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Abstract

:

Despite the great importance of fine roots, which are referred to as roots smaller than 2 mm in diameter, in terms of carbon and nutrient cycling in terrestrial ecosystems, how fine root biomass, production, and turnover rate change with stand development remains poorly understood. Here we assessed the variations of fine root biomass, production, and morphology of trees and understory vegetation in Chinese fir (Cunninghamia lanceolata (Lamb.) Hook) plantations at the ages of 7 years old, 17 years old and 25 years old in southern China, representing the sapling, pole and mature stage, respectively. Fine roots of trees and understory vegetation were sampled with sequential coring method to a depth of 60 cm and sliced into 4 layers (0–15, 15–30, 30–45 and 45–60 cm). Fine root biomass and necromass were highest in the pole stages among these three different aged Chinese fir plantations, although the significant differences were only detected for fine root necromass between 25-year-old and 7-year-old plantations. Fine root biomass of Chinese fir was heterogeneous in both temporal and spatial dimensions. Seasonal variation of fine root biomass in three age groups showed a similar pattern that the standing fine root biomass reached a peak in January and fell to the lowest in July. Vertically, the fine root biomass decreased with the increase of soil depth, but this extinction rate decreased with stand development. The effects of stand age on either total fine root length and surface area, or specific root length were not significant. However, the root tissue density increased significantly with Chinese fir stand ages, which suggested that the fine roots on Chinese fir may resort more to the mycorrhizal associations for the nutrient and water acquisition in the later stage of Chinese fir plantations. In addition to the stand age effect, the fine roots exhibited highly spatial and temporal variations in Chinese plantations, indicating different root foraging strategies for soil nutrient and water acquisition. Therefore, the fine root research not only helps to understand its role in carbon sequestration in terrestrial ecosystem under global climate change, but can also improve our understanding of nutrient management in forest ecosystem. At the same time, the research on the productivity of the Chinese fir growth stage provides guiding significance for the construction and management of Chinese fir.
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1. Introduction


Fine roots, which are usually defined as roots smaller than 2 mm in diameter, are the most physiologically active organs in forest soils. They are responsible for nutrient and water acquisition from soil and it is widely recognized that fine roots play a significant role in the carbon and biogeochemical cycle in forest ecosystems [1]. It has been estimated that approximately one third of annual net primary productivity was consumed in fine roots due to the rapid growth and turnover rate [2]. Consequently, fine roots are the major contributors for nutrient flux between the interface of plant and soil in forest ecosystems. Thus, the accurate estimates of fine root biomass and production are not only essential for assessing carbon budgets in forests and improving model accuracy in climate change mitigation, but also for sustainable management of forests in terms of nutrient cycling.



The activity of fine roots in forests has been regarded to be under strong genetic control and different species would adapt different strategies to meet the nutrient and water demands from soils [3]; fine roots also show variations in biomass, spatial distribution and morphology in response to stand ages and environmental changes [4]. Previous studies have demonstrated that fine root production increased with stand age. In contrast, Finer et al. [5] revealed that fine root production decreased with stand development in the southern boreal forest, whereas Yuan and Chen [6] reported that fine root production increased to a peak and then decreased at later stages in boreal forest. The dynamics of fine root biomass in different stand ages are related to above-ground stand structures, which are in association with stand development [7]. Fine root growth rate is crucial for estimating fine root dynamics and carbon cycle [8,9]. In boreal forests, fine root biomass generally increases as plants start to grow in spring and increase continually to a peak in mid-summer and then decreases in the fall [10]. So far, many studies on fine root biomass and production along chronosequence have been conducted in boreal and temperate forests, while the effects of stand age on fine root biomass and production have been relatively seldom studied in subtropical forests [11].



