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Introduction

Variation in plant nitrogen uptake rate and substrate preference is complicated due to the combined influence of abiotic and biotic factors. For the same species of tree across different ages, the interactions between root structural traits, nitrogen uptake rate, and soil environment have not been fully characterized, a situation that constrains our understanding of underground resource strategies employed by trees at different ages.





Methods

In the present study, we examined the nitrogen uptake rate, mycorrhiza, morphology, architecture, and chemistry of the roots of Larix principis-rupprechtii in a chronosequence (aged 18, 27, 37, 46, and 57 years) in the Saihanba Mechanical Forest Farm in Northern China.





Results

L. principis-rupprechtii preferred to absorb ammonium, followed in order by glycine and nitrate. The ammonium uptake rate of L. principis-rupprechtii significantly decreased (aged 18–37 years) and then increased (aged 46–57 years) with tree age. The glycine, nitrate, and total nitrogen uptake rates decreased with tree age. The root resource acquisition strategy appeared to shift from an acquisitive strategy to a conservative strategy associated with increasing tree age.





Discussion

Along the root-mycorrhizal collaboration gradient, the younger L. principis-rupprechtii relied more on their own root morphology and physiology to acquire resources, adopting a “do it yourself” strategy comprising increasing the specific root length, the specific root area, and the N uptake rate (nitrate and glycine). Conversely, older trees depended more on mycorrhizal partners to acquire nitrogen resources, an “outsourcing” strategy. The results contribute to our understanding of underground resource-use strategies of plants and the nitrogen cycle in forest ecosystems according to stand age.
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1 Introduction

Nitrogen (N) is one of the most important and limiting elements in forest ecosystems (LeBauer and Treseder, 2008). Plants utilize nitrogen in various forms, including ammonium (NH4+–N), nitrate (NO3−–N), and organic nitrogen, and the absorbed nitrogen contributes to their productivity, biodiversity, and ecosystem functions (Kahmen et al., 2008; Andersen and Turner, 2013).

The N-acquisition strategies of plants are influenced by abiotic and biotic factors. The availability of soil N can affect root N uptake and substrate preference. For example, plants in boreal forests (Nordin et al., 2001), temperate forests (Zhou et al., 2019), subtropical plantations (Liu et al., 2020), and tropical forests (Liu et al., 2017) preferred to absorb ammonium where the ammonium content was higher than the nitrate level in the soil. Similarly, in areas where soil nitrate was dominant, temperate Fagus sylvatica (Jacob and Leuschner, 2015), Schima superba, and Liquidambar formosana (Gessler et al., 1998) preferred to absorb nitrate. Some evidence suggests that plants may prefer organic N over inorganic N, or absorb both equally, especially in low-temperature, N-restricted polar, alpine, and boreal ecosystems (Chapin et al., 1993; Näsholm et al., 1998; Öhlund and Näsholm, 2001; Simon et al., 2021). However, some studies have reported that the plant N uptake preference was in contrast to the predominant form of N in the soil. For example, Fagus grandifolia seedlings (Templer and Dawson, 2004), Larix gmelinii, and Betula platyphylla (Gao et al., 2020) preferred to absorb nitrate, although the content of ammonium in the soil was 2–14 times higher than that of nitrate. This indicates that the plant uptake preference for different forms of N is not only related to the availability of N in the soil but also to internal factors specific to the species. For instance, the inorganic N uptake rate of arbuscular mycorrhizal species was higher than that of ectomycorrhizal species (Liese et al., 2018). In recent years, negative correlations (Liu et al., 2020; Yi et al., 2023), positive correlations (Hong et al., 2018), and no correlation (Ma et al., 2018) have been reported regarding the linear relationship between physiological N uptake rate and the morphology of specific root length (SRL). Therefore, the root N uptake rate and preference are complex phenomena due to the combined influence of abiotic and biotic factors. In addition, the relationship between the root N uptake rate and the structural traits of the same tree species based on age is an aspect that has yet to be examined.

With the increase in tree age, the biotic and abiotic factors that affect root N absorption often change, which in turn will affect root N absorption. However, the existing research results have shown large variations in the N uptake with tree age due to differences in the study sites and tree species. Tropical Hevea brasiliensis aged 7–49 years showed a preference for ammonium. The ammonium uptake rate increased initially and then decreased sharply, and the glycine uptake decreased initially and then increased sharply with age (Liu et al., 2018). Subtropical Cunninghamia lanceolata aged 5–30 years preferred to absorb ammonium, and the ammonium uptake rates for 30- and 5-year-old trees were similar and were higher than those of 13-year-old trees (Li et al., 2016). Temperate Pinus koraiensis aged 14–217 years preferred ammonium, and the ammonium uptake rate decreased with tree age (Ren et al., 2021). F. sylvatica aged 5–130 years preferred organic glutamine and arginine, and the inorganic and glutamine uptake rates did not differ among age classes (Simon et al., 2021). Therefore, given the uncertainties in the relationship between N uptake preferences (or the uptake rates) and stand age, conducting studies in different geographic regions and forest types will contribute to a more comprehensive understanding of the N acquisition strategies during forest succession.

Root traits can reflect the underground resource strategies of tree species. Root trait variation was initially assumed to be a one-dimensional root economic spectrum with a trade-off between resource acquisition and conservation (Comas and Eissenstat, 2004; Roumet et al., 2016). The roots in nutrient- and water-rich environments were characterized by their smaller diameter, higher SRL, higher N content, lower root tissue density (RTD), shorter root life span, and lower mycorrhizal colonization rate. As such roots have high nutrient and water absorption capacity, this indicated a resource-acquisitive strategy (Roumet et al., 2006, 2016; Pinno and Wilson, 2013; McCormack et al., 2015; Fort et al., 2016; Li et al., 2017). When the water and fertilizer contents are low, plant roots show the opposite pattern, a resource-conservative strategy. However, an increasing number of studies have demonstrated that variations in root traits are multidimensional rather than reflecting a single axis related to resource economics (Kong et al., 2014; Wang et al., 2018; Kong et al., 2019; Bergmann et al., 2020; Ding et al., 2020; Weigelt et al., 2021; Yan et al., 2022). For example, Bergmann et al. (2020) analyzed the root traits of 1,810 species and proposed a two-dimensional root economic space with conservation and collaboration gradients. In addition, root exudation traits (Wen et al., 2022), root respiration (Han and Zhu, 2021), and N uptake rate (Yi et al., 2023) were integrated into the current theoretical framework of root economic space. The above studies reflect the trade-off dimensions of the root morphological, architectural, anatomical, chemical, and physiological traits across species. However, there are few studies on root economic space based on the age gradient of the same tree species.

