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Abstract

:

Fine roots play a crucial role in plant survival potential and biogeochemical cycles of forest ecosystems. Subalpine areas of the Eastern Qinghai-Tibetan Plateau have experienced different forest re-establishment methods after clear-cutting primary forest. However, little is known about fine root dynamics of these forests originating from artificial, natural and their combined processes. Here, we determined fine root traits (biomass, production and turnover rate) of three subalpine forest types, i.e., Picea asperata Mast. plantation forest (artificial planting, PF), natural secondary forest (natural without assisted regeneration, NF) and P. asperata broadleaved mixed forest (natural regeneration after artificial planting, MF) composed of planted P. asperata and naturally regenerated native broadleaved species. At the soil depth of 0–30 cm, fine root biomass was the highest in PF and fine root production was the highest in NF, and both were the lowest in MF. Fine root dynamics of the three forest types tended to decrease with soil depth, with larger variations in PF. Fine root biomass and production were the highest in PF in 0–10 cm soil layer but were not significantly different among forest types in the lower soil layers. There were positive correlations between these parameters and aboveground biomass across forest types in soil layer of 0–10 cm, but not in the lower soil layers. Fine root turnover rate was generally higher in mixed forests than in monocultures at all soil depths. In conclusion, the natural regeneration procedure after clear-cutting in the subalpine region of western Sichuan seems to be superior from the perspective of fine root dynamics.
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1. Introduction


The root systems of trees are essential for forest ecosystem functioning, attributed to their pivotal roles in plant-soil nutrient and organic matter exchange, as well as maintaining plant growth, soil fertility [1] and tree stability [2]. Fine roots (diameter ≤ 2 mm) are the most active segments of root system for acquiring water and nutrients [3], and responding rapidly to variations in the rooting environment [4,5,6,7]. They play a crucial role in plant survival potential and seedlings establishment after outplanting [8], and are regarded as a good indicator of adaptation strategies to climate change [9,10,11]. Although fine roots only comprise a small proportion of total root biomass, their production accounts to 33%–67% of annual net primary production in forest ecosystems [12], and they make a considerable contribution to annual carbon (C) fluxes due to their short lifespan and high decomposability [13,14,15]. Hence, fine root dynamics, such as fine root production and turnover, are key processes that drive biogeochemical nutrient cycling and stand productivity [16,17]. Consequently, the fine root related indices are used to analyze terrestrial ecosystem C sequestration. For instance, fine root turnover rates have been employed in a series of biogeochemical models [18,19]. Therefore, the accurate estimation of fine root production and turnover is essential to understanding belowground processes and improving the prediction accuracy of C budget models [20]. However, the underlying mechanisms controlling fine root dynamics remain limited [16,21].



Forest management (e.g., deforestation and reforestation, etc.) exerts a continuous influence on a wide range of ecosystem characteristics such as fine root dynamics and nutrient cycling [22,23,24], and thus impacts ecosystem sustainability [1]. Deforestation reduces both the quantity of aboveground biomass and belowground biomass [22,25], while forest restoration gradually increases the quantity of biomass through promoting stand development. Different forest restoration approaches, especially natural and artificial restoration, respectively, result in mixed forests and monocultures, forming diverse forest types with different species and structure, which then affect soil environment as well as fine root production and turnover [26,27,28].



Belowground interaction among co-occurring species is vital for community structure and functioning [29]. The coexisting species tend to proliferate more roots into substrate, which likely lead to a higher fine root production or biomass in mixed forests than in monocultures [30]. Previous studies have shown that mixed forests have higher fine root productivity than monocultures [31,32], due to the complementarity effect (facilitation or niche differentiation) and the selection effect [30,31]. The complementarity effect predicts that tree species may differ in root vertical distribution patterns, root system architectures, root growth phenology and resource–absorption efficiencies [33,34], which results in a more complete exploitation of the soil volume and belowground resources in mixed forests [26,31]. Facilitation means that one species can benefit another species by improving its growing conditions [35], reducing pathogenic pressures [36] and sharing mycorrhizae [37]. However, published results about fine root production and biomass between mixed forests and monocultures [32,38] are still inconclusive.



Generally, higher production of fine roots may lead to greater scarcity of nutrients and soil volume, and increase root competition, which eventually increase fine root turnover rate [39]. The finding that mixed forests have a higher fine root turnover rate than monocultures has been reported [34,40,41]. However, it is undeniable that some species may increase root persistence in root competition for limiting soil resources to better adapt to the environment and survive [42].



Moreover, fine root dynamics is possibly associated with aboveground stand properties such as basal area, tree density and canopy cover [25,43]. However, correlations are mostly analyzed at the individual tree level [44,45]. Some studies have suggested that an increase in the quantity of fine root biomass may improve the quantity of aboveground biomass, reflecting a coupling between absorption and productivity [46,47], while the relationships between fine root dynamics and stand aboveground biomass are inconsistent at the stand level, and are likely dependent on species and sites [17].