Generally, fine roots are capable of adapting themselves to changing environments quickly. Therefore, fine root could be used as a sensitive indicator of changes in tree physiological traits and environmental conditions [3,12]. Previous results have demonstrated that fine root biomass is dependent upon a wide range of both biotic and abiotic factors, such as climatic conditions (geographical location, precipitation, elevation and annual temperature), soil properties (texture, moisture, chemistry, nutrient availability), and stand characteristics (basal area, stand density, stand age, tree species, and intra-and interspecific competition between plants) [13,14]. In addition, fine roots are prone to modify root system architecture characteristics without changing the biomass [15]. Thus, fine root morphological plasticity has been suggested as a potential mechanism by which plants respond to changes of soil resource supply. A series of root’s morphological parameters vary with soil physical conditions and different ages [16]. For instance, specific root length (SRL) is often considered as the efficiency of roots to proliferate in the soil per unit of carbon invested, and is thus related to potential ability of nutrient uptake [17]. A higher SRL normally implies rapid nutrient uptake efficiency per unit root biomass [18]. Root tissue density is also considered to reflect absorptive potential and turnover [19]. However, there are few data on how root morphology changes with association to forest stand age.



Chinese fir (Cunninghamia lanceolata (Lamb.) Hook) is a fast growth species and one of the popular subtropical tree species for timber production in subtropical China. It covers 1.096 × 107 ha, accounting for 6.66% of total forest coverage and 4.91% of storage volume in China [20]. Traditionally, Chinese fir plantation has been clear-cut when it reaches to the mature stage, which is around 20 years old. The log and debris removal, and prescribed burning before planting for next rotation can lead to nutrient losses. Consequently, concerns have been raised regarding the soil degradation and sustainable management of the following Chinese fir rotations. Here, the effects of stand age on fine root biomass, distribution, and morphology were investigated in the Chinese fir plantations at ages of 7 years, 17 years and 25 years. We aimed to assess the different foraging strategies of fine roots in Chinese fir plantations at different development stages and provide a potential guide for the nutrient management for Chinese fir plantations. More specifically, we aimed to evaluated (a) fine root biomass, distribution and seasonal variations in Chinese fir plantations at different stand ages; (b) fine root production and turnover rate along chronosequence; and (c) Responses of fine root morphology to stand age were coupled with fine root biomass and production.




2. Materials and Methods


2.1. Study Site and Experimental Design


The study site was located in the National Field Station for Scientific Observation and Research of Chinese fir Plantation Ecosystem in Huitong, Hunan Province, China, where the Chinese fir plantation cultivation center is located. In the 1970s, seven parallel watersheds were setup as long-term field observation sites for Chinese fir plantations (109°45′ E, 26°50′ N) (Figure 1). We conducted this research in watershed II and III with areas of ca. 2.0 ha, which were planted in 1996 and 1988 after a clear-cut of the first Chinese fir rotation to represent the pole and mature stage, respectively. As there was no young Chinese fir plantation available in the national field station, we selected the Chinese fir plantations at the sapling stage approximately 2 km apart from our main site, which was planted in 2006. Elevation is 270–400 m above sea level. The study area belongs to a typical monsoon climate with mean annual temperature of 16.8 °C and mean temperature of 4.4 °C in Jan. and 26.3 °C in July. Average annual precipitation is around 1400 mm and the average annual relative humidity is around 87%. The soils are fertile with an average depth of 1.0 m. Due to the prescribed residue burning before planting and 3-year weeding after afforestation, along with the fast growth of Chinese fir, there was almost no other tree species therein and the understory layer was mainly shrub and herbs, including Maesa japonica, Miscanthus floridulus, Ampelopsis cantoniensis, Houttuyni acordata and Parthenocissus quinquefolia.



Three plots with size of 20 × 20 m were established in the 7-year, 17-year and 25-year-old Chinese fir plantations in 2013. All the trees were labeled and measured for diameter at breast height (DBH), height and crown area. The stand characteristics were shown in Table 1.




2.2. Fine Root Sampling


Sampling was conducted by using sequential coring method with a sharp steer auger (5 cm in diameter, 30 cm height) to the depth of 60 cm and sliced into four layers (0–15, 15–30, 30–45 and 45–60 cm) in January, April, July, October of 2013, representing winter, spring, summer and autumn, respectively. Four soil cores were collected in three transects on the upper, middle and lower slope in each plot, respectively. Considering the fine root horizontal variation, the sampling locations were at least 3 m apart and two soil samples from the same slope position at the same specific soil layers were composited as one sample. Therefore, there were 24 samples from each plot and 72 samples from each stand at different ages, and in total 216 samples in each sampling occasions. Soil samples were transported into a laboratory and stored in refrigeration (4 °C) until they were processed within 1 month.



