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Tree–litter–soil system C:N:P stoichiometry and tree organ homeostasis in mixed and pure Chinese fir stands in south subtropical China
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Introduction: Cultivation of Chinese fir (Cunninghamia lanceolata) have alleviated timber shortages and mixed stands with Chinese fir and indigenous species represent a sustainable forestry model. Studying system nutrient balance and tree nutrient homeostasis can provide insights into the ecological advantages of Chinese fir mixed stands and guide the management of plantations.

Methods: Mixed Chinese fir plantations with two native broadleaf species (Michelia macclurei and Mytilaria laosensis) and pure Chinese fir stands were examined for our study. The responses in carbon (C), nitrogen (N), and phosphorus (P) distribution and their stoichiometric characterization in the tree–litter–soil system to stand changes were evaluated. In addition, the ecological stoichiometric homeostasis of leaves, branches, trunks, bark and roots was used to measure the trees’ adaptive capacity to stand changes.

Results: The results showed that the mixed stands of Michelia macclurei and Chinese fir significantly increased soil OC, TN, and TP, and improved the carbon sequestration and nutrient storage functions of the plantations. The mixed stands improved the litter mass and C:N and C:P to different degrees. The soil N and P imbalance reduced the leaf N:P, resulting in N limitation of different trees, while the principal component analysis showed that the improvement of soil TN in the mixed plantation alleviated the N limitation. In addition, mixed stands reduced N, P, and N:P homeostasis in branch, trunk, and bark of some Chinese fir trees, whereas mixed species showed flexibility in leaf N:P homeostasis.

Discussion: Therefore, the selection of mixed species for mixed forests is a critical factor to consider when creating mixed plantations. These results contribute to our understanding of the ecological stoichiometry of fir plantations and are of considerable importance for the sustainable development of plantations as well as for the response to global climate change.
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1 Introduction

Chinese fir [Cunninghamia lanceolata (Lamb.) Hook] is a common species for afforestation in China (Zhou B. et al., 2020), and it greatly relieves the industrial demand for timber. Simultaneously, in accordance with the United Nations Sustainable Development Goals for 2023, the extensive establishment of plantation forests increases carbon storage in soils and biomass, thereby inhibiting global warming (Laganière et al., 2010; He et al., 2013); plantation forests also regulate local microclimates, mitigate land desertification, and inhibit the loss of biodiversity (Robin, 2008; Peng et al., 2014; Miao et al., 2015). Therefore, the sustainable development of planted forests is closely linked to the sustainable development of the Earth. However, the current widely practiced pure-stand model of Chinese fir cultivation has many ecological disadvantages, including reduced yield (Farooq et al., 2019), land degradation (Guan et al., 2015; Selvaraj et al., 2017), and reduced diversity of understory (Hou et al., 2021) caused by monoculture and short rotation periods. These issues significantly impact the sustainable development of Chinese fir plantations and hinder the alleviation of the triple planetary crisis of climate change, pollution and biodiversity loss. Recently, mixed Chinese fir plantations have been demonstrated to contribute understory vegetation and soil ecology and increase plantation productivity (Wang et al., 2010; Wang S.Q. et al., 2021; Feng et al., 2022) and are effective ways to achieve sustainable plantation development. Research on planted mixed plantations will not only help alleviate the energy crisis, but also make us more optimistic in dealing with global climate change.

Carbon (C), nitrogen (N), and phosphorus (P) are key factors in maintaining the stability and sustainability of forest ecosystems as they are energy sources and essential nutrients for plants and microorganisms (Fan et al., 2015). Soil and tree C serve as the main carbon sinks on land (Pugh et al., 2019), and soil N and P support plant growth (Wieder et al., 2015). The basal cycle of carbon and nutrients between plant and soil is achieved through litter return and root uptake (Bardgett et al., 2014; Handa et al., 2014). In this process, stoichiometric ratios regulate the distribution and balance of carbon and different nutrients among ecosystem components, profoundly affecting the ecosystem stability and development of plantations (Wang Z.C. et al., 2021). For example, P deficiency in trees leads to increased C:P and N:P, limiting tree growth (Zhang H. et al., 2018). Second, leaf N:P reflects the nutrient limitation of the plant communities: leaf N:P less than 14 indicates that the plant community is N-limited, N:P greater than 16 reflects P limitation, and a combination of N and P limitation is likely to be present when the N:P ratio is 14–16 (Koerselman and Meuleman, 1996). And changes in soil fertility and nutrient mineralization affect soil C:N and C:P (Gan et al., 2020; Luo et al., 2020). Meanwhile, some studies found high C:N and C:P inhibited litter decomposition (Mooshammer et al., 2012). Ecological stoichiometry also reflects the energy and nutrient linkages between ecosystem components (Zechmeister-Boltenstern et al., 2015; Wang and Zheng, 2020). It has been suggested that strong correlations between plant, litter and soil C:N:P stoichiometry explain how nutrient changes in ecological components are influenced by other components (Yang et al., 2018; Chen et al., 2022). However, the ecological advantages of mixed plantations based on tree–litter–soil system stoichiometry have not been clearly elucidated, including changes in C, N, and P distribution and balance as well as tree nutrient limitation by mixed stands.