The Eastern Qinghai-Tibetan Plateau plays an important role in climate change and ecological security [48]. Subalpine forests in the Eastern Qinghai-Tibetan Plateau, Western Sichuan are largely distributed in the valleys in the upper reaches of the Yangtze River and constitute an ecological barrier [49]. The primary forests in the region were largely cut down, and subsequently restored by artificial planting, natural regeneration and combination of these [50]. As a result, multi-forest types differing in species composition and structure have been formed by different re-establishment methods [51]. Forest types with different stand origins have been revealed to alter soil microbial activity [52]. However, the influence of stand origin on fine root dynamics remains poorly understood [1].



In this study, we aimed to evaluate the fine root dynamics in three forest types originating from different restoration pathways and fine out how stand origins (natural, artificial/planted and mixed) influence fine root dynamics. We measured the quantity of fine root biomass and necromass of 0–30 cm and aboveground biomass, and estimated the fine root production and turnover rate in two types of mixed forest originating either from natural regeneration (NF, natural forest) or combination of artificial planting and natural regeneration (MF, mixed forest), and in monoculture Picea asperata plantation (PF, planted forest) in the Eastern Qinghai-Tibetan Plateau. We tested the following hypotheses: (1) fine root dynamics (biomass, production and turnover) are higher and more even in vertical distribution in mixed forests originating from natural regeneration and the combination of artificial planting and natural regeneration than in monoculture forest originating from artificial planting; and (2) there is a positive relationship between aboveground biomass and fine root dynamics.




2. Materials and Methods


2.1. Study Site


The study was conducted at Bipenggou Nature Reserve (102°53′–102°57′ E, 31°14′–31°19′ N) in Lixian, west of Sichuan Province, China, which is a transitional area between the Qinghai-Tibet Plateau and the Sichuan Basin. It has an altitude ranging from 2458 to 4691 m above sea level. This area has a typical Qinghai-Tibet Plateau climate with cool and humid summers and cold winters [50]. The mean annual temperature is 2.7 °C with a maximum monthly mean temperature of 23 °C in July and a minimum monthly mean temperature of −18 °C in January. The annual precipitation is about 850 mm. The forest soils in the experimental fields are classified as Cambisols and Regosols according to FAO (Food and Agriculture Organization of the United Nations) Soil Taxonomy [53]. The growing season is generally from May to October, and the freeze–thaw season generally starts in early December, followed by snow cover in the winter [54].



The primary subalpine forests predominantly contained firs (Abies faxoniana Rehd. et Wils) which were harvested from the 1940s until 1998 when the Natural Forest Protection Program started in the region [49,50]. The deforested lands were subsequently planted with spruce (Picea asperata Mast.) saplings after site preparation [49]. Spruce plantations had been established in some places of the harvested areas with sparse understory vegetation, and eventually formed monoculture forest (P. asperata plantation forest, PF) [55]. Nevertheless, some of the sites failed to form monoculture spruce forests owing to the lack of human disturbance and were invaded by other species, such as Betula albo-sinensis Burk., Cerasus duclouxii (Koehne) Yu et Li, Sorbus koehneana Schneid. The cover proportions of each species were about 34%, 15% and 5%, respectively. Eventually, the forests developed into mixed forests with natural regeneration of broadleaved species and planted spruce (P. asperata broadleaved mixed forest, MF). Meanwhile, natural restoration was also carried out in areas without cultivation. Thus, natural secondary forests (NF), P. asperata plantation forests (PF), and mixed forests with natural broadleaved species and spruce plantations (P. asperata broadleaved mixed forests, MF) now present on the harvested sites in the subalpine area. The main understory species were Carex tristachya Thunb, Cystopteris montana (Lam.) Bernh ex Desv, Polygonum viviparum Linn and Trisetum sibiricum Rupr, etc. The coverage of herbs was about 60% in P. asperata broadleaved mixed forest and natural secondary forest, and 25% in P. asperata plantation forest.




2.2. Sampling Design


Three types of forest were sampled to reflect the different origins of the main forest types in the region: P. asperata broadleaved mixed forest (MF), natural secondary forest (NF) and P. asperata plantation forest (PF) which formed by natural restoration after planting P. asperata, natural regeneration and artificial planting, respectively. The stands of similar ages were selected based on harvest time and species that were most prevalent in each forest type. Three replicates from each forest type, with plot sizes of 20 m × 20 m, in discontinuous stands, were selected to ensure an accurate representation of each type was collected. As sites of planting spruce were discontinuous and were partitioned by non-disturbed sites (i.e., natural secondary forest) after harvesting, plots of P. asperata broadleaved mixed forest and natural secondary forest were in a tandem arrangement, while the selected research sites of P. asperata plantation forest were separated by natural secondary forest. All the plots were on the southeast slope. Each plot was randomly set in the forest and was far from the edge of the forests. Plots were hundreds of meters to several kilometers apart. The topographic characteristics of each stand plot were shown in Table 1.




