine roots, coarse roots, and stems (Figure 3A). The N of fine roots and leaves increased with the increasing age of the tree (Figure 3A). Nitrogen concentrations in coarse roots and stems were at their highest in 20-year-old Chinese fir (2.75 g kg−1 and 0.69 g kg−1, respectively) and at their lowest in the 10- (1.47 g kg−1) and 30-year-old (0.61 g kg−1) plantations, respectively (Figure 3A).



Variation trends of P concentrations in each organ in 20- and 30-year-old trees were quite similar to N concentrations, while P concentrations were highest in fine roots, followed by leaves, coarse roots, and stems in 10-year-old trees (Figure 3B). Concentrations of P in fine roots and leaves were highest in 10-year-old (1.12 g kg−1) and 30-year-old (1.05 g kg−1) plantations, respectively, and were both at their lowest in 20-year-old (0.84 g kg−1 and 0.87 g kg−1, respectively) trees. All of the above parameters initially decreased with plantation age (10–20 years old) and then increased with age (20–30 years old) (Figure 3B). Phosphorous concentrations in coarse roots (0.56 g kg−1, 0.38 g kg−1, and 0.26 g kg−1, respectively) and stems (0.24 g kg−1, 0.22 g kg−1, and 0.20 g kg−1, respectively) of Chinese fir decreased with increasing age (Figure 3B).




3.3. Biomass and Nutrient Pool


The biomass of each organ (fine roots, coarse roots, stems, and leaves) in different aged trees is shown in Table 1. The total biomass of the plantation and four organs increased consistently with increasing plantation age but varied greatly among the different organ types (Table 1). The biomass of fine roots and stems were the lowest and the highest percentage of standing biomass among the four organ types, respectively (Table 1). Results showed that the total standing biomass in each organ decreased in order of stems, coarse roots, leaves, and fine roots. Moreover, there were significant differences among different aged trees in the biomass of fine roots (p = 0.022), coarse roots (p < 0.001), leaves (p < 0.001), and total biomass (p < 0.001) (Table 1).



The N and P pools in the four organs and total standing biomass increased consistently with increasing plantation age (except the pool of P in fine roots), and were lowest in fine roots (Figure 4). The pool of N in leaves represented the highest percentage of the total N pool of the plantation (48.3%, 40.6%, and 42.9% in 10-, 20-, and 30-year-old trees, respectively) (Figure 4A), whereas the pool of P in stems represented the highest percentage of the total P pool of the plantation (44.8%, 50.3%, and 54.4% in 10-, 20-, and 30-year-old trees, respectively) (Figure 4B).




3.4. Correlation between Nutrients


Correlation analyses indicated that N and P concentrations in 0–80 cm soil layers were significantly, positively, linearly correlated (p < 0.001, R2 = 0.32, n = 135, Figure 5A). A significant, positive, linear correlation was also observed between N and P concentrations in whole trees (p < 0.001, R2 = 0.69, n = 108, Figure 5B). Analyses of N and P concentrations in the surface soil (0–10 and 10–20 cm) and organs (fine roots, coarse roots, stems, and leaves) revealed that N concentrations in fine roots were significantly, positively, linearly correlated with N concentrations in 0–10 and 10–20 cm soil (p = 0.002, R2 = 0.294, n = 27; p < 0.001, R2 = 0.368, n = 27, respectively. Figure 6, Table S3) and with P concentrations in the 10–20 cm soil (Table S3).





4. Discussion


4.1. Spatial and Temporal Variation in Soil N and P Content


Our results indicated that total N concentrations in the 0–80 cm soil (Figure 2A), and total P concentrations in the 0–40 cm soil (Figure 2B) of all plantations decreased with increasing soil depth. A similar pattern was reported in Caragana microphylla Lam. [26], Chinese fir (Cunninghamia lanceolata) [27,28], and black locust [29] of the change of soil organic matter was because of the decrease of litter and roots with the increase of soil depth [29]. Additionally, climatic factors, such as temperature and moisture, and organisms [30] are more beneficial to litter decomposition in the upper soil layer than in the deeper soil layers, which leads to N and P enrichment in the surface soil layer. Moreover, N and P in the deeper soil layers result mainly from leaching of surface soil layers and geologic N and P, whereas leaching of N and P decreases with increasing soil depth. As a result, total N and P were more noticeably concentrated in surface soils and decreased with increasing soil depth.



Although many studies have shown that soil nutrient concentrations decrease with plantation age [10,15], this was not observed in this study. Our data showed that N concentrations decreased during the 10–20-year period, and then increased during the 20-year to 30-year period (Figure 2). This might be explained by: (i) during the 10–20-year growth period, Chinese fir grew fast and absorbed large amounts of N, but the rate of litter decomposition was slow [10,15] so that nutrient-return rate in the plantations was slow [8,9,10], which caused lower N concentrations at 20 years than at 10 years, and/or (ii) during the 20–30-year growth period, the demand for N was low as the Chinese fir plantations matured, ca. 25 years old [10], and/or (iii) the amount of litter during the 20–30-year growth period was greater than that during the 10–20-year period, as the litter increased significantly with plantation age [9,15]. A significant, positive, linear correlation was observed between N and P concentrations in soil (0–80 cm) (Figure 5A). This was probably because litter decomposition (e.g., leaves, branches) influences both N and P input in the forest ecosystem [31,32,33]. The absorption of soil N and P by plants kept as stable ratio [34,35], which can partly explains why the N and P in soil were close coupling (Figure 5A).