Homeostasis is essential to the ecological stoichiometry concept, and in a tree–litter–soil system, stoichiometric homeostasis displays the potential of trees to keep the relative elemental stability in their bodies independent of soil nutrient alters (Sterner and Elser, 2002; Wang K. et al., 2021). Specifically, plants that do not vary with soil nutrients are considered to be strictly homeostatic plants, while plants that show changes in element with variations in soil elemental contents are classified as nonhomeostatic (Persson et al., 2010). Because nutrient acquisition and utilization capacities vary among tree species, they exhibit open or conservative nutrient acquisition strategies, which determine the adaptive capacity of different species (Yu et al., 2015). It is generally accepted that higher stoichiometric homeostasis helps plants adapt to more complex or difficult environments (Li et al., 2018; Wei et al., 2021), which is important for maintaining ecosystem function and stability (Yu et al., 2010). However, the nutrient requirements of plant organs vary according to their functions (Minden and Kleyer, 2014). Thus, exploring homeostasis at the organ level improves our understanding of tree response to environmental and resource changes.

Based on the above background, we measured the distribution and linkages among C, N, and P contents and their stoichiometric ratios in trees, litter layers, and soils in pure and two mixed Chinese fir stands. The differences in stoichiometric homeostasis among different stands and tree species was analyzed. Meanwhile, the fractions of trees (leaves, branches, trunks, bark and roots), litter (undecomposed leaves, partially decomposed leaves, and cladoptosis) and soil (0–20 cm and 20–40 cm) were also considered in this study. The objectives of this study were to determine (1) whether the creation of two mixed plantations could increase the elemental C, N, and P content of the tree-litter-soil system or any component; (2) whether mixed plantations resulted in an imbalance in the stoichiometry of elements C, N, and P in Chinese fir plantations; and (3) whether, at the organ level, mixed plantations contributed to stoichiometric homeostasis within the fir and mixed species. These objectives will provide a better understanding of the status of Chinese fir plantations and inform plantation management and responses to global climate change.



2 Materials and methods


2.1 Study site

This study was conducted at the Tropical Forestry Experimental Center of the Chinese Academy of Forestry Sciences (106°41′–106°59′ E, 21°57′–22°16′ N) located in the west of Chongzuo City, Guangxi Zhuang Autonomous Region (Figure 1). The area has a subtropical monsoon climate. The region has annual sunshine duration of 1,218–1,620 h and average annual precipitation of 1,200–1,500 mm as well as the annual average temperature of 20.5–21.7°C, with a maximum temperature of 40.3°C and a minimum temperature of −1.3°C. Moreover, the annual accumulated temperature above 10°C is 6,000–7,600°C. The area is dominated by hills, with slopes of 20–30°. The soil parent material is mainly granite. The soil is mainly red loam and latosol with pH 4.8–5.5, with a thick topsoil layer and high fertility (Li et al., 2019). The main afforestation species in the region are Cunninghamia lanceolata and Pinus massoniana. In addition, Castanopsis hystrix, Betula alnoides, Mytilaria laosensis, Michelia macclurei, Dalbergia odorifera and other valuable broadleaf species have been recently cultivated as forestry species. The understory plants mainly include Evodia lepta, Rhodomyrtus tomentosa, Rhus chinensis, Rubus alceaefolius, Blechnum orientale, and Adiantum flabellulatum.
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FIGURE 1
 Location of the study area and conditions of the mixed and pure Chinese fir plantations.




