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Abstract

:

The shift from natural mixed broadleaved forests to pure coniferous plantations results in soil degradation and the unsustainable development of plantations due to the simple stand structure and low species diversity. Thinning can practically sustain the forest structure and promote the regeneration and growth of broadleaved trees in these pure coniferous plantations. The growth of regenerated broadleaved trees is closely related to leaf ecological stoichiometry, which is strongly restricted by environmental factors such as light, soil moisture, and nutrients after thinning. However, the temporal effects of thinning on leaf C:N:P stoichiometry are still not well understood, which constrains our understanding of implementing thinning in coniferous plantations to promote the regeneration and growth of broadleaved species, and further forming the mixed larch-broadleaf forests. Here, we compared canopy openness (i.e., light availability) and the soil and leaf stoichiometry for regenerated broadleaved trees in larch (Larix keampferi) plantations in short-term (1–3 years), medium-term (4–9 years), and long-term (≥10 years) periods after thinning, taking natural mixed broadleaved forests as a control in Northeast China. The results showed that the temporal effects of thinning were not significant with respect to soil C concentrations, but significant with respect to soil C:P and N:P ratios. The regenerated broadleaved trees adjusted their leaf N concentrations and C:N ratios in response to the changed environmental conditions after thinning over time. The responses of soil and leaf stoichiometry to thinning and their significant correlation indicated a strong interaction between the soil and understory regeneration following thinning. Thus, thinning affects the soil and leaf stoichiometry of regenerated trees over time. These findings provide new insights into the conversion of pure coniferous plantations into mixed larch-broadleaf forests by controlling thinning intervals.
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1. Introduction


With the increasing demand for timber production, many plantation forests have been established in northern temperate zones, and the majority of these plantations are monocultures of pure conifers [1,2]. However, compared with mixed conifer-broadleaved forests, coniferous plantations are facing serious ecological problems, e.g., soil acidification and soil fertility declines [3,4], biodiversity losses [5], and forest pest damages [6], which have negative impacts on the sustainability of plantation forests [7,8,9]. A feasible solution to resolve these problems is the conversion of pure coniferous plantations into mixed forests with a more complex stand structure through natural regeneration of broadleaved tree species [3,10]. The complex stand structure and species composition could contribute to higher biodiversity, multiple canopy layers, and various litter compositions, which are favorable for the enhancement of ecosystem services and the maintenance of the sustainable development of plantations.



The establishment and growth of broadleaved tree species is a crucial step in the natural regeneration processes [11], and it is strongly restricted by environmental factors, e.g., the light environment and soil nutrients [12,13]. Plants can change leaf physiological traits following the growing conditions, and this rapid adjustment may depend on the nutrient status, especially the C:N:P stoichiometry [14,15]. For example, at lower light conditions, there are higher N and P concentrations in the leaves of plants [16,17], while at lower soil N and P conditions, plants tend to have lower leaf C:N and C:P ratios to enhance nutrient utilization efficiency [18,19]. There is a close relationship between soil and plant stoichiometry because of the interaction of plants with soil nutrients and changing environmental conditions [20,21,22]. Thus, understanding the alterations of nutrient stoichiometry to varying environmental factors might help predict the development of regenerated broadleaved trees in coniferous plantations.



As a widely applied silviculture practice in plantations, thinning could modify the availability of light and soil nutrients by changing the stand structure, and as a result, thinning could promote the natural regeneration of plant species in plantations [23,24,25]. The effects of thinning on light and nutrient availability are highly dependent on the thinning intensity and the time after thinning. Much more attention has been paid to the effects of thinning intensity in previous studies [22,26,27]. However, the light availability (canopy openness) may obviously decrease over time after thinning due to the rapid growth of residual and regenerated trees or shrubs [28,29,30]. Most studies have reported the changes of light availability in the short term (1–3 years) after thinning [31], but the variations in the medium- and long-term after thinning remain unknown [32,33]. On the other hand, a few studies have investigated the response of soil C and N to the length of time after thinning, but there are contradictory results [34,35,36,37]. For example, Hwang and Son reported that soil C and N concentrations in a pitch pine plantation and the available P concentration in a Japanese larch (Larix keampferi) plantation significantly increased over 1 year after thinning [38], but Bai et al. found that thinning had no effects on soil total C and N concentrations for both Corymbia variegata and C. citriodora plantations in 5 and 7 years post-thinning [22]. Therefore, further studies are urgently needed to reveal the temporal impacts of thinning on soil nutrients [36]. With changes in light and soil nutrient availability, the stoichiometry of regenerated broadleaved trees may be influenced by thinning over time in plantations [39,40]. Furthermore, the capacity for physiological acclimation to thinning also depends on the shade tolerance of tree species [41,42]. For example, Yan et al. [43] found that, compared with an intermediate shade tolerant group, seedlings of broadleaved tree species with shade intolerance had higher C:P and N:P ratios after a one-year thinning to acclimate to environmental conditions in larch plantations. Knowledge of acclimation to variation of light availability and soil nutrients in different years after thinning is required to increase the success of regeneration in coniferous plantations, but it still remains unclear.