In order to separate fine roots from the soil, the samples were shortly soaked in the water and washed carefully to remove the soil. The roots suspended in the water were poured into a sieve with 0.56 mm mesh size. Then fine roots were sorted into roots of Chinese fir or understory vegetation groups visually according to the color, shape and root forks; and the Chinese fir fine roots were distinguished further into living roots and dead roots according to the color, elasticity and degree of brokenness. The Chinese fir fine root was scanned and the digital images were analyzed with software WinRhizo 2013 (Regent, Canada) to determine its morphological traits, including length, surface area (cm2), root volume (cm3) and average diameter [21]. Then, the fine root samples were oven dried to constant weight at 60 °C, and weighted to 0.0001 g with an electronic scale. Fine root biomass and necromass were calculated as live root dry weight and dead root weight per unit area square meter (m2), respectively. Understory root biomass was root biomass of shrub and herbs. The fine root parameters were calculated with formula:


Fine root biomass (g m−2) = root dry weight (g)/(π × 2.52 × 2 × 10−4)










Fine root length (km m−2) = total length (m) × 10−3/(π × 2.52 × 2 × 10−4)










Fine root surface area (m2 m−2) = total surface area × 10−3/(π × 2.52 × 2)










Specific root length (SRL) (m g−1) = root length (cm) × 10−2/dry weight (g);










Tissue density (g cm−3) = dry weight (g)/root volume (cm3)












2.3. Statistical Analyses


Data of the fine root from three stand ages, four soil layers and four sampling occasions were analyzed. All data sets on fine root mass, morphology and architectural traits were tested for normal distribution using a Shapiro-Wilk test. The effects of stand age, soil depth and sampling season on the fine root biomass, necromass, understory vegetation root mass and morphological variables were tested with a linear mixed-effect model using the slope position as random effects. As we only investigated three different aged plantations here, we treated stand age as a categorical variable. The linear mixed-effect analysis was performed using restricted maximum likelihood estimation with the lme4 package. To ensure the normality and homoscedasticity, a Box-cox transformation was applied to all dependent variables with λ = 0.15 [22,23]. Comparison of fine root biomass and morphological variables in the Chinese fir plantation in different ages were analyzed by one-way ANOVA, the method of multiple comparisons used the least significant difference (LSD). In cases when data did not meet the requirements for parametric tests, Mann-Whitney U test (Wilcoxon’s rank test) was conducted.



The comparisons of three methods (sequential soil coring, ingrowth methods, and minirhizotrons) for estimating forest fine root production and turnover revealed that the measured results were similar [1,24]. With sequential coring methods, there were also three methods to calculate production and turnover (decision matrix, the max-min, compartment) and previous results showed that the decision matrix method could represent best the actual value [25]. Therefore, here we applied the decision matrix method to estimate the fine root production [23] and the fine root turnover rate was calculated with formula [24]:


Fine root turnover rate (year−1) = production/mean biomass











All the statistical analysis and graphics were performed with the software Excel 2016 and R 3.3.3 (R Development Core Team, Vienna, Austria, 2017).





3. Results


3.1. Root Biomass and Necromass


The standing fine root biomass and necromass of Chinese fir showed a similar pattern that the 17-year-old plantations showed the highest value in these three different aged Chinese fir plantations. The significant differences were detected with linear mixed-effect model, and fine root necromass in the 17-year-old plantations was significantly higher than that in the 25-year-old plantations (Table 2 and Figure 2). The fine root biomass was 243.02, 261.96 and 233.39 g m−2 on average to soil depth of 60 cm in the 7-year-old, 17-year-old and 25-year-old plantations, respectively. In contrast, the understory root biomass, which consisted of all the herb and shrub roots, was significantly higher in the 7-year-old plantation than that in the 17-year-old and 25-year-old plantations. It reached 204.25 ± 17.65 g m−2. The live fine root length and surface area of Chinese fir was slightly higher in 7-year-old plantations than that in 17-year-old and 25-year-old plantations. The fine root length was 1.99 ± 0.12, 2.06 ± 0.08, 1.81 ± 0.13 km m−2, and the live root surface area was 4.57 ± 0.27, 4.67 ± 0.186 and 4.06 ± 0.29 m2 m−2 in the 7-year-old, 17-year-old and 25-year-old plantations, respectively (Figure 3).