2.2 Experimental design

The study was conducted in logging sites of pure Chinese fir plantation forests. These areas were originally pure Chinese fir plantations that had been forested, resulting in the near-complete destruction of the native vegetation due to prolonged and intense anthropogenic disturbances (He et al., 2023). The Chinese fir—Michelia macclurei mixed stands (SH stand), Chinese fir—Mytilaria laosensis mixed stands (SM stand) and pure Chinese fir stands (SS stand) selected for this study were established in March 1992 with plant spacing of 3 m × 2 m. The Chinese fir—Michelia macclurei and Chinese fir—Mytilaria laosensis mixed stands were planted in a 3:1 ratio of Chinese fir to mixed species, and the Chinese fir—Michelia macclurei mixed stands were managed to ensure tree survival at the beginning of the planting period, while the Chinese fir—Mytilaria laosensis mixed stands were cultivated to near maturity. The pure Chinese fir stands were subjected to 3 years of management to prevent pests and diseases as well as thinned (the 20% Chinese fir was cut down) in 2008; they were not subjected to any human disturbances after that. The three stands have not been affected by major pests and natural geological hazards thus far (Li Y. et al., 2021; Wang S.Q. et al., 2021). A standard quadrat (20 m × 20 m) was established in different plots (approximately 1 ha) of the Chinese fir-Michelia macclurei mixed stands, Chinese fir-Mytilaria laosensis mixed stands and pure Chinese fir stands in October 2020. Three replicates were set up in each stand, with a total of nine standard quadrats. To avoid spatial self-correlation, the plots were located at a distance of 800 m from each other and not less than 50 m from the stand edge (He et al., 2023). The basic information and soil physical and chemical properties of the standard quadrats are listed in Tables 1, 2.



TABLE 1 Basic information for the plots among different Chinese fir stands.
[image: Table1]



TABLE 2 Litter and soil characteristics among different Chinese fir plantations.
[image: Table2]



2.3 Sample and chemical properties

In each standard quadrat, a 5-point sampling method was used to collect 1 m2 of existing litter from the ground in a “Z” pattern, and the litter was divided into undecomposed leaves, partially decomposed leaves and cladoptosis. Soil samples were collected at the same positions as the litter samples, 40 cm soil profile was dug out with a spade and collected at depths of 0 ~ 20 cm and 20 ~ 40 cm. The soil from 5 points in each sample plot was mixed in equal mass proportions to obtain a composite soil sample for that standard sample plot. Also, the soil was sampled with a ring knife for determining the soil properties. One healthy tree with an average diameter at breast height (at 1.3 m) was selected from the three standard samples of each stand for plant sample collection (in mixed stands, one species of each was selected) for a total of three replicates. Mature leaves and branches were cut from different aspects and heights of the trees, and roots of similar diameters (<2 mm) were dug out from different orientations below the canopy. Trunk samples were collected using growth cones at different locations (top, middle, and bottom), and bark were taken at the same location. After the soil has dried naturally, stones and broken roots are removed with a 5 mm sieve. Samples of plants and litter were dried at 70°C. Finally, soil, litter and plant samples were ground and used to measure C, N, and P content.

Plant and litter samples were digested using H2SO4-H2O2, and soil samples were digested using H2SO4-HClO4. Organic carbon (OC) content was measured with reference to the potassium dichromate oxidation spectrophotometric method described by Nelson and Sommers (1996), total nitrogen (TN) content was calculated by the micro-Kjeldahl method of Bremner (1996), and total phosphorus (TP) content was determined using the molybdenum antimony anticolorimetric method according to Bo et al. (2020). A pH meter was used to calculate soil pH (water:soil = 2.5:1, v:v).



2.4 Calculations and statistics

The dynamic equilibrium coefficient (H) reflects the stoichiometric dynamics of organisms and is derived from the formula of Persson et al. (2010):

[image: image]

where y is the N and P content (g kg−1) and N:P ratio in the leaves, branches, trunks, bark and roots of trees, x is the corresponding N and P content (g kg−1) and N:P ratio in the soil, c is a constant, and H is the equilibrium adjustment coefficient. Because the expected slope is equal to or greater than 0, a one-tailed test at α = 0.1 is used. Since strictly homeostatic organisms have a large H, we use a regression slope of 1/H in all analyses (Persson et al., 2010). When no significant level (p > 0.1) was reached in the correlation of regression, 1/H was set to 0 and the species was considered to follow strict homeostasis (internal environmental balance) (Wang K. et al., 2021; Wang S.Q. et al., 2021; Wang Z.C. et al., 2021; Bagedeng et al., 2022). The species was considered in a flexible homeostasis when the regression relationship was significant (p < 0.1), and the states can be categorized as steady state (0 < | 1/H | <0.25), weak steady state (0.25 < | 1/H | < 0.5), weak plasticity (0.5 < | 1/H | < 0.75), plastic (0.75 < | 1/H | < 1) or unsteady (| 1/H | ≥ 1).