In Northeast China, to meet the high demand for timber production, secondary forests (i.e., natural mixed broadleaved forests) have gradually been replaced by larch plantations (LPs) (Larix spp.: L. olgensis Henry, L. gmelinii Rupr., and L. keampferi (Lamb.) Carr.) since the 1950s, and the area of LPs has extended to more than 2 million hectares [7]. It has been proven that the conversion from pure LPs to mixed larch-broadleaf forests can resolve the problems in LPs (e.g., reduced biodiversity and soil fertility compared with the adjacent patches of secondary forests) [8], and the natural regeneration of broadleaved tree species in LPs can be promoted after thinning [10]. However, more attention has been paid to the effects of thinning intensity on early natural regeneration processes (i.e., seed rain, seed dispersal, seed germination, and seedling emergence and survival). It is little known if regenerated seedlings can be grown into saplings with the development of LPs after thinning. Therefore, it is essential to confirm the temporal effects of thinning to enhance nutrient cycles by promoting the growth of regenerated broadleaved trees in LPs.



Here, we investigated soil nutrients and the leaf stoichiometry of three regenerated broadleaved trees with different shade tolerances in Japanese larch plantations of three terms after thinning (i.e., short-term (1–3 years), medium-term (4–9 years) and long-term (≥10 years)) and in adjacent secondary forests (SFs: as control) in Northeast China. The specific questions we would like to address are as follows: (1) what is the temporal response of canopy openness (i.e., light availability) and soil stoichiometry to thinning? and (2) how do regenerated broadleaved trees adjust their leaf nutrient status to respond to the soil nutrients and light conditions of larch plantations over different terms after thinning? Furthermore, we developed two hypotheses for the study: (1) canopy openness will decrease, and soil C, N, and P concentrations will increase, but C:N:P ratios will decrease with time after thinning; and (2) based on the first hypothesis, leaf C, N, and P concentrations will increase with the changing environments along the thinning term. From the perspective of plant and soil stoichiometry, the above results would provide some new insights into increasing soil fertility via the conversion pure coniferous plantations into mixed conifer-broadleaf forests by thinning.




2. Materials and Methods


2.1. Site Description


This study was conducted in Qingyuan Manchu Autonomous County (41°47′52″–42°28′25″ N, 124°20′06″–125°28′58″ E), located in a mountainous area of Liaoning Province, Northeast China. The climate is continental monsoon with a humid, rainy summer and a cold, dry winter. Annual air temperature ranges between 5 and 8 °C. Annual precipitation ranges from 700 to 1200 mm, of which 80% falls in July–September [44]. The study area has a mosaic plantation/secondary forest landscape due to the conversion of broadleaved secondary forests into coniferous plantation forests since the 1950s to meet the high demand of timber production [10,43]. Plantations and natural secondary forests account for 43.04 and 49.86% of the total local forest area, respectively [44]. The plantations are mainly composed of coniferous trees (e.g., L. olgensis, L. keampferi, and Pinus koraiensis Sieb. et Zucc.). The secondary forests are mainly composed of broadleaved tree species, including Quercus mongolica Fisch. ex Ledeb, Acer mono Maxim., Betula costata Trautv., Fraxinus rhynchophylla Hance, Juglans mandshurica Maxim., Tilia mandshurica Rmpr. et Maxim., and Ulmus macrocarpa Hance.