2.3. Sequential Soil Coring


Within each plot, collections were conducted at monthly intervals during the growing season of 2015 (May to November, specifically, 24 May, 25 June, 25 July, 25 August, 26 September, 25 October and 22 November) without winter season for a total of seven sampling occasions. During the winter months, soil was frozen and covered with snow, and fine root production was considered to be negligible [26,56]. To ensure the correct sampling depth of the fine root biomass, we performed a sampling trial along the soil depth and we observed that most fine root biomass (ca. 90%–94%) was distributed in the uppermost 30 cm of soil in the three forests and there was no difference in the maximum depth of the fine roots among the three forests. On each sampling occasion, five soil cores with a stainless-steel corer (diameter of 8 cm) were randomly taken from the forest floor surface down to 30 cm in each plot, and then divided into three soil depths: 0–10 cm, 10–20 cm and 20–30 cm. In total, we collected 315 cores (seven months × three forest types × three plots × five cores), providing 945 samples (three depths per core) for measuring fine root biomass, fine root necromass and to investigate how they varied among seasons, depths and forest types.



Samples were placed in plastic bags, and then transported to the laboratory. All of the samples were stored at (4 °C) and processed within one month. The samples were put in 0.25-mm meshed bags and washed with tap water. After washing, the samples were put on 0.25-mm sieves, and then swung the sieves in the water to separate the roots from stones, sand and plant detritus [47,57]. All fine roots of trees, excluding the understory vegetation, were manually picked up with tweezers and calipers [26]. Fine roots were separated into live (biomass) and dead (necromass) categories by visual inspection. Live roots were intact, firm, resilient and bright in color, while dead roots were brittle and with dark cortexes that had separated from periderm or had been lost [58,59]. All samples were separately oven-dried to a constant mass at 70 °C and weighed.




2.4. Stand Characteristics and Aboveground Biomass


For the stand characteristics survey, another three plots (20 m × 20 m) for each forest type were set up at about 5 m from each of the plots where fine roots were collected, six plots of each forest type were for the stand survey. The DBH (diameter at breast height, 1.3 m) and the species name of all living trees with a DBH ≥ 2 cm were recorded in August 2015. The aboveground biomass of all living trees was estimated by the allometric equations which were taken DBH2H (or DBH) as independent variable and were built based on the data from Gongga Mountain with a similar climate, landform, and trees composition to our study area [49]. Meanwhile, tree species diversity (Shannon–Wiener index) was calculated according to Liu et al. [27] based on the average of relative density and relative basal area. The stand characteristics of each forest type are given in Table 1.




2.5. Soil Characteristics


Three random soil profiles were dug in plots which were collected fine root samples to collect soil samples between 0–10 cm, 10–20 cm and 20–30 cm. Bulk density samples were collected by stainless-steel cylinders (50.46 mm in diameter and 50 mm in height). The cylinders were vertically inserted nearly in the middle of each soil depth after removing the upper soil. Three soil samples from each layer of each forest plot were collected near the profiles by soil auger and mixed, and then transported to the laboratory. Soil samples were air-dried and passed through a 2-mm sieve prior to chemical analyses. Soil organic C and total N contents (hereafter referred to as soil C and N contents, respectively) were determined using the K2Cr2O7–H2SO4 wet oxidation method and the Kjeldahl acid-digestion method [60]. In addition, soil samples of 0–10 cm were collected at five places from each plot and mixed into one sample in each month besides in June when soil samples of different soil depths (0–30 cm) were collected. The mixed samples were passed through a 2-mm sieve and transported to the laboratory in a cool box containing ice packs. The soil samples were kept at 4 °C in a refrigerator to determine ammonium and nitrate contents by a flow injection analyzer after extracting with 2M KCl solution.




2.6. Data Analysis


Fine root biomass and necromass (g m−2) were calculated for the dry weights in each core. The values of five cores at a particular sampling date at each site were first averaged, with the average values of three plots representing the monthly mean value of each forest type. Fine root production was estimated from changes in live and dead fine root biomass quantities between two sampling intervals [61], based on the decision matrix method by Fairley and Alexander [62]—see Table 2. Total fine root production (hereafter referred to fine root production) was calculated as the sum of monthly fine root production based on live and dead fine roots from June to November. Fine root turnover was defined as total fine root production divided by the mean fine root biomass [63]. The mean fine root biomass was calculated as the average of the live root biomass across all sampling dates. The profile data for production and turnover rate are the sum and average of all soil depths, respectively. We first obtained the sum values of production in the profile (0–30 cm) in each plot, and then averaged the three plots within each forest type to represent the profile production of each forest type. The turnover rate was calculated as the average values of the profile (0–30 cm) in each plot, and then averaged the three plots within each forest type to represent the profile turnover rate of each forest type.