In this study, root physiology (N uptake rate), morphology (diameter, SRL, and RTD), architecture (branching ratio and intensity), chemistry (N and C contents), and mycorrhizal colonization rate in the L. principis-rupprechtii chronosequence (aged 18, 27, 37, 46, and 57 years) in the Saihanba Mechanical Forest Farm in Northern China were analyzed. We aimed to verify 1) how the N uptake rates and substrate preferences of L. principis-rupprechtii plantations change with tree age and 2) how the economic space based on root functional traits changes along the age gradient in L. principis-rupprechtii plantations. Here, we hypothesized that 1) with the increase in tree age, the N uptake rate of L. principis-rupprechtii roots would decrease while the nitrogen preference would not vary (Simon et al., 2021; Ren et al., 2023) and 2) trees with different ages would show different N strategies, indicating two dimensions of collaborative and conservative root functional traits along the age gradient. These hypotheses were formed following the root economic space theory for multi-tree species (Bergmann et al., 2020).




2 Materials and methods



2.1 Study site and experimental design

This study was conducted at the Saihanba Mechanical Forest Farm (116°53′–117°39′ E, 41°92′–42°36′ N) in Chengde City, Hebei Province, Northern China. The elevation of the area is 1,010–1,939 m. This region has a typical semi-arid and semi-humid cold temperate continental monsoon climate, with an average annual precipitation of about 460 mm and an average annual temperature of about −1.3°C. The soil is of a gray forest type. The main tree species in this region are L. principis-rupprechtii, Pinus sylvestris, Betula platyphylla, Picea asperata, and Populus davidiana. The larch plantation accounts for more than 90%, with a few understory shrub species, mainly Rosa davurica, Lonicera microphylla, and Spiraea pubescens. There are many species of herbs in the L. principis-rupprechtii plantations, including Agrimonia pilosa, Sanguisorba officinalis, Ranunculus japonicus, Veronica longifolia, Adenophora stricta, Carex lanceolata, Thalictrum petaloideum, Papaver nudicaule, and Trollius chinensis.

In July 2021, five L. principis-rupprechtii plantations of different ages with similar stand conditions, good growth, and adjacent distribution were selected for the experiments. The five larch plantations were all wasteland before afforestation and had not been disturbed by human activities. The age of the trees was confirmed by the annual ring of the tree cores sampled from the growth cone. Trees with different ages were in different ontogenetic stages depending on their diameter at breast height and the height that was surveyed. Table 1 displays the plantation characteristics. Four 20-m × 20-m plots were randomly set up for each age of the L. principis-rupprechtii plantations, and soils at a depth of 0–15 cm were collected with a soil drill using the five-point mixing method. In each plot, the roots of L. principis-rupprechtii were carefully excavated in four directions along the trunk, taking care to ensure the integrity of the fine roots. The four root samples in each plot were placed in centrifuge tubes with three 15N labeling solutions of ammonium, nitrate, and glycine and one controlled unlabeled solution. The concentration of each solution was 100 μmol N L−1 and contained a 1:1:1 nitrogen ratio of ammonium, nitrate, and glycine, with only one 15N form. All solutions contained 10 mg L−1 ampicillin to inhibit microbial activity that would degrade glycine and 200 μmol L−1 CaCl2 to maintain membrane stability (Warren and Adams, 2007). After 2 h of the labeling experiment, the roots were harvested, cleaned with 50 mmol L−1 KCl solution and deionized water, placed in an envelope, and brought back to the laboratory. In addition, roots were collected within 20 cm of the sampling point for isotopic labeling hydroponics, and these roots were used to determine the morphological, architectural, and mycorrhizal traits.


Table 1 | Basic characteristics of Larix principis-rupprechtii plantations at different tree ages.






2.2 Root trait measurements

Roots were dried and ground to powder for the determination of isotope 15N/14N and total C and N contents using an isotope ratio mass spectrometer (IRMS, MAT253; Finnigan MAT, Bremen, Germany) coupled to an elemental analyzer (EA 1110; CE Instruments, Milan, Italy). Other root samples were graded, scanned on an Epson scanner at 300 dpi, dried, and weighed. The scanned images were analyzed using WinRHIZO software (Regent Instruments Inc., Quebec City, QC, Canada) to obtain the average diameter (AD), total length, total surface area, and total volume. The number of root segments in each image was obtained by counting. The calculation formulas for SRL, specific root area (SRA), RTD, root branching ratio (BR), and branching intensity (BI) were from a previous study (Liu et al., 2023). A total of 200 root segments were observed under an anatomic microscope with ×20 magnification (EZ4W; Leica, Wetzlar, Germany) to determine whether they were infected by mycorrhizal fungi based on the features of a yellow-brown or golden-brown color and a swollen appearance. The ectomycorrhizal colonization rate (ECM) was defined as the ratio of the number of root tips infected by fungi to the total number of root tips observed.




2.3 Soil trait measurements

Fresh soil was extracted with a 0.05 mol L−1 K2SO4 solution and measured using an automatic continuous flow analyzer (AA3; Bran-Luebbe, Hamburg, Germany) to obtain the NH4+ and NO3− contents. The soil glycine concentrations were measured using high-performance liquid chromatography–tandem mass spectrometry (HPLC-MS/MS API 3200 QTRAP; CA, USA) after the derivatization of amino acids. The total C and total N were measured using an elemental analyzer (EA3000, EuroVector, Milan, Italy) after removing the inorganic C with hydrochloric acid. Total phosphorus was determined by a sodium hydroxide–molybdenum–antimony reactance colorimetric method, while total potassium was determined using flame spectrophotometry. Table 2 displays information on the soil characteristics.


Table 2 | Soil characteristics of Larix principis-rupprechtii plantations.






2.4 Calculation and statistical analyses

The N uptake rate (NUR, in micrograms N per gram of root dry weight per hour) was calculated as in the following equations (Liu et al., 2020):

 



The atom% 15N values of the tracer were 10.18% for nitrate, 10.12% for ammonium, and 99.12% for glycine. AL denotes the atom% 15N of labeled roots, while ACK is the atom% 15N of unlabeled roots. The N uptake contribution was calculated as the uptake rate of one N form divided by the sum of three N forms.

The normal distribution of the data was verified by a non-parametric Shapiro–Wilk test in SPSS 20 (SPSS Inc., Chicago, IL, USA). Differences in the root traits among tree ages were analyzed using one-way analysis of variance (ANOVA), followed by a least significant difference (LSD) test using SPSS 20. Differences were considered significant at p< 0.05. Principal component analysis (PCA) of the root traits across tree ages was conducted in R v.4.0.3 (OriginLab Software Inc., Northampton, MA, USA). Table 3 presents the abbreviations and descriptions of the root morphological, architectural, mycorrhizal, chemical, and physiological traits and soil characteristics.


Table 3 | Abbreviations and descriptions of the root morphological, architectural, mycorrhizal, chemical, and physiological traits and soil characteristics.







3 Results



3.1 Soil characteristics with tree ages

The soil pH and total phosphorus of young (i.e., 18, 27, and 37 years old) L. principis-rupprechtii trees were significantly higher than those of older trees (46 and 57 years old). The organic C and total N contents in the soil of young trees were significantly lower than those of older trees (Table 2). The NH4+–N content in the soils of the 18- and 27-year-old trees was significantly lower, while the nitrate content was higher than that in the soils of the 37-, 46-, and 57-year-old trees (Table 2). The soil water content of the 18-year-old trees was the lowest, and the glycine content in the soil of 57-year-old trees was the lowest (Table 2).