According to the Regulation of Forest Tending of Liaoning Province, 15-year-old LPs start to be thinned when the canopy becomes closed. After that, all plantations are thinned again at a certain interval. Finally, all trees in LPs are harvested when they are nearly 40 years old [45].




2.2. Survey Methods


In this study, nine stands of pure LPs (L. keampferi), each with an area of ~1 ha, were selected in 2017 (Figure 1). The selected LPs were young (15–20 years) when the thinning was applied. All the nine LP stands were classified into three groups according to the term after thinning: short-term (1–3 years), medium-term (4–9 years), and long-term (≥10 years), with three replicated stands for each group. All the selected stands had not been thinned since the last thinning in 2017. The thinning intensity in the selected stands was approximately 15% of the stock volume. Stands with a similar topography (sunny slope and gradient of 15–25°) were all converted from the adjacent broadleaved SFs (Table 1). We used the nine stands of adjacent SFs as a control because (1) SFs are regarded as the ultimate goal of plantation transformation due to a higher biodiversity and sufficient soil nutrients, and (2) the age (approximately 60 years) and canopy openness (approximately 18%) of all the SF stands were similar to each other. The soil stoichiometry in all stands is shown in Table S1.



Three 20 × 30 m plots were randomly set up in each stand of LPs and adjacent SFs. There were 54 plots in total. Each plot was divided into six 10 × 10 m subplots. The investigation and sampling were conducted in August 2017. The basal diameter (D), total tree height (H), age (Yr), and composition of all the understory woody plants (including trees and shrubs) were surveyed in three subplots that were selected by a ‘Λ’ pattern (black square in Figure 2). The basal diameter was measured by an electronic digital indicator at a height of 2 cm, and the total tree height was measured by the meter rule. For the broadleaved trees with D > 2 cm, the age was determined by counting the tree rings after the trees were cut down, and we also counted the whorled branches of some saplings to supplement the age. For broadleaved woody plants with D ≤ 2 cm, the age was defined by counting the whorled branches or the branch (leaves) scars of each seedling.



The understory light availability was represented by the canopy openness (%) of the stands. Digital hemispherical photographs were taken at the central point of each subplot at a height of 1.3 m with a skyward facing fish eye lens (FC-E8, f = 8–24 mm, 183 field of view, Nikon, Japan) fixed on a digital camera (Coolpix 995, f = 7–32 mm, Nikon, Japan). The photographs were taken on cloudy days with a fully open aperture and automatic exposure at a resolution of 2048 × 1536 pixels [43]. All photographs were analyzed with Gap Light Analyzer software [46] to extract the canopy openness (%).




2.3. Sampling and Chemical Analysis


Three dominant and native broadleaved tree species in the thinning plots were selected, including a shade intolerant species Q. mongolica (QM), an intermediate shade tolerant species A. mono (AM), and a shade tolerant species T. mandshurica (TM) [45] (Table S2). In September 2017, we randomly chose 1–3 individual tree for each species in each plot, and the age of the selected trees was 1–3 years in the short-term stands, 4–9 years in the medium-term stands, and ≥10 years in the long-term stands after thinning (i.e., the selected trees that regenerated at the beginning of thinning).



The D and H of the sampled trees were recorded, and at least five fresh leaves from the trees were collected and bulked by species for analysis. The leaf samples were dried at 65 °C for 48 h, and the dried leaf samples were ground with a 0.149 mm (100 meshes) sieve to determine their total C, N, and P concentrations.



Topsoil samples (0–10 cm) collected in the center of six subplots using a volumetric core sampler were mixed into one sample per plot. All soil samples were air-dried and ground with a 0.149 mm (100 meshes) sieve for chemical analyses (total C, N, and P concentrations). The C and N concentrations of the leaf and soil samples were determined by an elemental analyzer (Vario MICRO cube, Elementary Analysensysteme GmbH, Langenselbold, Germany). The P concentrations in the leaves and soils were determined by following the ammonium molybdate method after digestion in sulfuric acid-hydrogen peroxide and sulfuric acid-perchloric acid, respectively [47,48].




2.4. Data Analysis


Relative values (RVs) were used in the following data analysis to indicate the temporal effects of thinning on light, soil, and leaf stoichiometry, which were calculated as follows [36]:


  RV =  (  L  P i  − S  F i   )  / S  F i   



(1)




where LPi is the value of a given variable in the LP stands, and SFi is the value of the corresponding variable in the SF stands.