First, the normal distribution and variance of the data were tested. Kruskal-Wallis tests were then used to analyze changes in C, N, and P among stands, organs, litter fractions, and soil layers. Principal component analysis (PCA) was used to explore the relationships among system components.




3 Results


3.1 Distribution of C, N, and P of soil, plant, and litter

In the 0–20 cm soil, the median OC and TN contents of the SH stands were 34.65 g kg−1 and 1.46 g kg−1, significantly higher than the OC (22.93 g kg−1) and TN (1.18 g kg−1) contents of the pure fir stands (Kruskal-Wallis tests). Similarly, in the 20–40 cm soil, the SH stands had median OC, TN, and TP contents of 23.78 g kg−1, 1.22 g kg−1, and 0.43 g kg−1, respectively, which were significantly higher than the OC (8.44 g kg−1), TN (0.69 g kg−1), and TP (0.28 g kg−1) contents of the pure fir stands (Kruskal-Wallis tests). While SM stands were not dramatically different from pure Chinese fir stands (Figures 2A–C). Among the trees, the median of OC contents in branch (476.00 g kg−1), trunk (489.33 g kg−1), and root (461.37 g kg−1) of Chinese fir in the SH stand were significantly lower than those in the SM stand (branch: 569.89 g kg−1, trunk: 566.89 g kg−1 and root: 488.52 g kg−1), but none of the OC contents of Chinese fir in the two mixed stands differed significantly from those of Chinese fir in the SS stand (Figure 2D). Meanwhile, the median of leaf TN content was significantly higher (p < 0.05, Kruskal-Wallis tests) than that of the trunk for all tree species in the three stands (Figure 2E). In addition, there was a significant difference between leaf (median: 4.14 g kg−1) and trunk (median: 2.50 g kg−1) TP content of Michelia macclurei in SH stands (Figure 2F). For litter, significant differences were found only between OC content of partially decomposed leaves and TP content of cladoptosis in SM and SS stands, as well as between TN content of partially decomposed leaves in SH and SM stands (Figures 2G–I).
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FIGURE 2
 The C, N, and P content in soil, plant and litter of mixed and pure Chinese fir stands. Statistical significance is based on Kruskal-Wallis tests and indicated with asterisk (*). The box limits the 25–75th percentile range, the dots within the boxes are medians, the whiskers indicate maximum and minimum values. Solid black line indicate that the data are significantly different among different stand types (p < 0.05, n = 3), and black dotted line indicate that the data are significantly different among components (p < 0.05, n = 3). SH stand: the Chinese fir–Michelia macclurei mixed stands. SM stand: the Chinese fir–Mytilaria laosensis mixed stands. SS stand: pure Chinese fir stands.




3.2 Stoichiometric characterization of soil, plant, and litter C, N, and P

The C:P of the 20–40 cm soil were significantly higher in the SH stand (median: 55.94) than in the SS stand (median: 31.84) (Figure 3B). In the 20–40 cm soil, there is a significant difference in N:P between the SH stands (median: 2.80) and the SM stands (median: 2.08) (Figure 3B). The medians of leaf C:N of all tree species in the three stands was significantly lower than while N:P was significantly higher than their trunk. Meanwhile, the median of leaf C:p (118.73) of Michelia macclurei in SH stand was significantly lower than that of branch (217.36) and trunk (226.85), as well as leaf C:p (136.83) of Mytilaria laosensis in SH stand was significantly lower than that of trunk (514.13) (Figures 3D–F). The median of Cladoptosis C:N was significantly higher in SH stands while C:P was significantly lower in SS stands. Partially decomposed leaf fractions of all three stand litter had significantly lower C:N medians than cladoptosis (Figure 3G). Undecomposed leaf C:P was significantly lower than cladoptosis in both SH and SS stands, whereas partially decomposed leaf C:P was significantly lower than partially decomposed leaf in the SM stand (Figure 3G). In addition, the median of undecomposed leaf N:P was significantly lower than that of partially decomposed leaves in the SS stand (Figure 3I).