3.2 Changes in the N uptake rate and preference with tree age

Tree age affected uptake rates (calculated by Equations 1, 2) for the three N sources. The ammonium uptake rate of L. principis-rupprechtii roots significantly decreased (aged 18–37 years) and then increased (aged 46–57 years) with increasing tree age (Figure 1A). The glycine uptake rate significantly increased (aged 18–27 years) and then decreased (aged 27–57 years) with increasing tree age (Figure 1A). The uptake rates of nitrate and total N significantly decreased with increasing tree age (aged 18–57 years).




Figure 1 | (A) N uptake rates. (B) Contributions of ammonium (NH4+), nitrate (NO3−), and glycine of Larix principis-rupprechtii at different tree ages. Values are presented as mean and standard error. Different capital letters indicate significant differences between ammonium, nitrate, and glycine uptake rates, while different lowercase letters indicate significant differences between tree ages (p< 0.05).



Within the same age group, the uptake rates for the three N forms showed a significant difference. The ammonium and glycine uptake rates of young L. principis-rupprechtii showed no significant differences, being 4–14 times higher than the nitrate uptake rate (Figure 1A). The uptake rate of the 46-year-old trees was in the order of ammonium > glycine > nitrate (Figure 1A). The glycine and nitrate uptake rates of the 57-year-old trees showed no differences and were 22 times lower than the ammonium uptake rate (Figure 1A).

Across all tree ages, L. principis-rupprechtii preferred to absorb ammonium, followed by glycine, with the smallest proportion being nitrate (Figure 1B). The contribution of ammonium uptake (45%–90%) increased, while that of glycine uptake (40%–5%) decreased with increasing tree age (Figure 1B). The contribution of nitrate uptake decreased initially and then increased with increasing tree age, but the overall proportion was small, ranging from 4% to 11% (Figure 1B).




3.3 Root morphological, architectural, mycorrhizal, and chemical traits with tree ages

The diameter, RTD, and ECM of the roots of L. principis-rupprechtii increased significantly with the increase in tree age (Figures 2A, B, G). The SRL, SRA, BR, and BI decreased significantly with increasing tree age (Figures 2C–F). The root carbon content (RC) of the 57-year-old trees was significantly higher than those of the other four ages, and the root nitrogen (RN) content of young trees was significantly higher than that of older trees (Figures 2H, I).




Figure 2 | Morphological [average diameter (A), root tissue density (B), specific root length (C), and specific root area (D)], architectural [root branching ratio (E) and branching intensity (F)], mycorrhizal colonization (G), and chemical [root carbon (H) and root nitrogen (I)] traits of roots at different tree ages. Different small letters indicate significant differences between tree ages at p< 0.05.






3.4 Relationships among root traits and soil characteristics

The glycine, nitrate, and total N uptake rates were positively correlated with the soil glycine and nitrate contents but negatively associated with the soil organic C, total N, and ammonium contents (Figure 3). The glycine, nitrate, and total N uptake rates were positively correlated with SRL, SRA, BR, BI, and RN but negatively correlated with the AD, RTD, ECM, and RC of roots. The ammonium uptake rate was weakly correlated with the soil properties and root traits (Figure 3).




Figure 3 | Pearson’s correlation analysis between root traits and soil characteristics. Asterisks indicate significance at *p< 0.05, **p< 0.01, and ***p< 0.001 levels. Abbreviations and descriptions are listed in Table 3.



Soil pH was positively correlated with root traits such as SRL, SRA, BR, and RN (p< 0.05), but negatively associated with the AD, RTD, and ECM of roots (p< 0.05) (Figure 3). The soil water content and the organic C, total N, and ammonium contents displayed significant positive correlations with the AD, RTD, and ECM of roots but were negatively correlated with the SRL, SRA, BR, BI, and RN of roots (Figure 3). The soil nitrate content exhibited significant positive relationships with SRL, SRA, and BR but was negatively correlated with the root diameter (AD), RTD, and ECM (p< 0.05) of roots (Figure 3).

The PCA of the correlations of 13 root traits revealed that 72.4% of the total variation across tree age was reflected in the first two axes, of which 56.0% was attributed to the first axis (Dim1) (Figure 4). Dim1 was positively dominated by the total N, glycine, and nitrate uptake rates and the SRL, SRA, and BR, but negatively dominated by AD, RTD, and the ECM. Dim2 explained 16.4% of the variation and was positively associated with the ammonium uptake rate and root carbon but negatively correlated with RN and BI (Figure 4). The first axis was positively correlated with soil pH and the nitrate and total phosphorus contents, but negatively associated with the soil water content and the organic C, total N, and ammonium contents. The second axis was negatively correlated with soil glycine (Figure 5).




Figure 4 | Principal component analysis (PCA) for root traits across tree ages. The colors of the lines represent the total contribution of each variable to the first and second principal components.






Figure 5 | Linear relationships of the axes in the principal component analysis and soil factors. SWC, soil water content; SOC, soil organic carbon; STN, soil total nitrogen; SAM, soil ammonium content; SNT, soil nitrate content; SGLY, soil glycine content; STP, soil total phosphorus content; STK, soil total potassium content.







4 Discussion

In the long-term evolutionary process, plants have formed absorption mechanisms for different forms of nitrogen, generally showing a preference for a specific N form (Bueno et al., 2019). In this study, L. principis-rupprechtii preferred to absorb ammonium and glycine, and the contribution of ammonium increased while that of glycine decreased with tree age. Our study showed that the preference for ammonium uptake did not change with age, supporting our first hypothesis. This is consistent with previous studies demonstrating that trees (e.g., C. lanceolata, H. brasiliensis, and P. koraiensis) of different ages showed a preference for ammonium (Li et al., 2016; Liu et al., 2018; Ren et al., 2021). Firstly, the nitrate in plants needs to be converted into ammonium, then glutamate, and then further utilized by plants (Wang and Macko, 2011). Therefore, the energy required for plants to utilize ammonium is less than that for nitrate; this may be one of the reasons for plants preferring ammonium. Another reason could be that ammonium is abundant in soils, and the content of ammonium increased with increasing forest age in this study (Table 2). Other studies have found that tree species prefer to absorb ammonium, consistent with the predominance of ammonium in soils (Finzi and Berthrong, 2005; Liu et al., 2017; Zhou et al., 2019). Moreover, Zhang et al. (2018) found that the N uptake preference of P. asperata in the Tibetan Plateau changed from nitrate to ammonium nitrogen with increasing age and speculated that this was related to the change in the dominant N form in the soil.