The homogeneity of all variables was tested with Levene’s test. The means were compared by using a one-way analysis of variance (ANOVA) and Tukey’s Honestly Significant Difference test. In the statistical analysis, forest type and sampling time, forest type and soil depth were regarded as the two experimental variables and a two-way ANOVA was used to detect their influences on fine root dynamics [64]. Pearson correlation analysis was performed to examine the relationship between fine root dynamics and soil N availability in the 0–10 cm soil depth across forest types since we only have the vertical (0–30 cm) values of inorganic N in June, which showed a decreasing trend with the increase of soil depth. Meanwhile, linear relationships were performed to examine the relationships between fine roots (biomass, production and turnover rate) and aboveground biomass [27]. All statistical analyses were performed using SPSS software (SPSS, Chicago, IL, USA) with significance being defined as p ≤ 0.05.





3. Results


3.1. Comparison of Fine Roots among Forest Types


Fine root traits (biomass, necromass, production and turnover rate) at the soil depth of 0–30 cm were significantly (p < 0.05) different among forest types (Figure 1). Fine root biomass was the highest in P. asperata plantation forest and necromass was highest in natural secondary forest. Both of them were the lowest in P. asperata broadleaved mixed forest (Figure 1a,b). P. asperata plantation forest had the highest fine root biomass: necromass ratio among the three forest types (Figure 1c). Fine root production in natural secondary forest and P. asperata plantation forest was significantly greater than that in P. asperata broadleaved mixed forest (Figure 1d). Fine root turnover rate in natural secondary forest and P. asperata broadleaved mixed forest was greater than that in P. asperata plantation forest (Figure 1e).




3.2. Seasonal Dynamics of Fine Root Biomass and Necromass


The monthly fine root biomass and necromass in the uppermost 30 cm of soil had distinct intra-annual fluctuation from May to November (Figure 2). The monthly variation in fine root biomass and necromass generally had a bimodal pattern. The peaks generally showed in the early and middle stages of the growing season for fine root biomass (Figure 2a), while in the early and late stages of the growing season for fine root necromass (Figure 2b). Although the increment in the early growing season was not significant in the fine root biomass, it was significant in the fine root necromass. Forest type and sampling time significantly affected fine root biomass and necromass, while their interaction had no considerable effect on fine root biomass and only a significant effect on fine root necromass (Figure 2).




3.3. Vertical Distribution of Fine Roots


The mean of fine root traits (biomass, necromass and their ratio, production and turnover) generally decreased with soil depth (Figure 3). Fine root biomass in the three soil depths ranged from 54.90 to 219.35 g m−2, 52.79 to 104.91 g m−2, and 59.84 to 127.57 g m−2 in P. asperata plantation forest, P. asperata broadleaved mixed forest and natural secondary forest, respectively. Correspondingly, fine root necromass ranged from 7.21 to 18.90 g m−2, 7.21 to 12.56 g m−2, and 10.25 to 17.23 g m−2 in the three types of forest, respectively. The differences of fine root production between 0–10 cm and 20–30 cm soil depths in P. asperata plantation forest, P. asperata broadleaved mixed forest and natural secondary forest were 56.16, 78.13, and 126.44 g m−2, while fine root turnover rate of 0–10 cm were 1.39, 1.45, and 1.56 times that of 20–30 cm, respectively. Fine root biomass: necromass ratio changed smoothly in the two mixed forests compared to P. asperata plantation forest. The differences of fine root biomass, production and the ratio of fine root biomass to necromass among forest types were mainly in the top 0–10 cm of soil with highest in P. asperata plantation forest, while they were not significant at the soil depth of 20–30 cm. Difference of fine root turnover rate between the two mixed forests was not significant, but they were significantly higher than in P. asperata plantation forest in each soil depth.



Both soil depth and forest type had significant effects on fine root traits while their interaction had no significant effect on fine root turnover rate (Table 3).




3.4. Relationships between Fine Root Dynamics and Soil N Availability


Soil ammonium sharply decreased from May to June, especially in natural secondary forest and P. asperata mixed broadleaved forest, but was slightly increased from October to November (Figure 4). Compared with natural secondary forest and P. asperata mixed broadleaved forest, P. asperata plantation forest had a lower values and smaller fluctuations of soil ammonium during the period. However, soil nitrate increased initially, and then decreased during the period, with peaks in July in natural secondary forest and P. asperata mixed broadleaved forest and peaked in August in P. asperata plantation forest (Figure 4). Across forest types, fine root dynamics were closely associated with inorganic N, mainly with ammonium. Fine root biomass and production were negatively related to inorganic N and ammonium, whereas fine root turnover rate was positively related to inorganic N and ammonium (Table 4).