Before analysis, the normality of the data was checked by Kolmogorov–Smirnov’s test, and the homogeneity of variances was examined by Levene’s test. A linear mixed model (LMM) was used to analyze the canopy openness (i.e., light availability) and soil stoichiometry, taking the thinning term as a fixed factor and the site as a random factor. The leaf stoichiometry of regenerated plants were analyzed using LMM, in which the thinning term and species were included as fixed factors and the site was taken as the random factor. The statistical significance of fixed factors was tested using an analysis of variance (ANOVA) and least significant difference (LSD) tests were applied post hoc to distinguish the temporal effects of thinning on the canopy openness, soil stoichiometry, and leaf stoichiometry of regenerated plants. The relationships of plant stoichiometry with canopy openness and soil stoichiometry were tested via Pearson correlation analysis. The statistical analyses were performed with IBM SPSS 22.0 (IBM Corp., Armonk, NY, USA), and significance was determined at the 0.05 level.





3. Results


3.1. Canopy Openness


The relative canopy openness in the short term after thinning was approximately two times higher than that in the medium and long terms after thinning (p < 0.05), but there was no significant variation in canopy openness between the medium and long terms after thinning (p > 0.05) (Figure 3).




3.2. Soil C:N:P Stoichiometry


The relative soil C, N, and P concentrations and soil C:N ratios had no significant variation among the three terms after thinning (Figure 4). However, post hoc analysis showed that the relative soil N concentrations in the medium term after thinning were remarkably higher than those in the long term after thinning (Figure 4B), the relative soil P concentration in the medium term after thinning was remarkably lower than that in the short term (Figure 4C), and the relative soil C:N ratio in the long term after thinning was significantly larger than that in the medium term (Figure 4D). There were significant change for soil C:P and N:P ratios at different thinning terms. The relative soil C:P ratio in the medium term was significantly higher than that in the short term after thinning (p < 0.05) (Figure 4E). The relative soil N:P ratio in the medium term was significantly higher than that in both the short and long terms after thinning (p < 0.05) (Figure 4F).




3.3. Leaf C:N:P Stoichiometry


The relative leaf stoichiometry did not differ among species, but the relative leaf N concentrations, C:N ratios, and N:P ratios varied over time after thinning (Figure 5). Specifically, the relative leaf C concentration of AM showed a clear increase after thinning (Figure 5A), and the maximum relative N concentration and minimum relative leaf C:N ratios of three species occurred in the medium term after thinning (Figure 5B,D). The largest relative N:P ratios for AM and TM were in the medium and short terms after thinning, respectively (Figure 5F). In addition, the interaction between the thinning term and species had a significant influence on relative P and C:N:P ratios. The relative P concentration of AM in the medium and long terms after thinning decreased by approximately 60% compared with the short term after thinning (Figure 5C), but the relative C:P ratios of AM increased after thinning (Figure 5E).




3.4. Relationship between Plant Stoichiometry and Light Availability and Soil Stoichiometry


In the LP stands, the relative leaf N concentration was positively related to the soil N:P ratio, and negatively related to the relative soil C:N (Table 2). The relative leaf C:N ratio had a significantly positive correlation with the relative soil C:N ratio and a negative correlation with the relative soil N concentration and N:P ratio. The relative leaf N:P ratio was positively related with the relative soil N:P ratio. The relative leaf C concentration was significantly negative correlated with canopy openness.





4. Discussion


4.1. Temporal Effects of Thinning on Light Availability and Soil C:N:P Characteristics


The light availability could decrease rapidly form short term to long term after thinning and return to the initial levels before thinning quickly [30,31]. In our study, the low thinning intensity (15% of the stock volume) led to a quick reclosure of the canopy three years after thinning. This indicated that thinning could immediately promote the lateral growth of residual larch and the regeneration and growth of broadleaved tree species in the stands [49].