The ammonium uptake rate of L. principis-rupprechtii roots significantly decreased and then increased, while the glycine and nitrate uptake rates decreased with increasing tree age, partly supporting our first hypothesis. This is in contrast to previous studies. Liu et al. (2018) found that the ammonium uptake rate of H. brasiliensis increased initially and then decreased sharply, while the glycine uptake decreased initially and then increased sharply with age. The ammonium uptake rate of P. koraiensis decreased with tree age (Ren et al., 2021), while that of F. sylvatica did not differ (Simon et al., 2021) with tree age. The reason for the contradictory findings of nitrogen absorption with age may be related to the differences in tree species and the availability of soil nitrogen. In this study, the nitrate and glycine uptake rates were positively linearly correlated with the nitrate and glycine contents in soils across the age gradient. Another reason for the changes in N uptake by plants with age may be related to the root traits of the species. The contribution of ammonium to the N uptake increased with tree age as a result of the decreased nitrate and glycine uptake in older L. principis-rupprechtii. Compared to nitrate, the diffusion rate of ammonium ions in the soil is much lower (Barber, 1995), suggesting that, in the case of ammonium, the roots should grow closer (and show increased branching) to the N source for more efficient uptake. Moreover, localized ammonium increases lateral root branching, while nitrate induces lateral root elongation (Remans et al., 2006; Lima et al., 2010). In our study, with the increase in forest age, the decrease in soil nitrate content was accompanied by a decrease in SRA. The decreased nitrate uptake in older trees could be caused by the ECM increasing with tree age (Figure 2), with the ability of the colonized root tips to take up nutrients directly disappearing as a result.

In this study, the total N uptake rate decreased significantly with increasing tree age, indicating that the nitrogen demand of older trees was relatively reduced compared to that of younger trees. This is consistent with previous studies showing that the root total N uptake rate of rubber trees and Korean pine decreased gradually with the increase in tree age (Liu et al., 2018; Ren et al., 2021). One possible reason is that younger trees grow at a faster rate and have higher nutrient requirements for adding biomass than older trees (Borchert, 1975; Ryan et al., 1997). As trees age, their growth rates gradually reach a maximum, and the available N in the soil tends to decrease (Gower et al., 1996; Tang et al., 2014). A second reason for the decrease in the N uptake rate of roots with increasing tree age may be related to leaf N resorption. Significant positive correlations between leaf N resorption efficiency and tree age have been observed in L. principis-rupprechtii plantations (Sun et al., 2016). As a mature forest tree, the older larch is a stronger N reservoir and has a greater N retention capacity than the younger tree (Simon et al., 2011; Sun et al., 2016); therefore, its growth may depend more on the nutrient recovery of its own organs than on the available nutrients in the soil. Although the soil types and stand conditions of our five age plots were similar, we still cannot rule out the effect of original soil differences on the N uptake rate.

The SRL and specific root surface area of L. principis-rupprechtii decreased with the increase in tree age as a result of increased root diameter and tissue density, similar to previous results. For example, Rosenvald et al. (2013) confirmed that the diameter and RTD of the first-order roots of Betula pendula gradually increased, while the SRL and SRA gradually decreased with the increase in forest age, ranging from 3 to 60 years. Moreover, for fine roots less than 2 mm in diameter, younger trees having higher values of SRL and SRA than older trees were reported in Cryptomeria japonica (Fujimaki et al., 2007), P. sylvestris (Jagodzinski and Kalucka, 2010), B. pendula (Kalliokoski et al., 2010), F. sylvatica, Quercus robur, Alnus glutinosa (Jagodzinski et al., 2016), Fraxinus velutina (Li et al., 2020), and Fraxinus mandshurica (Li et al., 2021). Considering the lower RC in younger L. principis-rupprechtii, the higher values of SRA at a young age indicate rapid growth and low construction costs, constituting a cost-saving method for acquiring soil resources. Compared to older trees, younger trees may need to develop more effective root systems to cope with survival pressures such as limited sunlight and soil resources. In this study, the root BR (the ratio of the tips of first-order roots to second-order roots) and BI (tips of first-order roots per length of second-order roots) were higher in young larch than in older larch. Previous studies have found that the root branching frequency (measured as tips per root dry mass) was higher in younger trees (Rosenvald et al., 2013). However, Børja et al. (2008) found that stand age had no effect on the root branching frequency of Norway spruce plantations. Normally, roots with higher SRL, SRA, and branches, but lower RTD and diameter, indicate a greater absorption capacity for soil resources (Wang et al., 2016; Weemstra et al., 2016). In our study, roots with lower diameter and RTD and higher SRL, SRA, BR, and BI exhibited higher nitrate, glycine, and total N uptake rates. Therefore, younger trees tended to develop roots with more morphologically and physiologically efficient nutrient uptake capacity to compensate for the smaller size of the root system.

Mycorrhizae and the physiological N uptake rates are important factors in root resource acquisition, but they have seldom been investigated from the standpoint of the theory of root economic space under intraspecies changes across tree ages. The PCA showed that the root functional traits (i.e., morphology, architecture, chemistry, mycorrhizal symbioses, and physiology) loaded onto two predominant axes comprising “collaboration” and “conservation” gradients in belowground resource acquisition in the L. principis-rupprechtii chronosequence (Figures 4, 6). This result supported our second hypothesis that trees with different ages show different N strategies, appearing to shift from an acquisitive strategy to a conservative strategy associated with increasing tree age. Along the collaboration gradient, younger L. principis-rupprechtii tended to invest more carbon to develop the root system itself for resource exploration—a “do-it-yourself” strategy (Bergmann et al., 2020) that involved features such as increased SRL and SRA, decreased RTD and diameter (morphology), and increased uptake rates of nitrate and glycine (physiology). Conversely, older L. principis-rupprechtii invested more carbon in acquiring mycorrhizal partners—an “outsourcing” strategy (Bergmann et al., 2020). This variation in root functional traits with age on the “collaboration” axis is consistent with the study of Ren et al. (2023) confirming a “collaboration” gradient of root economic space identified for P. koraiensis, Picea koraiensis, and Abies nephrolepis in three age classes. In contrast, the “conservative” axis of root chemical and architectural traits was orthogonal to the “collaboration” axis, indicating the multidimensional aspect of root economic space. The conservative–acquisitive gradient represents the fast–slow trade-offs between traits associated with high metabolic activity (e.g., root nitrogen and respiration rate) and root construction costs (e.g., root carbon and RTD) (McCormack et al., 2015; Roumet et al., 2016; Freschet and Roumet, 2017). The relatively efficient roots associated with higher N content and BI and lower C content of younger L. principis-rupprechtii indicated a fast, resource-acquisitive strategy. Older trees with thicker roots exhibited a slower, resource-conserving strategy.




Figure 6 | Root nitrogen acquisition strategies with tree age based on root economic space. SWC, soil water content; SOC, soil organic carbon; STN, soil total nitrogen; SAM, soil ammonium content; SNT, soil nitrate content; STP, soil total phosphorus content; SRL, specific root length; SRA, specific root area.