[image: Figure 3]

FIGURE 3
 The C:N, C:P and N:P in soil, plant and litter of mixed and pure Chinese fir stands. Statistical significance is based on Kruskal-Wallis tests and indicated with asterisk (*). The box limits the 25–75th percentile range, the dots within the boxes are medians, the whiskers indicate maximum and minimum values. Solid black line indicate that the data are significantly different among different stand types (p < 0.05, n = 3), and black dotted line indicate that the data are significantly different among components (p < 0.05, n = 3). SH stand: the Chinese fir–Michelia macclurei mixed stands. SM stand: the Chinese fir–Mytilaria laosensis mixed stands. SS stand: pure Chinese fir stands.




3.3 Relationships between elements and chemometrics in different forest stands

The PCA results showed that the three stand species were clearly distinguished in the PCA plot and that the difference in elemental content and stoichiometric ratio between stands was much greater than that between species. There was an obvious positive correlation between the OC, TN and TP contents in different soil layers. Moreover, the soil elemental contents had a strong positive relationship with the plant TN content and the TP content of branches and bark, but the soil elemental contents had an obvious negative correlation with the TN content of litter. The plant OC and TP contents were positively correlated with those in litter (Figure 4A). For the stoichiometric ratio, there was a strong correlation between soil indexes as a whole. The soil stoichiometric ratios had a strong positive correlation with plant N:P and a negative correlation with plant C:N. The stoichiometric ratio of litter components was weakly correlated with plants and soils, except for plant leaf and root C:P (Figure 4B).

[image: Figure 4]

FIGURE 4
 Principal component analysis of nutrient (A) and stoichiometric (B) ratios in plant-litter-soil systems. SH-S, Chinese fir in SH stand; SH-H, Michelia macclurei in SH stand; SM-S, Chinese fir in SM stand; SM-M, Mytilaria laosensis in SM stand; SS, Chinese fir in pure stand. C:N: Stoichiometric ratio of carbon to nitrogen, C:P: Stoichiometric ratio of carbon to phosphorus and N:P: Stoichiometric ratio of nitrogen to phosphorus. Red arrows, green arrows and yellow arrows indicate soil, plant and litter components, respectively. S20: 0-20 cm soil layer, S40: 20-40 cm soil layer. UL: Undecomposed leaves, HL: Partially decomposed leaves, CL: Cladoptosis.




3.4 Stoichiometric homeostasis of trees

The stoichiometric homeostasis analysis of different tree organs in different species showed that most plant organs in mixed and pure stands followed strict N and P homeostasis (p > 0.1), especially the leaf and root of Chinese fir and the root of mixed species (Table 3). It’s important to noting that a weak plasticity of P and a steady-state of N:P (p < 0.1) existed in the Michelia macclurei trunk, while other nonhomeostatic organs showed unsteady states (Table 3).



TABLE 3 The regression slopes (1/H) of relationships between plant and soil nutrient stoichiometry of mixed and pure Chinese fir stands.
[image: Table3]