There are inconsistent results of the temporal effects of thinning on soil stoichiometry. In the larch plantations of this study, the temporal effects of thinning on the soil C concentrations were not significant (Figure 4), which was inconsistent with the first hypothesis and previous studies. Several studies have found that the short-term (1–3 years after thinning) effect increased the total mineral soil C concentrations [50], but the medium-term (5 and 7 years) or long-term (11 years) effects had no significant influence on soil C [22,37]. These results in part suggest that the thinning effects may persist only for a short term. The thinned organic materials and understory regeneration played important roles in the response of the soil nutrients to thinning [51,52]. In our study, the absence of temporal effects of thinning on soil C concentrations may be because thinned residues were left in the plantation and led to a change of soil C in the short term after thinning, while in the medium and long terms, the understory regeneration compensated for part of the decreased organic matter inputs after thinning [22].



Thinning influenced the soil N concentrations and C:N ratios over time but nonlinearly. The highest N concentration in the medium term after thinning may be caused by the regeneration of N-fixing plants (e.g., Lespedeza bicolor Turcz.) in medium-term stands, which could improve the increase of N concentrations (Figure 4). Further, the results indicated that, to some extent, soil nutrients could be influenced by thinning through the promotion of the growth of regenerated broadleaved trees. For the soil C:N ratio, some studies have reported that the soil C:N ratio was higher in the first 4 years after thinning because of the incorporation of high-C:N ratio woody residues, and later decreased due to the lower soil C content [22,53]. In our study, however, the soil C:N ratios deceased first and then increased with the extension of time after thinning (Figure 4). The lower soil C:N ratios in the medium term after thinning in our study may result from a higher N content.



Thinning had limited temporal effects on the soil P concentration and significant effects on soil C:P and N:P ratios (Figure 4). Because of the decrease of soil P concentration 4–9 years after thinning, the soil C:P and N:P ratios were significantly higher over this kind of period. This is different from the findings of Hu et al. [54], who reported that soil P in reforested spruce forests was not affected by thinning in the first four years, but this is consistent with previous studies that found that the time period since the application of thinning seemed to significantly affect soil P [55] and that the extractable P content declined over 30 years post-thinning [52]. The possible reason for such a difference is that soil nutrients are related to the composition and growth of aboveground species [22,37], and thinning could increase the uptake of P by plants [52,56,57]. Larch is a fast-growing tree species, especially during the middle-age period (21–30 years). Thus, in the medium term after thinning, the uptake of P by rapidly growing larch trees leads to a decrease in soil P [58].




4.2. Temporal Effects of Thinning on Leaf C:N:P Characteristics of Different Species


In our study, no significant differences were found among the three terms for leaf C and P concentrations after thinning, although there were some differences for AM, and the changes of C and P contributed to temporal differences in the leaf C:P ratios after thinning (Figure 5). The relative stability of the C concentration was consistent with previous studies, which reported that C mainly acted as a relatively stable structural material of plants [59]. Negative responses and an absence of responses of leaf P concentrations to thinning over different terms have been observed [22,56,60]. In our study, leaf P concentrations were not influenced by thinning over time (Figure 5).



Thinning had positive effects on leaf N concentrations over time. The leaf N concentrations first increased and then decreased over time post-thinning (Figure 5B). This result is quite different from those of previous studies, which observed a significant decrease in N from 1 to 4 years post-thinning [60] and found that leaf N concentrations showed few significant differences in the medium and long terms after thinning. Bai et al. reported that thinning did not affect the leaf N concentrations of Corymbia spp. over 5 and 7 years post-thinning [22]. Kranabetter and Coates also concluded that thinning had little effect on the foliar N concentrations of conifer saplings over 10 years after thinning [61]. These inconsistencies may be due to differences in tree species (e.g., growth rate) and variations in environment factors (e.g., light availability and soil N) [53,62]. Compared with short-term thinning, the light received by the regenerated plants growing in the understory of plantations after medium- and long-term thinning sharply decreased (Figure 3). The leaf N concentrations increased under lower light conditions [63,64], so the leaf N concentrations increased from a short term to a medium term after thinning. In addition, the leaf N concentration was positively related with the soil N and N:P ratios (Table 2), which inferred a strong interaction between soil and understory regeneration [14,65]. The highest soil N concentrations in the medium-term stands may have also contributed to the highest leaf N concentration, while in the long term after thinning, the lower leaf N may be caused by the increases in crown biomass [66]. Thus, the variation in leaf N concentration caused a temporal change in leaf C:N ratios after thinning.