5 Conclusion

The uptake rates of nitrate, glycine, and total N of L. principis-rupprechtii decreased with increasing tree age, while the uptake rates of ammonium decreased initially and then increased with tree age. Across all tree ages, L. principis-rupprechtii preferred to absorb ammonium (45%–90%), followed by glycine (5%–40%) and nitrate (4%–11%). The glycine and nitrate uptake rates were positively correlated with the soil glycine and nitrate contents. The AD, tissue density, and ECM of the roots increased, while the SRL, SRA, BR, and BI decreased with increasing tree age in L. principis-rupprechtii plantations. We found that the strategies of resource acquisition along the age gradient of the same tree species showed a two-dimensional root economic space, and the root functional traits varied along the conservation and collaboration gradients. In L. principis-rupprechtii plantations, the root resource acquisition strategy appears to shift from an acquisitive strategy to a conservative strategy associated with increasing tree age. Along the collaboration gradient, younger trees relied more on their own root morphology and physiology to acquire soil resources—a “do-it-yourself” strategy, as reflected by the increased SRL and SRA and the increased uptake rate. Conversely, older L. principis-rupprechtii depended more on mycorrhizal partners—an “outsourcing” strategy.





Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.





Author contributions

QL: Conceptualization, Formal analysis, Funding acquisition, Investigation, Methodology, Writing – original draft, Writing – review & editing. YXC: Investigation, Writing – review & editing. YMC: Conceptualization, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Natural Science Foundation of China (32301569), the project funded by the China Postdoctoral Science Foundation (2023M730912), Science Research Project of Hebei Education Department (QN2021092), and the Natural Science Foundation of the Hebei Province of China (D2021205006). Thanks to the Geography Postdoctoral Research Station at Hebei Normal University and the Saihanba Ecological Station of Peking University.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

 Andersen, K. M., and Turner, B. L. (2013). Preferences or plasticity in nitrogen acquisition by understorey palms in a tropical montane forest. J. Ecol. 101, 819–825. doi: 10.1111/1365-2745.12070

 Barber, S. A. (1995). Soil nutrient bioavailability: a mechanistic approach. 2nd ed. (New York: Wiley).

 Bergmann, J., Weigelt, A., Plas, F., Laughlin, D. C., Kuyper, T. W., Guerrero-Ramirez, N., et al. (2020). The fungal collaboration gradient dominates the root economics space in plants. Sci. Adv. 6, eaba3756. doi: 10.1126/sciadv.aba3756

 Borchert, R. (1975). Differences in shoot growth patterns between juvenile and adult trees and their interpretation based on systems analysis of trees. In Symposium Juvenility Woody Perennials 56, 123–130. doi: 10.17660/ActaHortic.1976.56.11

 Børja, I., De Wit, H. A., Steffenrem, A., and Majdi, H. (2008). Stand age and fine root biomass, distribution and morphology in a Norway spruce chronosequence in southeast Norway. Tree Physiol. 28, 773–784. doi: 10.1093/treephys/28.5.773

 Bueno, A., Greenfield, L., Pritsch, K., Schmidt, S., and Simon, J. (2019). Responses to competition for nitrogen between subtropical native tree seedlings and exotic grasses are species-specific and mediated by soil N availability. Tree Physiol. 39, 404–416. doi: 10.1093/treephys/tpy096

 Chapin, F. S. III, Moilanen, L., and Kielland, K. (1993). Preferential use of organic nitrogen for growth by a non-mycorrhizal arctic sedge. Nature 361, 150–153. doi: 10.1038/361150a0

 Comas, L. H., and Eissenstat, D. M. (2004). Linking fine root traits to maximum potential growth rate among 11 mature temperate tree species. Funct. Ecol. 18, 388–397. doi: 10.1111/j.0269-8463.2004.00835.x

 Ding, J., Kong, D., Zhang, Z., Cai, Q., Xiao, J., Liu, Q., et al. (2020). Climate and soil nutrients differentially drive multidimensional fine root traits in ectomycorrhizal‐dominated alpine coniferous forests. J. Ecol. 108 (6), 2544–2556. doi: 10.1111/1365-2745.13407

 Finzi, A. C., and Berthrong, S. T. (2005). The uptake of amino acids by microbes and trees in three cold-temperate forests. Ecology 86, 3345–3353. doi: 10.1890/04-1460

 Fort, F., Cruz, P., Lecloux, E., de Oliveira, L. B., Stroia, C., Theau, J. P., et al. (2016). Grassland root functional parameters vary according to a community-level resource acquisition-conservation trade-off. J. Veg. Sci. 27, 749–758. doi: 10.1111/jvs.12405

 Freschet, G. T., and Roumet, C. (2017). Sampling roots to capture plant and soil functions. Funct. Ecol. 31, 1506–1518. doi: 10.1111/1365-2435.12883

 Fujimaki, R., Tateno, R., and Tokuchi, N. (2007). Root development across a chronosequence in a Japanese cedar (Cryptomeria japonica D.don) plantation. J. For. Res. 12, 96–102. doi: 10.1007/s10310-006-0256-1

 Gao, L., Cui, X., Hill, P. W., and Guo, Y. (2020). Uptake of various nitrogen forms by co-existing plant species in temperate and cold-temperate forests in northeast China. Appl. Soil Ecol. 147, 103398. doi: 10.1016/j.apsoil.2019.103398

 Gessler, A., Schneider, S., Sengbusch, D. V., Weber, P., Hanemann, U., Huber, C., et al. (1998). Field and laboratory experiments on net uptake of nitrate and ammonium by the roots of spruce (Picea abies) and beech (Fagus sylvatica) trees. New Phytol. 138, 275–285. doi: 10.1046/j.1469-8137.1998.00107.x

 Gower, S. T., McMurtrie, R. E., and Murty, D. (1996). Aboveground net primary production decline with stand age: potential causes. Trends Ecol. Evol. 11, 378–382. doi: 10.1016/0169-5347(96)10042-2

 Han, M., and Zhu, B. (2021). Linking root respiration to chemistry and morphology across species. Global Change Biol. 27, 190–201. doi: 10.1111/gcb.15391

 Hong, J., Ma, X., Yan, Y., Zhang, X., and Wang, X. (2018). Which root traits determine nitrogen uptake by alpine plant species on the Tibetan Plateau. Plant Soil 424, 63–72. doi: 10.1007/s11104-017-3434-3

 Jacob, A., and Leuschner, C. (2015). Complementarity in the use of nitrogen forms in a temperate broad-leaved mixed forest. Plant Ecol. Divers. 8, 243–258. doi: 10.1080/17550874.2014.898166

 Jagodzinski, A. M., and Kalucka, I. (2010). Fine roots biomass and morphology in a chronosequence of young Pinus sylvestris stands growing on a reclaimed lignite mine spoil heap. Dendrobiology 64, 19–30.