3.5. Relationships between Fine Root Dynamics and Aboveground Biomass


Fine root biomass and production were significantly and positively correlated with aboveground biomass (R2 = 0.86, p < 0.01; R2 = 0.96, p < 0.01, respectively) in the 0–10 cm soil layer. In the 10–20 cm soil layer, only fine root biomass (R2 = 0.49, p = 0.04) was significantly and positively correlated with aboveground biomass. The relationships between aboveground biomass and fine root biomass (R2 = 0.17, p = 0.66), and production (R2 = 0.19, p = 0.24) were not significant in the 20–30 cm soil layer. Fine root turnover rate was significantly and negatively related to aboveground biomass, except in the 0–10 cm soil layer (Figure 5). Aboveground biomass was also positively related to fine root biomass and production (R2 = 0.97, p < 0.01; R2 = 0.57, p = 0.02, respectively), and was negatively related to turnover rate (R2 = 0.54, p = 0.03) at the profile level across forest types.



Fine root turnover rate was negatively associated with annual fine root production in the soil depth of 0–10 cm (Figure 6a), but was positively related to fine root production in the soil depths of 10–20 cm and 20–30 cm (Figure 6b) across all forest types.





4. Discussion


Our data showed that fine root dynamics differed significantly among the three forest types (Figure 1). In the 0–30 cm soil depth, fine root biomass of the three forest types ranged from 222.52 g m−2 to 362.89 g m−2, which fell within the fine root biomass ranges of China’s forests with the same soil depth [65]. The values of fine root production and turnover rate of the three forest types were lower than the average level of China’s forests [65]. It might be caused by lower temperature [13] and stand characteristics [26,66,67]. Importantly, we found that there were no positive effects of mixed forests on fine root biomass and production, while there was effect on fine root turnover at soil depth of 0–30 cm. This did not support our original hypothesis that fine root biomass and production were higher in mixed forests than in monocultures but only supported the hypothesis that mixed forests had higher fine root turnover rates.



In spite of previous studies that estimated that mixed forests have higher production rates compared to monoculture forests [29,68], our result showed that P. asperata plantation had a higher fine root biomass within the entire profile. It agreed more with the study that demonstrated fine root biomass was lower in mixed forests than in the corresponding monoculture forests [38]. However, total fine root production was the highest in the natural secondary forest and the lowest in the P. asperata broadleaved mixed forest (Figure 1d). Meinen et al. [69] did not find positive effects of species diversity on stand fine root biomass and concluded that this was a consequence of missing spatial segregation of the roots of different tree species in mature forests. Domisch et al. [70] also considered that missing spatial niche differentiation could be a plausible explanation for the lack of higher fine root biomass and production in mixed forests compared to monocultures. Similar to other studies [20,27], fine root biomass, necromass, production, and turnover rate in our study had vertical variations (Figure 3). The vertical distribution pattern of fine roots is affected by a series of endogenous and exogenous factors [71]. Local site conditions are probably mainly responsible for the vertical patterns [72]. The decreases in fine root biomass, necromass and production along the soil depth are probably attributed to the presence of suitable growth environments in the upper soil layer (e.g., higher nutrient contents, water and heat resources, as well as lower soil bulk density, etc. [56,73]). Adverse environments in the lower soil layer may make fine root increase lifespan to reduce the consumption [74]. The ratio of fine root biomass to necromass, to a degree, reflects fine root vitality [64,73]. The ratios were higher in current study than those compared to study of Persson and Stadenberg [75], but similar to the study of Liu et al. [27]. In agreement with previous studies [64,73], the ratio of fine root biomass to necromass slightly decreased with soil depth, possibly owing to a faster decomposition rate in upper soil layer [76].



The variation in fine root biomass and production among forest types mainly occurred in the 0–10 cm soil layer with the highest values in P. asperata plantation forest; however, there was no significant difference in these parameters in the soil layer of 20–30 cm (Figure 3a,d). This indicated that P. asperata plantation forest had the largest vertical variation in fine root biomass and production than the two mixed forests. This also meant that mixed forests had a more even vertical fine root distribution. One possible reason could be the niche segregation caused by tree species composition [47]. A mixture of species with different distribution, architecture and foraging behavior traits improve resource utilization and production in the vertical profile of soil [26,30,77], which might allow better use of deep soil resources in mixed forests [26].



Our results indicated that aboveground biomass was an important factor affecting fine root dynamics with a positive effect on fine root biomass and production, and a negative effect on turnover rate at the soil depth of 0–30 cm across forest types. However, distinct responses of fine roots dynamics to aboveground biomass were observed depended on soil depth (Figure 5). Fine root biomass and production were positively associated with aboveground biomass in the top 10 cm of soil. It demonstrated the positive relationship between the quantity of aboveground biomass and belowground biomass and production [78], as well as between production and absorption [46]. There were no significant relationships between fine root biomass or production and aboveground biomass in the lower soil depths. It suggested that aboveground biomass had a weak effect on fine root biomass and production in the lower soil depths. Our result indicated that higher aboveground biomass rather than tree species diversity might cause the relative higher fine root biomass and production in our study.