The slope position substantially affected the fine root biomass of Chinese fir in these different aged Chinese fir plantations in this study. In 7-year-old stands, the fine root biomass decreased with increasing elevation, although no significant differences were detected. In contrast, the fine root biomass increased significantly along the increasing slope consistently in the 17-year-old and 25-year-old plantations (Figure 4).



In contrast to the stand age, soil depth and season exhibited a significant effect on all the fine root variables (P < 0.05) (Table 2). In these three different aged Chinese fir plantations the fine root biomass decreased with increasing soil depth. Fine root biomass in the top soil layer (0–15 cm) was significantly higher than that in the deeper layer (15–60 cm). However, this vertical decreasing gratitude was different. In 7-year-old plantations, fine root biomass declined dramatically from the top layer (0–15 cm) to the 30–45 cm layer and remained steady to the 45–60 cm layer, while in 25-year-old stands the fine root distributed gradually from the top layer (0–15 cm) to the deepest layer (45–60 cm). Besides, the fine root biomass was almost the same in the deepest layer (45–60 cm) in Chinese fir plantations at different ages (Figure 5). The standing fine root biomass varied seasonally and showed a similar pattern temporally as the fine root biomass was the highest in the winter (January) and the lowest in the summer (July) for all the Chinese fir plantations at different ages (Figure 6).




3.2. Fine Root Production and Turnover


Fine root production and turnover varied dramatically with stand age. Fine root production and turnover were consistent with the trend of age, and the value increased first and then decreased with Chinese fir stand development. The fine root production was 352.54, 410.85 and 217.61 g m−2 year−1, and turnover rate was 1.48, 1.57 and 0.92 year−1 in 7-year-old, 17-year-old and 25-year-old plantations, respectively (Figure 7).




3.3. Fine Root Morphology


The fine root specific root length of Chinese fir was 10.02, 9.65 and 10.08 m g−1 on average in 7-year-old, 17-year-old and 25-year-old plantations, respectively; no significant differences were detected among them. However, the root tissue density increased consistently with stand development and the root tissue density was significantly higher in 17-year-old plantations (0.30 g cm−3) and 25-year-old plantation (0.31 g cm−3) than that in 7-year-old plantations (0.27 g cm−3) (Figure 8).





4. Discussion


4.1. Fine Root Biomass and Necromass


In this study, we focused on the variation of tree fine root biomass on sapling, and pole and mature stages of Chinese fir plantations. Taking into account the three stands studied, the mean fine root biomass was similar to the value of 230 g m−2 reported in boreal forests, but relatively lower than the value of 500 g m−2 reported in the temperate coniferous forest [26]. The value was in the range of the fine root biomass (1.1~5.8 t hm−2) of the subtropical forest [7] and similar to the value reported in Chinese fir plantations by Yang et al. [27], but higher than the value reported by Li et al. [28]. Compared with broad-leaved forests or natural forests, fine root biomass of the Chinese fir plantation was relatively lower [27,29]. Our result also supported the findings that fine root biomass increased first and then decreased with increasing stand age [30]. The variations in fine root biomass at different stand ages in forests may be related to many factors, including canopy closure, stand tree density, aboveground standing biomass, local site conditions, soil depth and previous management practices [31]. In terms of an individual tree, an old tree may produce more fine root biomass than the younger ones. On the stand level, however, this was not always the case. Helmisaari et al. [32] demonstrated that the fine root biomass reached the peak when the stand density was maximum. Furthermore, the soil conditions might also affect the amount of carbon allocated to belowground fine roots. Cao [33] investigated the soil organic carbon content of Chinese fir at different stand ages in the same region, which first decreased and then increased from the 7-, 17- to 25-year-old plantation, and may imply that the soil organic carbon is closely related to the fine root biomass. In the previous study, it also revealed that the underground growing space was suppressed with the closure of the canopy layer [14]. The study also confirmed this statement as the understory vegetation root biomass declined dramatically from 7-year-old plantations to 17-year-old and 25-year-old plantations (Figure 2).