 Jagodzinski, A. M., Ziółkowski, J., Warnkowska, A., and Prais, H. (2016). Tree age effects on fine root biomass and morphology over chronosequences of Fagus sylvatica, Quercus robur and Alnus glutinosa stands. PloS One 11, e0148668. doi: 10.1371/journal.pone.0148668

 Kahmen, A., Wanek, W., and Buchmann, N. (2008). Foliar delta (15)N values characterize soil N cycling and reflect nitrate or ammonium preference of plants along a temperate grassland gradient. Oecologia 156, 861–870. doi: 10.1007/s00442-008-1028-8

 Kalliokoski, T., Pennanen, T., Nygren, P., Sievanen, R., and Helmisaari, H. S. (2010). Belowground interspecific competition in mixed boreal forests: fine root and ectomycorrhiza characteristics along stand developmental stage and soil fertility gradients. Plant Soil 330, 73–89. doi: 10.1007/s11104-009-0177-9

 Kong, D., Ma, C., Zhang, Q., Li, L., Chen, X., Zeng, H., et al. (2014). Leading dimensions in absorptive root trait variation across 96 subtropical forest species. New Phytol. 203, 863–872. doi: 10.1111/nph.12842

 Kong, D., Wang, J., Wu, H., Valverde-Barrantes, O. J., Wang, R., Zeng, H., et al. (2019). Nonlinearity of root trait relationships and the root economics spectrum. Nat. Commun. 10, 2203. doi: 10.1038/s41467-019-10245-6

 LeBauer, D. S., and Treseder, K. K. (2008). Nitrogen limitation of net primary productivity in terrestrial ecosystems is globally distributed. Ecology 89, 371–379. doi: 10.1890/06-2057.1

 Li, C., Li, Q., Xu, X., and Ouyang, H. (2016). Nitrogen acquisition strategies of Cunninghamia lanceolate at different ages. Acta Ecologica Sin. 36, 2620–2625. doi: 10.5846/stxb201411162271

 Li, Z., Liu, Z., Gao, G., Yang, X., and Gu, J. (2021). Shift from acquisitive to conservative root resource acquisition strategy associated with increasing tree age: a case study of Fraxinus mandshurica. Forests 12, 1797. doi: 10.3390/f12121797

 Li, H., Liu, B., McCormack, M. L., Ma, Z., and Guo, D. (2017). Diverse belowground resource strategies underlie plant species coexistence and spatial distribution in three grasslands along a precipitation gradient. New Phytol. 216, 1140–1150. doi: 10.1111/nph.14710

 Li, Y., Wang, X., Zhou, J., Wei, H., and Du, Z. (2020). Fine root distribution and activity of Fraxinus velutina plantations based on the forest stand age in the Yellow River Delta. J. Arid Land Resour. Environ. 34, 171–177. doi: 10.13448/j.cnki.jalre.2020.023

 Liese, R., Lübbe, T., Albers, N. W., and Meier, I. C. (2018). The mycorrhizal type governs root exudation and nitrogen uptake of temperate tree species. Tree Physiol. 38, 83–95. doi: 10.1093/treephys/tpx131

 Lima, J. E., Kojima, S., Takahashi, H., and von Wirén, N. (2010). Ammonium triggers lateral root branching in Arabidopsis in an AMMONIUM TRANSPORTER1;3-dependent manner. Plant Cell 22, 3621–3633. doi: 10.1105/tpc.110.076216

 Liu, M., Li, C., Xu, X., Wanek, W., Jiang, N., Wang, H., et al. (2017). Organic and inorganic nitrogen uptake by 21 dominant tree species in temperate and tropical forests. Tree Physiol. 37, 1515–1526. doi: 10.1093/treephys/tpx046

 Liu, Q., Wang, H., and Xu, X. (2020). Root nitrogen acquisition strategy of trees and understory species in a subtropical pine plantation in southern China. Eur. J. For. Res. 139, 791–804. doi: 10.1007/s10342-020-01284-6

 Liu, Q., Song, M., Kou, L., Li, Q., and Wang, H. (2023). Contrasting effects of nitrogen and phosphorus additions on nitrogen competition between coniferous and broadleaf seedlings. Sci. Total Environ. 861, 160661. doi: 10.1016/j.scitotenv.2022.160661

 Liu, M., Xu, F., Xu, X., Wanek, W., and Yang, X. (2018). Age alters uptake pattern of organic and inorganic nitrogen by rubber trees. Tree Physiol. 38, 1685–1693. doi: 10.1093/treephys/tpy031

 Ma, Z., Guo, D., Xu, X., Lu, M., Bardgett, R., Eissenstat, D. M., et al. (2018). Evolutionary history resolves global organization of root functional traits. Nature 555, 94–97. doi: 10.1038/nature25783

 McCormack, M. L., Dickie, I. A., Eissenstat, D. M., Fahey, T. J., Fernandez, C. W., Guo, D., et al. (2015). Redefining fine roots improves understanding of below-ground contributions to terrestrial biosphere processes. New Phytol. 207, 505–518. doi: 10.1111/nph.13363

 Näsholm, T., Ekblad, A., Nordin, A., Giesler, R., Högberg, M., and Högberg, P. (1998). Boreal forest plants take up organic nitrogen. Nature 392, 914–916. doi: 10.1038/31921

 Nordin, A., Högberg, P., and Näsholm, T. (2001). Soil nitrogen form and plant nitrogen uptake along a boreal forest productivity gradient. Oecologia 129, 125–132. doi: 10.1007/s004420100698

 Öhlund, J., and Näsholm, T. (2001). Growth of conifer seedlings on organic and inorganic nitrogen sources. Tree Physiol. 21, 1319–1326. doi: 10.1093/treephys/21.18.1319

 Pinno, B. D., and Wilson, S. D. (2013). Fine root response to soil resource heterogeneity differs between grassland and forest. Plant Ecol. 214, 821–829. doi: 10.1007/s11258-013-0210-1

 Remans, T., Nacry, P., Pervent, M., Filleur, S., Diatloff, E., Mounier, E., et al. (2006). The Arabidopsis NRT1.1 transporter participates in the signaling pathway triggering root colonization of nitrate rich patches. Proc. Natl. Acad. Sci. 103, 19206–19211. doi: 10.1073/pnas.0605275103

 Ren, H., Gao, G., Ma, Y., Li, Z., and Gu, J. (2021). Root nitrogen uptake and its relationship with root morphological and chemical traits in Pinus koraiensis at different ages. J. Beijing Forestry Univ. 43, 65–72. doi: 10.12171/j.1000−1522.20200385

 Ren, H., Gao, G., Ma, Y., Li, Z., Wang, S., and Gu, J. (2023). Shift of root nitrogen-acquisition strategy with tree age is mediated by root functional traits along the collaboration gradient of the root economics space. Tree Physiol. 43 (8), 1341–1353. doi: 10.1093/treephys/tpad047

 Rosenvald, K., Ostonen, I., Uri, V., Varik, M., Tedersoo, L., and Lohmus, K. (2013). Tree age effect on fine-root and leaf morphology in a silver birch forest chronosequence. Eur. J. For. Res. 132, 219–230. doi: 10.1007/s10342-012-0669-7