Leaf N:P ratios are used to indicate N-limitations or P-limitations in ecosystems, i.e., N:P ratios <14 indicate N limitation, and N:P ratios >16 indicate P limitation [67,68]. In this study, the N:P ratios were greater than 16, suggesting a P limitation in this area (Figure S1).



The variations of leaf ecological stoichiometry among species were not significant in the medium term after thinning. Previous studies have reported that soil nutrient availability can seriously alter the responsiveness of a species to light [69,70]. In our study, the absence of a difference in the leaf stoichiometry between species may be due to the interacting effects of light and soil nutrients on leaf traits [71].




4.3. Implication for Determining the Thinning Interval


The increase of light after thinning promoted the regeneration of broadleaved trees, especially the regeneration of N-fixing plants in the middle term after thinning, which played important roles in improving soil N content. At the same time, higher soil nutrients in turn mostly promoted the plant growth. Thus, we recommend that the thinning interval of larch plantations be 4–9 years to enhance the growth of regenerated broadleaved trees and the soil nutrient status. In addition, in the process of promoting the regeneration of broadleaved trees, N-fixing plants should be given priority to ensure regeneration and growth.



However, this recommendation has two inadequacies. Firstly, the recommendation is only based on the results of one instance of thinning. Thinning effects are likely to be transient, which might influence our recommendation. Consequently, to propose a more reliable thinning interval, thinning should be applied regularly at short-term, medium-term, and long-term intervals, and measurements and investigations should be taken at relatively the same time in the future. Furthermore, forest management decisions are driven by economic factors. However, this study mainly focused on the ecological stoichiometry of regenerated broadleaved trees and soil after thinning, which reflected the ecological function and did not discuss the change of larch timber production in different thinning intervals. Aiming to develop a more comprehensive forest management strategy, the economic factors (i.e., larch timber production) should be taken into account in further studies.



Despite these limitations, our findings demonstrate the importance of the thinning interval with respect to the conversion of pure coniferous plantations into mixed conifer-broadleaved forests and provide new insights into such conversion with controlled thinning intervals.





5. Conclusions


Thinning had no significant temporal effects on soil C concentrations, but affected soil C:P and N:P ratios significantly because of the impacts of unremoved thinned materials and the growth of understory vegetation. The regenerated broadleaved trees adjusted the leaf N concentration and C:N ratios to respond to thinning over time. The responses of soil and leaf stoichiometry to thinning indicated a strong interaction between the soil and understory regeneration following thinning. Overall, our findings demonstrated the importance of the thinning interval with respect to the conversion of pure coniferous plantations into mixed conifer-broadleaved forests, and we would regularly conduct measurements at approximately the same time in thinned larch plantations.
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Figure 1. An overlay of nine selected stands of larch plantations (marked by red dots) in Qingyuan Manchu Autonomous County (Qingyuan County), Liaoning Province, Northeast China. 






Figure 1. An overlay of nine selected stands of larch plantations (marked by red dots) in Qingyuan Manchu Autonomous County (Qingyuan County), Liaoning Province, Northeast China.



[image: Forests 11 00054 g001]







[image: Forests 11 00054 g002 550] 





Figure 2. The sketch map of the sampling design in larch plantations (LPs) and adjacent secondary forest (SFs). 
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Figure 3. Relative values of canopy openness in larch plantations (LPs) of different terms after thinning. Values were shown as the means ± S.E. (n = 3). Short term: 1–3 years after thinning; medium term: 4–9 years after thinning; long term: ≥10 years after thinning. Different letters represent significant differences for canopy openness among the three terms after thinning in LPs. 
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Figure 4. Relative values of soil stoichiometric characteristics (A–F) in larch plantations (LPs) in different terms after thinning. Values were shown as the means ± S.E. (n = 3). Short term: 1–3 years after thinning; medium term: 4–9 years after thinning; long term: ≥10 years after thinning. Different letters represent significant differences among three terms after thinning in LPs. 
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Figure 5. Relative values of leaf stoichiometric characteristics (A–F) in different regenerated broadleaved trees (QM, AM, and TM) with three terms after thinning in larch plantations (LPs). Values were shown as means ± S.E. (n = 3). QM = Quercus mongolica; TM = Tilia mandshurica; AM = Acer mono. Short term: 1–3 years after thinning; medium term: 4–9 years after thinning; long term: ≥10 years after thinning. S: Species; T: term after thinning. NS: not significant; *: p < 0.05. Different lowercase letters represent significant differences among three terms after thinning for the same species. 
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Table 1. Basic information of nine selected stands of larch plantations (LPs) and adjacent secondary forests (SFs).
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Term after Thinning