Slope positions, indicating the micro-variation of soil conditions here, lead to differences in soil nutrients and moisture, resulting in differences in fine root biomass. In general, the uphill biomass was smaller than the downhill because the downhill site was normally better than the uphill as the downhill was better able to meet the needs of the tree’s moisture and nutrients. Li et al. [28] found that the biomass of all fine root types was the highest in the low slope position, and the uphill pit was the lowest, which was different from this study. Here in the 7-year-old plantations, the fine root biomass was ranked as downhill > mid-slope > uphill, and 17-year-old and 25-year-old plantations showed the opposite. This is in agreement with the result of Fu et al. [34] that C. lanceolata seedlings in different stand types, that were studied together for 2-year-old, were dominant in Huitong. It is likely that the root grew first in the resource hotspot in the young stands, and the plant could maximize the nutrient return to supply the plant growth; when experiencing stress in space, nutrients and moisture, the plants were forced to invest more carbon to roots for nutrient and water absorption in 17-year-old and 25-year-old plantations [35].



The spatial structure and distribution of roots in the soil were determined by the amount of resources acquired by plants and the soil competitiveness of individuals or groups of plants [24]. Tree fine root distribution could be affected by soil nutrient content, soil texture and physicochemical properties as well. The vertical stratification was in agreement with many other studies in forest ecosystems [36]. In all stands, the study showed fine root biomass decreased with soil depth, and there was an obvious vertical gradient in fine root mass distribution, with the highest biomass in the upper soil layers [37]. With the increasing year, the litter accumulated on the surface, and fine root tended to surface to absorb more nutrients [38]. The study was different from this conclusion. In this study, the fine roots biomass in the deepest layer (45–60 cm) were similar in these three different aged Chinese fir plantation, suggesting the belowground root exploitation and penetration were sufficient even in the young sapling stages. However, the fine roots were concentrated on the top soil layer in this sapling stage (7-year-old plantations), probably due to the enriched nutritional content derived by the prescribed burning before the establishment, or the Chinese fir adapted to the competition from the understory vegetation, which was reflected by the high understory root biomass here. Due to high annual rainfall, and fragile soils and steep slopes, the subtropical forests in China were susceptible to nutrient loss, especially in artificial forests. This may reflect the nutrient distribution pattern that returned to the soil from aboveground litter and belowground fine root input [25]. The fine root biomass in the subsoil layer (15–30 and 30–45 cm) increased with stand age.



Fine root biomass would fluctuate within a certain year, which may be due to changes in soil temperature and moisture [39]. The studies on seasonal variations in root biomass had reported that stand ages were consistent with the seasonal variation pattern [40]. Fu et al. [34] believed that low temperature is the influencing factor of fine root dynamics. Some scholars believed that the rising soil temperature and rainfall will lead to a fine root vigorous growth period in the early spring season with sufficient carbohydrates stored in the previous season to store [41]. Yang and Li [42] had given an overview describing fine root distribution research and pointed out that the peak of the community fine root growth occurred in July and October in the broad-leaved and conifer mixed forest. Makkonen and Helmisaari [41] inferred that fine root biomass arose in about March or April. It is surprising that our results showed different patterns, that fine root biomass was highest in January and lowest in July in all the Chinese fir plantations. Although similar results also had been reported that the minimum value of fine root biomass generally appeared from May to July [40,43]. The fine root biomass dynamics were not only related to the fine root growth, but also the longevity and turnover rate, which merits further investigation.




4.2. Fine Root Production and Turnover


There were many factors that determine the fine root production and turnover rate, such as calculation methods, sampling methods, changing in biomass, stand age and so on. In the present study, fine root production and turnover increased within the age from 7-year-old, 17-year-old stands, and then decreased in the 25-year-old stands. These results were consistent with some of the reported surveys. For instance, Yuan and Chen [44] revealed that in boreal forest fine root production increased initially to a peak, and declined thereafter, although other studies showed positive [32], negative stand age effects [45] or no effects on fine root production and turnover rate [46].