 Roumet, C., Birouste, M., Picon-Cochard, C., Ghestem, M., Osman, N., Vrignon-Brenas, S., et al. (2016). Root structure–function relationships in 74 species: evidence of a root economics spectrum related to carbon economy. New Phytol. 210, 815–826. doi: 10.1111/nph.13828

 Roumet, C., Urcelay, C., and Díaz, S. (2006). Suites of root traits differ between annual and perennial species growing in the field. New Phytol. 170, 357–368. doi: 10.1111/j.1469-8137.2006.01667.x

 Ryan, M. G., Binkley, D., and Fownes, J. H. (1997). Age-related decline in forest productivity: pattern and process. Adv. Ecol. Res. 27, 213–262. doi: 10.1016/S0065-2504(08)60009-4

 Simon, J., Bilela, S., and Rennenberg, H. (2021). Nitrogen uptake capacity of European beech (Fagus sylvatica L.) only partially depends on tree age. Trees 35, 1739–1745. doi: 10.1007/s00468-021-02190-z

 Simon, J., Dannenmann, M., Gasche, R., Holst, J., Mayer, H., Papen, H., et al. (2011). Competition for nitrogen between adult European beech and its offspring is reduced by avoidance strategy. For Ecol. Manage 262, 105–114. doi: 10.1016/j.foreco.2011.01.035

 Sun, Z., Liu, L., Peng, S., Penuelas, J., Zeng, H., and Piao, S. (2016). Age-related modulation of the nitrogen resorption efficiency response to growth requirements and soil nitrogen availability in a temperate pine plantation. Ecosystems 19, 698–709. doi: 10.1007/s10021-016-9962-5

 Tang, J., Luyssaert, S., Richardson, A. D., Kutsch, W., and Janssens, I. A. (2014). Steeper declines in forest photosynthesis than respiration explain age-driven decreases in forest growth. Proc. Natl. Acad. Sci. 111, 8856–8860. doi: 10.1073/pnas.1320761111

 Templer, P. H., and Dawson, T. E. (2004). Nitrogen uptake by four tree species of the Catskill Mountains, New York: implications for forest N dynamics. Plant Soil 262, 251–261. doi: 10.1023/B:PLSO.0000037047.16616.98

 Wang, Y., Dong, X., Wang, H., Wang, Z., and Gu, J. (2016). Root tip morphology, anatomy, chemistry and potential hydraulic conductivity vary with soil depth in three temperate hardwood species. Tree Physiol. 36, 99–108. doi: 10.1093/treephys/tpv094

 Wang, L., and Macko, S. A. (2011). Constrained preferences in nitrogen uptake across plant species and environments. Plant Cell Environ. 34, 525–534. doi: 10.1111/j.1365-3040.2010.02260.x

 Wang, R., Wang, Q., Zhao, N., Xu, Z., Zhu, X., Jiao, C., et al. (2018). Different phylogenetic and environmental controls of first-order root morphological and nutrient traits: Evidence of multidimensional root traits. Funct. Ecol. 32, 29–39. doi: 10.1111/1365-2435.12983

 Warren, C. R., and Adams, P. R. (2007). Uptake of nitrate, ammonium and glycine by plants of Tasmanian wet eucalypt forests. Tree Physiol. 27, 413–419. doi: 10.1093/treephys/27.3.413

 Weemstra, M., Mommer, L., Visser, E. J., van Ruijven, J., Kuyper, T. W., Mohren, G. M., et al. (2016). Towards a multidimensional root trait framework: a tree root review. New Phytol. 211, 1159–1169. doi: 10.1111/nph.14003

 Weigelt, A., Mommer, L., Andraczek, K., Iversen, C. M., Bergmann, J., Bruelheide, H., et al. (2021). An integrated framework of plant form and function: the belowground perspective. New Phytol. 232, 42–59. doi: 10.1111/nph.17590

 Wen, Z., White, P. J., Shen, J., and Lambers, H. (2022). Linking root exudation to belowground economic traits for resource acquisition. New Phytol. 233 (4), 1620–1635. doi: 10.1111/nph.17854

 Yan, H., Freschet, G. T., Wang, H., Hogan, J. A., Li, S., Valverde‐Barrantes, O. J., et al. (2022). Mycorrhizal symbiosis pathway and edaphic fertility frame root economics space among tree species. New Phytol. 234 (5), 1639–1653. doi: 10.1111/1365-2745.13407

 Yi, R., Liu, Q., Yang, F., Dai, X., Meng, S., Fu, X., et al. (2023). Complementary belowground strategies underlie species coexistence in an early successional forest. New Phytol. 238, 612–623. doi: 10.1111/nph.18736

 Zhang, Z., Li, N., Xiao, J., Zhao, C., Zou, T., Li, D., et al. (2018). Changes in plant nitrogen acquisition strategies during the restoration of spruce plantations on the eastern Tibetan Plateau, China. Soil Biol. Biochem. 119, 50–58. doi: 10.1016/j.soilbio.2018.01.002

 Zhou, M., Yan, G., Xing, Y., Chen, F., Zhang, X., Wang, J., et al. (2019). Nitrogen deposition and decreased precipitation does not change total nitrogen uptake in a temperate forest. Sci. Total Environ. 651, 32–41. doi: 10.1016/j.scitotenv.2018.09.166




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Liu, Chen and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-15-1358367-g003.jpg
\700
N LA
\\RIIIN
\S0%
N LA

N T4
N AN

Soil characteristics

Root morphological architectural chemical physiological traits





OEBPS/Images/M2.jpg
APE

" FORPI— L O Y @





OEBPS/Images/fpls-15-1358367-g001.jpg
1 N-NH,”

[ N-NO;
N-glycine
[ Total N

25

0
5
0+
5

« -~ -

r._._ jo0l r.m N B1) sajes axeydn usbouyN

100

(

T
o
©

%

)

20 1

T
[=] o
©

uonnqgLuod axyedn usboiN

57

46

7

3
Tree ages (years)

7

2

8

1





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Nitrogen acquisition strategy shifts with tree age depending on root functional traits and soil properties in Larix principis-rupprechtii plantations

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Study site and experimental design

          



          		

            2.2 Root trait measurements

          



          		

            2.3 Soil trait measurements

          



          		

            2.4 Calculation and statistical analyses

          



        



        



        		

          3 Results

        

          		

            3.1 Soil characteristics with tree ages

          



          		

            3.2 Changes in the N uptake rate and preference with tree age

          



          		

            3.3 Root morphological, architectural, mycorrhizal, and chemical traits with tree ages

          



          		

            3.4 Relationships among root traits and soil characteristics

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-15-1358367-g005.jpg
8.0 8.0
o
3 70 =7, E<0. S 70
g

E y=26.16-2.14%x
R*=0.71, P <0.0001

SOC

y =24.38-2.66%x
® R’=0.73, P <0.000

SAM

SGLY
cooooooo

=N W
ONPAOOONSE OOOCO

[o¥el=YoToptpueny

T T T T T

) N T T T N S —

N y=0.052-0.006%*x
R*=0.25, P=0.025

40 40
35 4C y=19.76-0.7183*x 354D P=085
O 30 R’=0.32,P=0.0094 | ¢5 30
<25 o <25 &
D 20 m P 20 o. - ®® o
15 o 15 X I
10 T T T T T 10 T T T T T
6 6 -
5 _|G y f 2.36-0.24%x 5 4 H P=0.15
R=0.69, P <0.0001
Z 4 4 ° = 4 . -
o 3 w3 o "
2 4 % *°
° o o.
T ‘u L 1+ “ r.