	
Geographic Information

	
Slope (°)

	
LPs

	
SFs




	
Age 1 (yr)

	
DBH (cm)

	
Height (m)

	
YT (yr)

	
TI (%)

	
Age (yr)

	
DBH (cm)

	
Height (m)

	
Vegetation Composition of Overstory Trees (%)






	
Short

	
125°0′23″ E, 42°3′15″ N

	
20

	
18

	
16.3

	
18.7

	
1

	
13.0

	
~60

	
12.5

	
11.1

	
Juglans mandshurica (27.8), Quercus mongolica (21.1), Ulmus pumila (15.6), Acer mono (9.4), Tilia tuan (7.2)




	
125°19′18″ E, 41°59′40″ N

	
17

	
17

	
15.1

	
13.6

	
2

	
13.5

	
~60

	
18.0

	
13.6

	
Quercus mongolica (35.5), Ulmus pumila (20.8), Fraxinus rhynchophylla (15.8), Acer mono (7.7), Fraxinus mandshurica (4.4)




	
125°19′9″ E, 41°59′29″ N

	
15

	
17

	
17.6

	
15.8

	
3

	
18.6

	
~60

	
13.7

	
10.9

	
Fraxinus rhynchophylla (33.9), Juglans mandshurica (28.1), Ulmus pumila (11.3), Quercus mongolica (6.8), Fraxinus mandshurica (6.3)




	
Medium

	
125°7′57″ E, 42°41′31″ N

	
18

	
17

	
15.0

	
15.6

	
5

	
14.3

	
~60

	
14.9

	
11.9

	
Quercus mongolica (76.3), Acer mono (7.0), Acer pesudo-sieboldianum (6.5), Tilia tuan (5.7)




	
124°52′26″ E, 42°17′45″ N

	
25

	
18

	
18.7

	
19.1

	
5

	
16.5

	
~60

	
14.3

	
10.6

	
Quercus mongolica (15.4), Sorbus alnifolia (12.4), Betula costata (11.8), Ulmus pumila (8.9), Fraxinus rhynchophylla (8.3)




	
125°0′13″ E, 41°51′36″ N

	
25

	
16

	
18.9

	
18.4

	
9

	
16.3

	
~60

	
14.1

	
11.2

	
Quercus mongolica (33.3), Acer pesudo-sieboldianum (24.8), Acer mono (7.9), Tilia tuan (6.1) Phellodendron amurense (5.5)




	
Long

	
124°53′32″ E, 41°55′38″ N

	
16

	
16

	
18.3

	
17.6

	
11

	
10.1

	
~60

	
12.0

	
9.6

	
Tilia tuan (23.3), Acer mono (21.6), Quercus mongolica (17.7), Fraxinus rhynchophylla (17.7), Ulmus pumila (3.9)




	
124°53′43″ E, 41°55′26″ N

	
15

	
15

	
17.8

	
16.7

	
11

	
13.7

	
~60

	
12.0

	
10.1

	
Quercus mongolica (22.4), Tilia tuan (18.4), Acer mono (12.4), Ulmus pumila (12.8), Phellodendron amurense (8.4)




	
124°53′58″ E, 41°55′30″ N

	
16

	
15

	
20.1

	
16.4

	
11

	
14.9

	
~60

	
12.2

	
9.8

	
Quercus mongolica (24.3), Acer mono (15.7), Fraxinus rhynchophylla (14.9), Tilia tuan (11.0), Ulmus pumila (7.1)








Age 1: the age of larch plantation when it was thinned; DBH: diameter at breast height in 2017; height: mean tree height in 2017; YT: years after thinning; TI: thinning intensity.