4.2. Nitrogen and Phosphorous Concentrations in Different Organs and N–P Coupling


Several investigations have shown that the nutrient concentrations in actively growing parts (such as needles, fine roots) is usually higher than in the structural parts (e.g., stem) of trees [12,36,37,38]. A similar result was found in the current study of Chinese fir (Figure 3). The distribution differences in the nutrient (N and P) concentrations in organs (leaves, roots, etc.) are determined by the organ function, rates of organ growth, turnover, and plant life-history strategies [7]. Leaves are the sites of plant photosynthesis and respiration, and high N concentrations are beneficial for photosynthesis [39]. Fine roots are the key driver in nutrient and water acquisition from the soil [40] and are considered to be the most physiologically active parts of the root system [41], so that N and P contents are higher in leaves and fine roots (Figure 3). Nitrogen and P contents are higher in coarse roots than in stems (Figure 3). The functions of coarse roots include transporting nutrients and water, storing photosynthate, and supporting and anchoring the aboveground part [42]; stems transport nutrients, assimilates, and water between the canopy and the roots, and also store nutrients and assimilates [36]. This study suggested that N and P were mostly concentrated in the organs where they were most needed. Many studies have shown that nutrient concentrations in each organ decrease with plantation age [24,43,44], and that reduced organ nutrient concentration is a result of tree aging and an increase in the proportion of cell wall components (e.g., carbonated structures) [43]. Our results demonstrated that N and P concentrations in different organs varied with plantation age, which was also found in some former reports of Chinese fir [8] and other woody plants [24]. In the current study, the highest value of P concentration in 10-year-old trees was in the fine roots but not in leaves (Figure 2B), which mainly depended upon the highest P concentration in the soil of 10-year-old plots (0–40 cm) (Figure 2B).



At the individual plant level, we found a significantly, positive, linear correlation between the concentration of N and P in trees (Figure 5B). A similar pattern was reported in common reeds [13], and 1287 species from 152 seed plant families [7]. This study showed a tight coupling of N and P in Chinese fir, and this pattern of N and P may reflect the general constraints, or allocation rules, governing the partitioning of nutrients among the organs of plants [7,13]. This may be due to the functional coupling characteristics of biological N and P from cells to ecosystems [13,45].




4.3. Biomass Allocation and Distribution Patterns of Nutrient Pools


Total biomass and the biomass of the four organ types increased consistently with increasing plantation age, and stems had the highest proportion of biomass in all of the plantations (Table 1), which was also found in the previous studies of Chinese fir [8,9] and other species [12,38]. Because of the commercial value of plantations and the nutrient loss caused by timber clear-cutting, the stem biomass is critically important for the plantation system [9]. The similar proportion of stem in total biomass (from 70.6% to 73%) of aged trees (Table 1) suggested that clear-cutting seriously destroyed the nutrient material balance of plantation system. Moreover, the proportion of fine roots and leaves in total biomass were significantly decreased with increasing age (Table 1), which maybe the result of functional weakening for the actively growing parts. Nitrogen and P pools differed significantly between the three plantation ages, and increased significantly with plantation age, which was also found in previous studies of Chinese fir [8,9] and other species [12,38]. We found that the increase in nutrient (N and P) pools with increasing age was mainly due to the increment of biomass but not nutrient concentration. A previous study found that distribution patterns of nutrient (N and P) pools followed biomass allocation patterns [45]; however, this was not the case in this study (Table 1, Figure 4). Pools of N in leaves were the highest among the four organs in all ages of plantation (Figure 4A), mainly due to the highest concentrations of N in leaves (Figure 3A). Conversely, stems had the highest P pool of the four organs in all ages of plantation (Figure 4B), mainly due to producing the highest biomass (Table 1). Additionally, the plantation harvesting can gain a lot of commercial value, but the nutrient loss caused by timber clear-cutting cannot be ignored [8], so it is necessary to replenish the plantation properly.