4 Discussion


4.1 Reasons for differences in C, N, and P distribution between stands or components

In this study, the 0–40 cm soil OC, TN contents and 20–40 cm soil TP contents were significantly higher in the SH stand than in the SS stand (Figures 2A–C), which was consistent with the global trend (Guo et al., 2023). And the soil OC, TN and TP contents of the SM stand were not significantly higher than those of the pure stand (Figures 2A–C), indicating that the effect of mixed forest on soil nutrient improvement was highly dependent on tree species. The improvement in soil C, N, and P contents in the mixed stands can be attributed to the below reasons. First, the soil carbon and nutrient content advantages of mixed stands mainly depend on litter yield and quality advantages and the litter increased decomposition rate caused by the mixing of litter from different tree species (Wang et al., 2008, 2009; Zhao et al., 2013), which is accordance with the higher litter mass of mixed stands in this study (Table 2). Second, the improvement in soil chemical and physical properties (pH, aggregate structure, etc.) in mixed stands leads to differences in soil nutrient content (Zhou L. et al., 2020; Li et al., 2022). In addition, mixed tree species can alter the abundance, composition and activity of different functional microflora in soil, resulting in metabolic and ecological functional variation in soil microorganisms, which in turn influence soil carbon and nutrients fixation and cycling (Xia et al., 2019; Zhang et al., 2021; Ding et al., 2022). For example, Zhang et al. (2021) found that mixed stands of Cunninghamia lanceolata and Phoebe bournei increased the number of soil potential diazotrophic Firmicutes (i.e., Bacillales) and the abundance of soil N-fixing and nitrate-reducing related genes (NnifH and nrfA) compared to pure Cunninghamia lanceolata stands, which thereby increasing soil N fixation and cycling. Another study also showed that species mixing increased the relative abundance of K-strategy bacteria (Acidobacteria phylum) and decreased the relative abundance of r-strategy bacteria (Ascomycetes and Anaplasma phylum), which had an effect on soil C mineralization rates (Zhang X. et al., 2018). The soil pH and moisture content of the mixed stands were greater than in pure stands in this study, and the lower soil bulk density of mixed stands (Table 2) indicated that the soil in these stands was looser, which promote the organic matter decomposition by providing a more appropriate environment for soil microbial colonization and activity (Tao et al., 2017; Dai et al., 2021).

The content and distribution of C, N and P in plants reflect plant physiological functions and adaptability. In this study, leaves possessed the lowest OC content and the highest TN and TP content among the organs, while the trunk showed the opposite trend to the leaves (Figure 3). This suggests that plants need to allocate more nitrogen and phosphorus to satisfy their leaf building activities and sustain photosynthesis (Chen et al., 2013), while more carbohydrates are used to build trunks for support and carbon storage (Kraenzel et al., 2003). In addition, the C content of Chinese fir leaves in the present study decreased compared to the means of subtropical Chinese fir leaf carbon content (485.49 mg g−1), while the N and P contents were significantly higher than the average values of N (13.23 mg g−1) and P (1.24 mg g−1) in subtropical pure Chinese fir stands reported by Tong et al. (2021a,b). This means that the Chinese fir in this area has greater access to resources and higher growth rates than that in other areas. Although this study showed less soil N content than that reported by Tong et al. (2021b), according to the PCA results (Figure 4A), the increase in soil P content promoted an uptake of soil N by Chinese fir (Chen et al., 2015). This study also revealed that OC content of branch, trunk and root of Chinese fir was significantly increased in SM stands compared to SH stands, which increased the carbon sequestration potential of the plantation (Figure 2D). Furthermore, the TP contents of undecomposed leaves were all higher than those of partially decomposed leaves, which is due to the direct release of P elements during the decomposition process of Chinese fir rather than aggregation followed by release of P elements (Zhang et al., 2020).



4.2 Imbalance and stabilization of C, N, and P stoichiometry in trees, litter, and soils of different Chinese fir plantations

Ecological stoichiometry reflects the elemental balance and linkages among different ecosystem components and is a valuable tool to study the forests element status (Zechmeister-Boltenstern et al., 2015). This result showed that soil stoichiometric ratios were enhanced to varying degrees in SH stands compared to pure stands (Figures 3A–C), which resulted from an enhancement of C and N concentrations of the various soil layers in the SH stands, consistent with the results of Wang Z.C. et al. (2021) for Chinese fir—Phoebe bournei mixed stands. It is generally accepted that higher C:N and C:P of litter determines its lower decomposition rate (Sariyildiz and Anderson, 2003; Wang Z.C. et al., 2021). The findings showed that mixed stands litter C:N and C:P was greater compared to pure stands to varying degrees (Figures 3A–C). Therefore, the quantity of litter was the primary driver of soil differences between mixed and pure stands (Table 2). In addition, C:N and C:P of litter leaves were overall lower than that of cladoptosis (Figures 3G–I), suggesting that leaf fractions in litter may be an important contributor to the fast conversion of plant to soil nutrients (Zhang et al., 2020).