In contrast, fine root turnover rate was greater in the two mixed forests compared to the monoculture forest (Figure 1e and Figure 3e). We found that the fine root turnover rate was more associated with fine root production in the 10–20 cm and 20–30 cm soil depths (Figure 6). This finding agreed with McCormack et al. [67] and showed that fine root production might be a better indicator of fine root turnover than fine root biomass [41]. One possible reason for the positive effect of fine root production on turnover rate is that greater competition for resources causes more intense interspecific belowground competition [34] and thus decreases the fine root lifespan [39]. However, fine root biomass had negative effects on fine root turnover in the 0–10 cm soil depth (Figure 6), which was mainly attributed to higher fine root biomass and production, but also a lower turnover in P. asperata plantation forest (Figure 3a,f). It was likely that the higher biomass and the lower soil N availability (mainly ammonium) in P. asperata plantation forest may limit the relative production due to resource scarcity, as we found that soil ammonium had a positive effect on turnover rate across all forest types (Table 4). Thus, the growth strategy by increasing the length of lifespan could be available to absorb soil resources [41]. Additionally, fine root lifespans of trees range from 95 to 336 days across different species [79]. Generally, evergreen tree species have a longer lifespan than deciduous [74] and stands dominated by conifers have a lower turnover rate relative to stands dominated by broadleaved trees [13]. In contrast to mixed forests with a proportion of deciduous broadleaved tree species, plantation forests were comprised of evergreen coniferous tree species, which may be another reason for a lower turnover in the plantation in this study.



Moreover, we found that the three forests investigated in the current study had two peaks for fine root biomass occurring in the early and middle growing season (Figure 2a). In all stands, only the second peak was significant. Generally, the seasonal pattern in fine root biomass is mainly controlled by endogenous characteristics and then exogenous factors such as climatic and soil conditions [22]. Therefore, the seasonal patterns in fine root biomass are complex, and the seasons that the statistically significant peaks occurred in are inconsistent [80]. There was detected an insignificant peak in the early growing season, which might result from the increase of soil temperature and water content [80], and high mineral nutrients and water uptake for leaf-out and foliage production [71]. However, the result that the statistically significant peak occurred in middle to late summer was similar to previous studies, which could reflect seasonal dynamics of soil water and nutrient availability, and an ontogenetic response to local conditions [6,7,71]. There were relatively high temperature and moisture levels in the middle of the growing season, and thus high contents of soil N mineralization [81] and availability [67]. Our data showed contrasting seasonal responses for soil ammonium and nitrate, while the trend for soil nitrate was more consistent with that of fine root biomass during the growing season, the significant peak in fine root biomass lagged behind that of soil nitrate (Figure 2 and Figure 4). The higher soil nitrate in the middle season may benefit for the fine root production as a significant preference of the major tree species in this region for soil nitrate [82]. However, ammonium is also an important inorganic N form for plants and affects nitrate availability by regulating nitrification rate, thus the lower soil ammonium in the middle season might be not conducive to the fine root production [83]. A trough in necromass occurred in the middle of the growing season (Figure 2b), which was in agreement with Konôpka et al. [58], was attributed to a lower rate of mortality. As the activity of the aboveground parts decreased due to it being too cold and some parts of the roots died in synchronization [58,71], thus causing a gradually rising trend in the quantity of fine root necromass during the end of the growing season [84]. Moreover, the high level of necromass in the early growing season was possibly due to root senescence, as well as a low decomposition rate during the winter due to a low temperature [76,85].



Undeniably, there were some limitations in our study. The values based on the growing season slightly deviated from the actual annual production and turnover as a result of the fluctuation in fine roots in the winter [84,86]. Moreover, as we did not sample the understory, our data did not cover the fine root dynamics at the level of the whole forest ecosystem [75]. In addition, the selected method also affected the results [61]. The decision matrix formula, based on the sequential coring technique, is widely used for fine root production and turnover considering both biomass and necromass [57,61,63]. However, it assumed that no fine roots complete the process from birth to death and no additional biomass peaks and troughs emerge during a sampling interval [87]. Considering these factors, there might be a certain deviation in our results [88]. Nonetheless, the results showed that fine root biomass and production of tree species were more affected by aboveground biomass across forest types, and mixed forests had a higher fine root turnover relative to mono-species forest, which strengthened the effects of stand origin on fine root dynamics after clear-cutting. In general, fine roots are important sources of soil carbon [63], faster fine root turnover may be more conducive to soil carbon accumulation. Considering mixed forests, especially that natural secondary forest had a higher fine root biomass, production, and turnover rate, it may be more conducive to soil carbon accumulation in the current stage.