4.3. Fine Root Morphology


The fine root architecture was composed of several parameter for soil resource acquisition efficiency, which reflected the fine root plasticity in response to environmental change [47]. The study indicated that there is a certain relationship to the fine root biomass and morphology. Trees either invest more carbon underground to increase fine root biomass and production, or improve their nutrient and water uptake efficiency from the soil by changing root morphology. A number of studies have demonstrated that fine root biomass and morphology are closely related to tree species and stand ages [14,35]. Thus, estimating changes in underground biomass, production, and morphology is crucial to understand the fine root dynamics and processes in the development of forest ecosystems. The total fine root length and surface area did not show significant differences among Chinese fir plantations at different stand ages (Table 2 and Figure 3), neither did the SRL (Figure 8). SRL was used as an indicator of environmental change and was linked to the ability of nutrient, water uptake efficiency [15,18]. In the Chinese fir plantation, the SRL remained relatively stable. In contrast, root tissue density, which was considered as an indicator for root functional status [48], showed high variations. The root tissue density increased consistently with stand age. The result was in agreement with the previous study by Borja et al. [2]. It is likely that that the lignification of fine root may also increase as the age of the tree increases, and the nutrient uptake level of the fine root may resort more to the mycorrhizal associations, as suggested by Bauhus et al. [49]. In addition, other several studies demonstrated that the traits of relatively high root tissue density and low SRL indicated that fine roots adapt to the poor resource environment by reducing absorptive capacities and prolong the fine root longevity [18].





5. Conclusions


This study investigated the spatial and temporal variations of fine root biomass and morphology in different ages, as well as fine root annual productivity and turnover rate. The results showed that the age effect on fine root biomass production and specific root length was not significant, although the fine root biomass, production and turnover rate were higher in the pole stage than that in sapling and mature stages. However, the fine roots of Chinese fir showed high variations spatially and temporally. Fine root biomass decreased with stand ages in all Chinese fir plantations, but it was more evenly distributed with increasing stand ages. The fine root biomass peaked in January and reached the lowest value in July, which merits further investigation. Furthermore, the root tissue density increased significantly with stand ages, suggesting the Chinese fir plantations might resort to the mycorrhizal association for this conifer species. The fine roots were the main organs responsible for water and nutrient uptake for tree species; the research on it not only helps to understand the relationship between plant structure and function, but also helps to explore the carbon pattern and process of the terrestrial ecosystem under global change. Correct understanding of the production and turnover of fine roots is of great significance to the scientific guidance of production practice in order to improve the productivity of forest ecosystems. In order to obtain a more comprehensive understanding of Chinese fir fine roots, it is necessary to explore the aspect of mycorrhizal associations and root longevity as well.
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Figure 1. Location of Huitong National Field Research Station of Chinese fir plantation. 
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Figure 2. Tree fine root biomass, necromass and understory root biomass to the soil depth of 60 cm in 7-year, 17-year, 25-year-old Chinese fir plantations. Data are means of four sampling occasions from April 2014 to January 2015. Error bars indicate standard error. Different letters indicate significant differences among different stand ages (P < 0.05). 
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Figure 3. Total live fine root length and surface area in Chinese fir plantations at different ages. Error bars indicate standard error. Different letters indicate significant differences among different stand ages (P < 0.05). 
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Figure 4. Fine root biomass at different slope positions in Chinese fir plantations at different stand ages. Error bars indicate standard error. Different letters indicate significant differences among different slope locations at the same aged plantations (P < 0.05). 
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Figure 5. Vertical distribution of fine root biomass with increasing soil depth in Chinese fir plantations at different stand ages. 
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Figure 6. Seasonal variations of fine root biomass in Chinese fir plantations at different ages. 
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Figure 7. Fine root production and turnover in Chinese fir plantations at different stand ages. 
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Figure 8. Comparison of specific root length and root tissue density in Chinese fir plantations at different ages. Error bars indicate standard error. Different letters indicate significant differences among different stand ages (P < 0.05). 
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Table 1. Stand structure of Chinese fir plantations at different ages.
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	Stand Age
	Average Diameter at Breast Height (cm)
	Average Tree Height (m)
	Canopy Density
	Stand Density (Stem·ha)
	Slope (°)
	Aspect





	7
	6.7
	5.6
	0.7
	2440
	28
	north



	17
	13.8
	14.2
	1.0
	1825
	25
	northeast



	25
	17.1
	16
	0.9
	1917
	27
	northeast
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Table 2. Effects of stand age, soil depth and season on fine root biomass, necromass, understory root biomass, fine root length, fine root surface area, specific root length and root density. Bold font indicates significant differences at P < 0.05.
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Fixed Effects

	
df

	
SS

	
F

	
P






	
Fine root biomass (g m−2)