4.4. Relationship between Surface Soil and Nutrient Concentrations


Plants and soil play different roles in the complex recycling of N and P in the forest ecosystem. Former studies suggested that nutrient element composition in both side and nutrient stoichiometric characteristics (N and P content, N:P, etc.) of major functional organs, such as leaves and fine roots, would be maintained by the exchange of nutrient elements in both plants and soil [7,24,46,47]. However, we detected positive effects only on N concentrations in fine roots and in 0–10 and 10–20 cm soil (Figure 6, Table S3). This might be explained by the greater sensitivity of fine roots to soil fertility, as they are the main organ that directly absorbs nutrients from the soil [38], and the main link between the plant and the soil [41]. Moreover, belowground nutrient storage in plants might buffer the ability of other organs to respond to soil fertility [13]. Our results suggest that the relation between major nutrients (i.e., N and P) in the soil and plant organs fluctuated, which is consistent with previous studies [24,46]. This was probably because of: (i) soil samples that only represented a single snapshot of the year, whereas annual nutrient budgets are more likely to reflect biomass production, and/or (ii) the plants growth and nutrient uptake may not only be influenced by the presence of nutrient’s availability but also restricted by other factors, such as temperature, pH, anoxia, microbial activity, or competition [48]. Additionally the imbalance of nutrients between the soil and Chinese fir also suggested commercial value increase in the plantation is not only dependent on the extra nutrients supply but also on the correct forestry management measures, such as stand density management.





5. Conclusions


Soil N and P content were noticeably aggregated in the surface soil layer. Nitrogen concentrations in 0–80 cm and P concentrations in the 0–40 cm first decreased with plantation age in the 10–20-year-old group, and then increased with plantation age in the 20–30-year-old group. Concentrations of N and P were higher in functional organs (i.e., leaves, fine roots) and lower in structural organs (i.e., stems, coarse roots), and were tightly coupled. A tight coupling existed between concentrations of N and P in the 0–80 cm soil and between all organs of the Chinese fir. A significantly, positive, linear correlation between N concentration in fine roots and 0–10 and 10–20 cm soil was detected. The results suggested that (i) soil nutrient concentrations do not decrease with plantation age, (ii) no strong coupling relationships existed between surface soil and nutrient concentrations at the whole plant level, and (iii) the ability of structural organs to respond to soil fertility was buffered by nutrient storage in the Chinese fir.
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Figure 1. Location of study area in Hunan Province, southern China. 
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Figure 2. Concentrations of soil total nitrogen (A) and total phosphorus (B) of all Chinese fir plantations. The uppercase letters on the bars indicate significant difference between different aged plantations in the same soil layer, while the lowercase letters indicate significant difference among soil layers (0–10, 10–20, 20–40, 40–60, and 60–80 cm) in plots with same age. *, **, ***, and ns were indicated p < 0.05, p < 0.01, p < 0.001, and no significance, respectively. 
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Figure 3. Concentrations of total nitrogen (A) and phosphorus (B) in fine roots (F roots), coarse roots (C roots), stems, and leaves of all Chinese fir. The uppercase letters on the bars indicate significant difference between different aged trees of the same organs, while the lowercase letters indicate significant difference among organs in trees with same age. *, **, ***, and ns were indicated p < 0.05, p < 0.01, p < 0.001, and no significance, respectively. 
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Figure 4. The N (A) and P (B) pools (dry weight, kg ha−1) of all Chinese fir. The uppercase letters on the bars indicate significant difference between different aged trees of the same organs, while the lowercase letters indicate significant difference among organs in trees with same age. *, **, ***, and ns were indicated p < 0.05, p < 0.01, p < 0.001, and no significance, respectively. 
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Figure 5. Correlation between nitrogen and phosphorus concentrations of all soil layers ((A) n = 135) and all plant organs ((B) n = 108), respectively. *** was indicated p < 0.001. 
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Figure 6. Correlation between 0–10 (red triangle) and 10–20 cm (black dot) soil nitrogen concentration and fine roots’ nitrogen concentrations (n = 27). ** and *** were indicated p < 0.01 and p < 0.001, respectively. 
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Table 1. Biomass (dry weight, kg ha−1) and allocation (%) of fine roots, coarse roots, stems and leaves of different aged Chinese fir. The uppercase letters on the bars indicate significant difference between different aged trees of the same organs, while the lowercase letters indicate significant difference among organs in trees with same age. *, ***, and ns were indicated p < 0.05, p < 0.001, and no significance, respectively.
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	Age (Years)
	Fine Roots
	Coarse Roots
	Stems
	Leaves
	Total
	p-Value





	10
	7.8 ± 1.8 B b

(1.9)
	70.8 ± 27.0 C b

(17.1)
	292.2 ± 84.0 B a

(70.6)
	43.0 ± 13.6 C b

(10.4)
	413.7 ± 71.8 C a

(100)
	***



	20
	8.9 ± 1.1 A d

(0.7)
	261.7 ± 10.6 B c

(20.7)
	896.9 ± 91.5 B b

(70.9)
	98.1 ± 15.1 B d

(7.7)
	1265.6 ±67.1 B a

(100)
	***



	30
	14.0 ± 3.0 A e

(0.6)
	473.1 ± 40.0 A c

(19.9)
	1738.1 ± 98.1 A b

(73.0)
	156.3 ± 15.0 A d

(6.5)
	2381.5 ± 47.5 A a

(100)
	***



	p-value
	*
	***
	ns
	***
	***
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