5. Conclusions


This study showed that mixed forests had a higher fine root turnover rate, but not fine root biomass and production, than monocultures. The three forest types had the same vertical trends of fine root dynamics, with higher vertical variation in fine root biomass and production in the monoculture forests. The trends of fine root biomass and production among the three forest types were different in the three soil layers, with the largest biomass and production in the upper soil and the lowest production in the lower soil layers occurring in monocultures. The fine root turnover rate was greater in mixed forests than in monocultures and was likely affected by fine root production, soil N availability and tree species composition. Our results provide an important context to understand the effects of stand origin on fine root dynamics.
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Figure 1. Comparison of biomass (a), necromass (b), biomass: necromass ratio (c), production (d), and turnover rate (e) of fine roots at the soil depth of 0–30 cm among the three forest types (MF = Picea asperata broadleaved mixed forest, NF = Natural secondary forest, PF = Picea asperata plantation forest) during the growing season (May–November). Data are means ± SE (n = 3). Different letters above the columns denote significantly different groups of means among forest types. 
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Figure 2. Fine root biomass (a) and necromass (b) at the soil profile of 0–30 cm in the three forest types (MF = Picea asperata broadleaved mixed forest, NF = Natural secondary forest, PF = Picea asperata plantation forest) across different seasons. Data are means ± SE (n = 3). Mean values were calculated from three plots of each forest type based on the average area of fine root biomass and necromass from all sampling occasions from each plot. Different letters indicate significant differences between sampling times (p < 0.05). 
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Figure 3. Mean values of fine root biomass (a), necromass (b), the ratio of fine root biomass to necromass (c), fine root production (d) and turnover rate (e) at different soil depths (0–30 cm) in the three forest types (MF = Picea asperata broadleaved mixed forest, NF = Natural secondary forest, PF = Picea asperata plantation forest). Data are means ± SE (n = 3). Mean values were calculated from three plots of each forest type using the average fine root biomass and necromass, and the ratio between the two from all sampling occasions from each plot. Different lower-case letters indicate significant differences between forest types at the same soil depth. 






Figure 3. Mean values of fine root biomass (a), necromass (b), the ratio of fine root biomass to necromass (c), fine root production (d) and turnover rate (e) at different soil depths (0–30 cm) in the three forest types (MF = Picea asperata broadleaved mixed forest, NF = Natural secondary forest, PF = Picea asperata plantation forest). Data are means ± SE (n = 3). Mean values were calculated from three plots of each forest type using the average fine root biomass and necromass, and the ratio between the two from all sampling occasions from each plot. Different lower-case letters indicate significant differences between forest types at the same soil depth.



[image: Forests 09 00517 g003]







[image: Forests 09 00517 g004 550] 





Figure 4. The changes in soil inorganic N from 0–10 cm soil depth during the growing season. The values represent the average value of three plots. Bars indicate the standard errors (n = 3). June, July, August, September, October, and November represent June, July, August, September, October and November, respectively. MF = Picea asperata broadleaved mixed forest, NF = Natural secondary forest, PF = Picea asperata plantation forest. 
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Figure 5. Relationships of fine root biomass (a), production (b), and turnover rate (c) with aboveground biomass. MF = Picea asperata broadleaved mixed forest, NF = Natural secondary forest, PF = Picea asperata plantation forest. The values calculated for the aboveground biomass for each forest type are the average values from six plots. Shapes indicate the soil layer: square = 0–10 cm, circle = 10–20 cm, triangle = 20–30 cm. Lines indicate significant relationships (p < 0.05): fine solid = 0–10 cm, thick solid = 10–20 cm, dot = 20–30 cm. 
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Figure 6. Fine root turnover rate in relation to the quantities of fine root biomass (a) and production (b) across forest types. Shapes indicate soil layer: square = 0–10 cm, circle = 10–20 cm, triangle = 20–30 cm. Lines indicate significant relationships (p < 0.05): fine solid = 0–10 cm, thick solid = 10–20 cm, dot = 20–30 cm. 
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Table 1. Stand characteristics and site factors of the three forest types: Picea asperata broadleaved mixed forest (MF), natural secondary forest (NF) and Picea asperata plantation forest (PF).
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	Parameters
	MF
	NF
	PF





	Origin
	Artificial + natural
	Natural
	Artificial



	Average age (year)
	~28
	~30
	~30



	Altitude (m)
	2983~3046
	2971~3029
	2913~2955



	Slope
	Southeast
	Southeast
	Southeast



	Stand height (m)
	6.07 ± 0.39 b
	10.19 ± 0.96 a
	8.28 ± 0.33 a



	Stand DBH (cm)
	9.02 ± 0.37 b
	9.50 ± 0.26 b
	11.40 ± 0.38 a



	Stand density (stem ha−1)
	2266.67 ± 134.11 a
	2083.33 ± 151.61 a
	1433.33 ± 88.19 b