	
Age

	
2, 51

	
0.10

	
5.86

	
0.0030




	
Depth

	
3, 765

	
1.51

	
58.91

	
<0.0001




	
Season

	
3, 765

	
0.40

	
15.70

	
<0.0001




	
Age × Depth

	
6, 765

	
0.05

	
0.95

	
0.4607




	
Age × Season

	
6, 765

	
0.05

	
0.94

	
0.4688




	
Depth × Season

	
9, 765

	
0.11

	
1.47

	
0.1551




	
Age × depth × season

	
18, 765

	
0.10

	
0.67

	
0.8400




	
Fine root necromass (g m−2)




	
Age

	
2, 51

	
0.64

	
11.50

	
<0.0001




	
Depth

	
3, 765

	
1.48

	
17.88

	
<0.0001




	
Season

	
3, 765

	
5.77

	
69.54

	
<0.0001




	
Age × Depth

	
6, 765

	
0.03

	
0.17

	
0.9852




	
Age × Season

	
6, 765

	
0.76

	
4.55

	
0.0002




	
Depth × Season

	
9, 765

	
0.20

	
0.81

	
0.6063




	
Age × depth × season

	
18, 765

	
0.62

	
1.24

	
0.2214




	
Understory root biomass (g m−2)




	
Age

	
2, 51

	
35.28

	
273.46

	
<0.0001




	
Depth

	
3, 765

	
10.29

	
53.19

	
<0.0001




	
Season

	
3, 765

	
1.21

	
6.26

	
0.0003




	
Age × Depth

	
6, 765

	
2.29

	
5.91

	
<0.0001




	
Age × Season

	
6, 765

	
0.71

	
1.85

	
0.0873




	
Depth × Season

	
9, 765

	
0.52

	
0.90

	
0.5264




	
Age × depth × season

	
18, 765

	
0.62

	
0.53

	
0.9445




	
Fine root length (km m−2)




	
Age

	
2, 51

	
0.73

	
7.93

	
0.0004




	
Depth

	
3, 765

	
8.03

	
58.53

	
<0.0001




	
Season

	
3, 765

	
1.40

	
10.23

	
<0.0001




	
Age × Depth

	
6, 765

	
0.36

	
1.31

	
0.2519




	
Age × Season

	
6, 765

	
0.49

	
1.79

	
0.0991




	
Depth × Season

	
9, 765

	
0.80

	
1.94

	
0.0430




	
Age × depth × season

	
18, 765

	
0.47

	
0.58

	
0.9175




	
Fine root surface area (m2 m−2)




	
Age

	
2, 51

	
0.44

	
7.59

	
0.0005




	
Depth

	
3, 765

	
5.11

	
58.32

	
<0.0001




	
Season

	
3, 765

	
1.15

	
13.07

	
<0.0001




	
Age × Depth

	
6, 765

	
0.16

	
0.88

	
0.5058




	
Age × Season

	
6, 765

	
0.28

	
1.62

	
0.1388




	
Depth × Season

	
9, 765

	
0.47

	
1.77

	
0.0705




	
Age × depth × season

	
18, 765

	
0.35

	
0.67

	
0.8388




	
Specific root length (m g−1)




	
Age

	
2, 51

	
0.03

	
1.42

	
0.2428




	
Depth

	
3, 765

	
0.18

	
5.98

	
0.0005




	
Season

	
3, 765

	
0.20

	
6.51

	
0.0002




	
Age × Depth

	
6, 765

	
0.14

	
2.26

	
0.0361




	
Age × Season

	
6, 765

	
0.08

	
1.32

	
0.2455




	
Depth × Season

	
9, 765

	
0.14

	
1.51

	
0.1402




	
Age × depth × season

	
18, 765

	
0.19

	
1.03

	
0.4246




	
Root density (g cm−3)




	
Age

	
2, 51

	
0.04

	
13.23

	
<0.0001




	
Depth

	
3, 765

	
0.05

	
12.59

	
<0.0001




	
Season

	
3, 765

	
0.02

	
5.92

	
0.0005




	
Age × Depth

	
6, 765

	
0.01

	
0.83

	
0.5447




	
Age × Season

	
6, 765

	
0.00

	
0.45

	
0.8467




	
Depth × Season

	
9, 765

	
0.01

	
0.62

	
0.7825




	
Age × depth × season

	
18, 765

	
0.02

	
0.99

	
0.4729
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