In this study, Chinese fir stoichiometric ratios were less affected by stand change, but the stoichiometric ratios differed more significantly among organs (Figures 3D–F). Additionally, Leaf N:P below 14, showing that all stand species were relatively restricted by nitrogen and that pure stands were more severely restricted than mixed stands (Koerselman and Meuleman, 1996; Zhang et al., 2015). The findings suggest that although the soil TN content of mixed stands increased, it only alleviated but did not change the relative N limitation of the trees. The nutrient balance of trees is closely related to the nutrient status of the soil. A comparison with other relevant studies revealed that the soil TN content in this study was below that reported in other studies for subtropical pure Chinese fir plantations, usually higher than 1.5 g kg−1, while the TP content in this research was higher than the average from other studies (approximately 0.3 g kg−1) (Selvalakshmi et al., 2018; Duan et al., 2019; Li J.B. et al., 2021). That led to an imbalance in soil N and P, which was the main cause of the overall nitrogen limitation of the trees in this study (Figures 2B,C). Besides, the average values of C:N (24.52), C:p (133.26), and N:p (5.44) of Chinese fir leaves in the three stands were less than those of Chinese fir leaf C:N (37.60), C:p (428.73), and N:p (11.49) values in subtropical China reported by Tong et al. (2021a,b), and the leaf stoichiometric ratios in this study were lower than those of global forest tree and plant leaves (McGroddy et al., 2004; Zechmeister-Boltenstern et al., 2015). This suggests that trees at this site possess high N and P utilization efficiencies (Bai et al., 2019). A fast growing species, according to the growth rate hypothesis, generally has lower C:N, C:P, and N:P (Rivas-Ubach et al., 2012). The present study site is situated in low subtropical latitudes, where the relatively high light and temperature conditions support rapid growth, may have contributed to the relatively low stoichiometric ratios (Reich and Oleksyn, 2004).



4.3 Stoichiometric homeostasis of tree organs in mixed and pure stands

The ecological stoichiometry of a plant reflects its ability to maintain homeostasis and adapt to environmental changes. It is generally accepted that autotrophs have flexible homeostasis, which can help them cope with changing habitats (Sterner and Elser, 2002; Persson et al., 2010). However, several recent studies have noted the complex status of homeostasis in plants (Wang et al., 2018; Peng et al., 2021; Bagedeng et al., 2022). It has been discovered that different organs of trees exhibit different homeostasis, which is attributed to fundamental trade-offs in plant nutrient investments (Yu et al., 2010; Wang et al., 2019). Moreover, homeostasis is closely related to the physiological functions of plant organs, with more active organs possessing more stable homeostasis (Zhang J.H. et al., 2018; Zhao et al., 2020). Our conclusions are in line with previous studies. Our study revealed that leaves and roots of Chinese fir and mixed species exhibit strict N and P homeostasis, which ensures organ functions (Aerts and Chapin, 2000; Wang et al., 2018). In fact, some research suggest that plant homeostasis and tree species are closely related, reflecting differences in environmental adaptability among tree species, i.e., species with greater degrees of homeostasis have better adaptive capacity to habitat modification (Wang K. et al., 2021; Ci et al., 2022). The results showed that compared with the SS stand, the N of the trunk and bark and the P of the trunk of Chinese fir in the SH stand, as well as the N of the branch, the P of the trunk and the N:P of the branch in the SM stand, changed from a strict homeostasis to an unsteady (Table 3). This change reflects the adaptation of Chinese fir to changes in N and P and the balance of N and P nutrients in mixed plantation environments (Wang K. et al., 2021). It is important to note that the leaf N:P of Michelia macclurei and Mytilaria laosensi exhibit “steady state” and “unsteady state” respectively (Table 3). This finding contrasts with most previous studies, which suggest that leaves maintain strict nutrient homeostasis to ensure normal photosynthesis, a process essential for plant growth and development (Aerts and Chapin, 2000; Wang et al., 2018; Wang K. et al., 2021). The above results exceeded our expectation that mixed stands promote nutrient homeostasis in trees, where Chinese fir and mixed species showed nonhomeostasis in branch, trunk, and bark, which seems to indicate that different tree species in mixed stands prefer a more conservative nutrient allocation strategy for branch, trunk, and bark (Peng et al., 2021; Wang K. et al., 2021). And our results also indicated the presence of lower N and P concentrations in these several organs (Figures 2E,F). Furthermore, the mixed species involved in this study, Michelia macclurei and Mytilaria laosensi, are both native broadleaf species, and their larger leaf area and light requirements relative to conifers may have led them to adopt more flexible strategies for leaf nutrient homeostasis in mixed plantations.