	Stand basal area (m2 ha−1)
	14.41 ± 0.52 a
	14.67 ± 0.41 a
	14.65 ± 0.84 a



	Aboveground biomass (kg m−2)
	6.75 ± 0.12 a
	7.02 ± 0.13 a
	7.28 ± 0.18 a



	Dominant tree species 1
	Picea asperata Mast. (51.42)
	Abies faxoniana Rehd. et Wils (36.54)
	Picea asperata Mast. (100)



	
	Betula albo-sinensis Burk. (23.47)
	Betula albo-sinensis Burk. (28.09)
	



	
	Cerasus duclouxii (Koehne) Yu et Li (11.64)
	Sorbus koehneana Schneid. (10.50)
	



	
	Sorbus koehneana Schneid. (5.35)
	Cerasus duclouxii (Koehne) Yu et Li (8.53)
	



	
	Acer L. (5.02)
	Betula utilis D. Don (6.11)
	



	
	
	Acer L. (5.56)
	



	Tree species diversity
	0.75 ± 0.06 a
	0.91 ± 0.04 a
	0



	Soil C content (g kg−1)
	
	
	



	0–10 cm
	47.54 ± 6.89 a
	48.28 ± 7.84 a
	33.80 ± 7.59 a



	10–20 cm
	25.84 ± 3.56 a
	43.92 ± 5.07 a
	26.93 ± 5.70 a



	20–30 cm
	16.60 ± 2.67 a
	42.06 ± 8.74 a
	25.10 ± 5.29 a



	Soil N content (g kg−1)
	
	
	



	0–10 cm
	3.02 ± 0.53 a
	2.73 ± 0.25 a
	1.95 ± 0.66 a



	10–20 cm
	1.51 ± 0.30 a
	2.38 ± 0.18 a
	1.30 ± 0.45 a



	20–30 cm
	0.78 ± 0.16 a
	2.25 ± 0.36 a
	1.30 ± 0.53 a



	C:N ratio
	
	
	



	0–10 cm
	15.99 ± 0.66 a
	17.60 ± 1.80 a
	18.85 ± 2.34 a



	10–20 cm
	17.51 ± 1.00 a
	18.48 ± 1.72 a
	22.61 ± 2.86 a



	20–30 cm
	21.86 ± 1.22 a
	18.53 ± 1.71 a
	22.28 ± 3.75 a







Values were means ± SE. Stand density, stand basal area, aboveground biomass and tree species diversity were repeated six times, soil C and N contents were repeated three times. Different letters after the values indicate significant differences among forest types (p < 0.05). 1 Data in brackets are the proportion of its aboveground biomass to stand total aboveground biomass.













[image: Table] 





Table 2. Decision matrix for calculating fine root production [62].
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Trend

	
Live




	
Increase

	
Decrease

	






	
Dead

	

	
∆Blive < ∆Bdead

	
∆Blive > ∆Bdead




	
Increase

	
P = ∆Blive + ∆Bdead

	
P = ∆Blive + ∆Bdead

	
P = 0




	
Decrease

	
P = ∆Blive

	
P = 0

	








∆ = changes in fine root biomass or necromass between two sampling intervals; P = fine root production; B = fine root biomass; live = living fine roots; dead = dead fine roots.
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Table 3. Effects of forest type and soil depth on fine root biomass (FRB), necromass (FRN), the ratio of fine root biomass to necromass (FRB:FRN), fine root production (FRP), and fine root turnover rate (FRT), using a two-way ANOVA.
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	Source
	d.f.
	FRB
	FRN
	FRB:FRN
	FRP
	FRT





	Type
	2
	96.42 ***
	61.69 ***
	21.17 ***
	37.25 ***
	59.56 ***



	Depth
	2
	417.04 ***
	217.87 ***
	11.14 **
	699.38 ***
	68.43 ***



	Type × Depth
	4
	66.55 ***
	14.78 ***
	3.43 *
	54.20 ***
	1.15 NS







d.f. = degree of freedom; NS = no significant (p > 0.05); * = significant (p < 0.05); ** = significant (p < 0.01); *** = significant (p < 0.001).
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Table 4. Pearson correlation coefficients and significance (** p < 0.01) between fine root dynamics and soil N availability in soil depth of 0–10 cm across forest types (n = 9). Inorganic N was the sum of ammonium and nitrate. The soil N contents of different months were averaged within each plot for the analysis.






Table 4. Pearson correlation coefficients and significance (** p < 0.01) between fine root dynamics and soil N availability in soil depth of 0–10 cm across forest types (n = 9). Inorganic N was the sum of ammonium and nitrate. The soil N contents of different months were averaged within each plot for the analysis.





	Fine Root Dynamics
	Ammonium
	Nitrate
	Inorganic N





	Fine root biomass
	−0.96 **
	0.07
	−0.91 **



	Fine root production
	−0.88 **
	0.04
	−0.86 **



	Fine root turnover rate
	0.88 **
	−0.16
	0.80 **











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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