[image: Table] 





Table 2. Relationships between relative values of plant stoichiometry and environmental factors in larch plantations.
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Plant

	
C

	
N

	
P

	
C:N

	
C:P

	
N:P




	
Environment

	






	
Soil

	
C

	
−0.190

	
0.194

	
0.104

	
−0.256

	
−0.236

	
0.059




	
N

	
−0.292

	
0.477

	
0.188

	
−0.534

	
−0.315

	
0.273




	
P

	
−0.180

	
−0.260

	
0.131

	
0.168

	
−0.195

	
−0.378




	
C:N

	
0.172

	
−0.398

	
−0.139

	
0.407

	
0.151

	
−0.279




	
C:P

	
−0.014

	
0.319

	
−0.035

	
−0.300

	
−0.008

	
0.328




	
N:P

	
−0.082

	
0.483

	
0.028

	
−0.466

	
−0.076

	
0.436




	
Light

	
CO

	
−0.399

	
−0.083

	
0.066

	
−0.024

	
−0.141

	
−0.115








Bold data indicated significant correlation of plant stoichiometry with soil stoichiometry and light availability (canopy openness) at p < 0.05. n = 27.














© 2020 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/).






media/file4.png
Plot (30 X20m)

Subplot
(10X 10m)

"






nav.xhtml


  forests-11-00054


  
    		
      forests-11-00054
    


  




  





media/file2.png
2)

0 275 550

1,100 Km

Qingyuan County

- larch plantation

- Broadleaved forest

- Evergreen coniferous forest
- Broadleaved-conifer forest
- llvdrographic net

E Other land






media/file5.jpg
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

Relative canopy openness

Short Medium Long

Terms after thinning





media/file3.jpg
LPs H SFs

Plot (30X 20m)

Subplot
(10X 10m)

" "






media/file1.jpg
China






media/file7.jpg
.00 0.20
-0.05] 0.15| 2

]

£ om0 010

E sl o.0s]

g 02l 000

2 030l a “0:10] ab

5 ol a 05|

€ a * b (©)
0.0l 0.2
000 0.0

§ 008 0.30] b

£ oo o

E oons |

2 oz L

3 -oazs 050)

£ o3 w0l "

2 oo b . -0.20] Ll
-0.40] Lt -0.30] b <€)
0.0, 0.0

a

s oo 030

£ ol . o

§ o R

5 o0l a 3

3 o ab oo

£ ox &

5 oasf -0:20) T

2 = b © =l b b o)

Short Medium Long e Short MediumLong

Term after thinning





media/file10.png
Relative leaf N Relative leaf C

Relative leaf P

[ Short [ Medium [l Long

0.06
S: NS L_I
T €
0.04; SxT: NS b l- u., L_l b |
0.02} = P T 1 l
- I—l_l S: NS
T: =
-0.02} 5 . 5 T
S: NS
L
SxT: NS - )
a
a a a
S: NS
T: NS
= SxT: *
: e |
;xis* a ab d
04} . I_LI
a _I;Ii? - ﬁ
' o a b b
- : . S: NS -
T: *
0.0 " SxT: *
- ™ QM AM T™

Species

0.0

-0.6

1-0.1
1-0.2
1-0.3
1-0.4

-0.5

0.2

0.0

Relative leaf C:P Relative leaf C:N

Relative leaf N:P





media/file9.jpg
Relatve eaf N Relativ leaf C

Relative eafP

) short et B Lovn.

G LU G e

Relatve lesf G

Relatve loaf P

Relstive e P






media/file0.png





media/file8.png
Relative soil C concentration

Relative soil N concentration

Relative soil P concentration

0.00
-0.05
-0.10
-0.15
-0.20
-0.25
-0.30
-0.35
-0.40

0.00
-0.05
-0.10
-0.15
-0.20
-0.25
-0.30
-0.35
-0.40

0.00
-0.05
-0.10
-0.15
-0.20
-0.25
-0.30
-0.35
-0.40

0.20

0.15}
0.10}
0.05}F
0.00

-0.05¢F

Relative soil C:N

-0.10|

-0.15

A
a s -0.20

ab

0.40

0.30F

0.20

0.10|

0.00

-0.10

Relative soil C:P

-0.20}F
ab a (B)
-0.30

ot

(E)

0.40

0.30F

0.20F

0.10F

0.00

-0.10}

Relative soil N:P

-0.20}
b (C)

-0.30

1
b b

Short Medium Long
Term after thinning

Short Medium Long





media/file6.png
Relative canopy openness

0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

Short Medium Long

Terms after thinning