The new insights on tree homeostasis facilitate the selection of appropriate native species for converting pure plantations into mixed stands that are adapted to local conditions. In accordance with the sustainable development goals for Chinese fir plantations and the 2023 global sustainable development goals, ecologically friendly mixed species with high adaptive capacity, high productivity, high nutrient use efficiency, and large carbon sequestration (soil and biomass) will be preferred in the future (Liu et al., 2018). The study indicates that Michelia macclurei possesses higher mean diameter at breast height (Table 1), more stable N:P homeostasis (Table 3), and higher soil and plant carbon sinks compared to Mytilaria laosensi (Figures 2A,D). Therefore, Michelia macclurei may be a better choice for building mixed Chinese fir plantations.




5 Conclusion

The nutrient status of plantation systems is closely linked to global sustainable development. The study found that the impact of mixed forests on nutrient enhancement in the tree-litter-soil system varied depending on the stand. Specifically, SH stands significantly increased soil OC, TN, and TP content, while SM mixed stands increased the OC of partially decomposed leaves and the TP content of fallen branches. This improved the carbon sequestration function and nutrient storage capacity of plantations. As a result, it slowed down the global warming process and reduced nutrient loss and water pollution. Imbalances in soil N and P elements lead to potential relative N limitation of trees, while mixed plantations alleviate the degree of N limitation, promote aboveground tree growth, and increase carbon sinks. Besides, mixed stands reduced N, P, and N:P homeostasis in some tree organs, reflecting the adaptation of nutrient allocation strategies of different tree species to mixing. This finding provides a breakthrough for near-natural management of plantations. Selecting more suitable species for forestation is key to achieving sustainable development of plantations. Combining plant, litter, and soil C, N, and P performance and stoichiometry, mixed stands of Michelia macclurei and Chinese fir are considered to be a better measure to cope with the current global climate change and to achieve the goal of sustainable development. Additionally, evaluating the sustainability of mixed forests from an ecological perspective is an urgent task for the future.
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Plot Age (year)  Altitude (m) Aspect Slope Crown Number of trees Mean diameter at Mean height (m)

number angle (°)  density (%) breast height (cm)
Chinesefir  MXed  chinesefir  MXed  cpinecefy - Mixed
species species species

1 28 730 adret 27 85 32 15 18.95 25.61 1495 14.09
SH stand 2 28 726 adret 30 84 30 13 16.76 25.16 13.54 13.86

3 28 728 adret 26 85 33 15 16.65 24.63 13.47 13.84

1 28 725 adret 23 85 29 10 18.48 13.04 14.65 14.47
SM stand 2 28 729 adret 24 86 35 11 20.60 821 16.02 11.03

S 28 724 adret 27 85 41 1 18.75 10.96 14.83 15.09

1 28 728 adret 30 84 41 - 2072 - 16.10 -
S8 stand 2 28 728 adret 29 83 40 - 2143 - 16.55 -

3 EY 727 adret 27 84 42 - 213 - 1701 -
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Bulk density (gc

Stand type Litter
amount
(kg ha) 0-20cm 20-40cm
4827.9 440 439 124 136
SH stand
(4689.8, 4972.4) (436,442)* (438, 4400 (1.24,1.25)* (135,1.37)*
49560 434 430 126 137
M stand
(4233.1,4981.8) (4.33,435) (4.30,4.30) (126,1.27) (137,1.38)
26711 431 126 131 143
$8 stand
(2604.6,3094.0) (428,432 (436,4.27)* (129,1.32)* (L4, 1.43)*

ical significance is based on Kruskal-Wallis tests and indicated with asterisk (*p <0.05, 1 =3).

Data are medians (minimum, maximum). Stati

SWC (%)

0-20cm
2630
(25.00,27.62)*
2314
(20.16,23. 14)
1721
(1575,17.21)*

20-40cm
270
(23.70,24.68)
270
(23.70,25.00)
241
(2112,22.41)
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Chinese fir Mixed species

Leaf Branch Trunk Bark Root Leaf Branch Trunk Bark

SH stand 0 0 540 390 0 0 0 0 0 0
N SMstand 0 339 0 0 0 0 0 0 444 0
S8 stand. 0 0 0 0 0 = - - N N
SH stand 0 0 165 0 0 0 0 050 0 0
P SMstand 0 0 193 0 0 0 3.07 0 0 0
S8 stand. 0 0 0 0 0 - - - - -
SH stand 0 0 0 0 0 017 0 0 0 0
NP SMstand 0 375 0 200 0 198 552 0 513 0

S8 stand, 0 0 0 387 0 - = - = -
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