Py ®
y = 14.24+0.92%x
R*=0.45,2=0.001
0 T T T T T
04
To v =0.13+0.006%x
0.3 4 R’=0.25, P=0.023






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls.2024.1358367_cover.jpg
& frontiers | Frontiers in Plant Science

Nitrogen acquisition strategy shifts with tree

age depending on root functional traits and

soil properties in Larix principisrupprechtii
plantations





OEBPS/Images/table2.jpg
Water Organic Total N-NH;" N-NOz~ N-glycine Total phos- Total

content carbon nitrogen content content content phorus potassium
=1 =13 = =1 ~1 =1
(%) (kg™  (mgkg™)  (mgkg™) g kg™) (g kg™ (9 kg™)

663 17 0.14 £ 0.01ab 13.88 + 0.58b
18 + Py 19.19+078d  158+0.07d | 1520 £ 0.55b 17.27 £ 141a 0.05 + 0.00a

0.02a :

607 il 0.14 £ 0.02ab 1581 + 0.54a
27 + 0% 2408 +058c | 207 +005c | 1422 % 1.68b 18.00 £ 0.55a 006 + 0.01a

0.02¢ o

631 0.15 + 0.02a 12.69 +0.18b

20.19 1.69
37 & 20.07 + 0.65d 29.35 + 1.74a 13.34 + 1.83b 0.07 + 0.00a
+1.33 +023cd

0.02b

5.83 2079 0.11 +0.01b 16.02 + 0.21a
46 + it 3057 £ 149 294+ 0.14b | 29.97 +0.52a 10.54 £ 1.50b 006 + 0.01a

0.01e o

599 s 0.11 +0.01b 16.26 + 1.01a
57 + L 3688 +054a 350+ 007a | 33.15%215 12.06 + 0.70b 0.03 £ 0.00b

0.01d o

Values are mean values with standard errors. Different letters represent statistical significance across tree ages (p< 0.05).





OEBPS/Images/table3.jpg
Root
morphological traits

Root architectural traits

Mycorrhizal traits

Root chemical traits

Root physiological traits

Soil characteristics

Root diameter
Root tissue density
Specific root length
Specific root area

Branching ratio

Branching intensity

Mycorrhizal
colonization rate

Root carbon content
Root nitrogen content

Ammonium uptake rate

Nitrate uptake rate

Glycine uptake rate

Total nitrogen uptake rate

Soil water content

Soil total nitrogen

Soil total organic carbon
Soil ammonium content
Soil nitrate content

Soil glycine content

Soil total
phosphorus content

Soil total potassium content

Abbreviation

AD

RTD

SRL

SRA

BR

BI

ECM

RC

RN

UAM

UNT

UGLY

UTN

SwC

STN

SOC

SAM

SNT

SGLY

STP

STK

Units
mm

gem™

Hg
glht

Hg
g h!

Hg
g

Description

Average root diameter

The ratio of root dry mass to root volume
The ratio of root length to root dry mass

The ratio of root surface area to root dry mass

The ratio of the first-order root number to the second-order
root number

The ratio of the first-order root number to the second-order root length

Ectomycorrhizal colonization rate

Root carbon content
Root nitrogen content

Ammonium nitrogen uptake rate

Nitrate nitrogen uptake rate

Glycine nitrogen uptake rate

Total nitrogen uptake rate

Soil water content

Soil total nitrogen

Soil total organic carbon
Soil ammonium content
Soil nitrate content

Soil glycine content

Soil total phosphorus content

Soil total potassium content





OEBPS/Images/fpls-15-1358367-g004.jpg
Ammonium uptake rate

. Root carbon
2 ’ | y

. Nitrate uptake rate
1 Mycorrhizal :
9 ¢ colonization rate ofal N uptake rate
< : pecific root lendth
= . : Specific rQot area
NQ------- oo B e
§ Root tissue denSlty Branching ratio
o

Root diameter Glycine. uptake rate

-1 . Branch.ing intensity
. . Root nitrogen
_2- ® .
Groups ® 18a © 27a ® 37a ® 463:.0 57a Contnbunonm
-2.5 0.0 2.5

Dim1 (56.0%)





OEBPS/Images/fpls-15-1358367-g002.jpg
o o o O
0 < ™o N

r.m w) yibus| yoou oiy0adg AF.Eov Aysuayul Buiyoueusg (%) JUBUOD

o o
-

o

N Q < o
- - o o

0.0

]
o

c 06

T T T
o O O
M N -

T T
o O
o <

ones Buiyouelq 00y

o

T T T
I (i A
o o o o

(ww) Jo10Welp

o 024

T
=
o

Belony

o ©
o O O

=
(=]

Y N =
o o o

b.mE NES
eale J00. oy10ads

=
[=)

o o o o o o
n < ® N -

(%) UBUO0D UOGJED JOOY

o O O o O o o
©

(%) sajes uoneziuojod
|ez1yJ100Awo30]

abouyiu jooy

37 46 57
Tree ages (years)

27

18

27 37 46 57
Tree ages (years)

18

Tree ages (years)





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-15-1358367-g006.jpg
Multi- dimensional root economics space with tree age in Larix principis-rupprechtii plantations

Slow (conservative)

(1)Invest in root-fungal symbiosis. 4 ) .
(2)Slow resource return: low metabolic activity Soil glycine (0.03 mg kg™)
(lower nitrogen content); higher carbon content,
higher ammonium uptake, long life span.

SOC (19.19 g kg™)
STN (1.58 gkg")
SAM (14.22 mg kg")
SWC (14.17%)

Soil pH (6.63)
SNT(18.00 mg kg™)
STP (0.14 g kg!)

Conservation gradient

Old trees

Outsourcing Do-it-yourself

Collaboration gradient Young trees

SOC (36.88 ¢ kg™ *%
STN (3.50 g kg!) - -
SAM (33.15 mg kg )

SWC (21.52%)

Soil pH (5.99)
SNT(10.54 mg kg™")
STP (0.11 g kg')

(1)Rely on roots themselves: higher
SRL(SRA) and lower diameter;
@higher nitrate and glycine uptake rate.
(2)Fast resource return: high metabolic
activity (higher nitrogen content)
higher root branching ratio (intensity),

Soil glycine (0.06 mg kg™)
Fast (acquisitive) short life span.
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Tree Longitude . Density (hm™ Diameter at g
aits Altitude (m) i ifamr) . Height (m)
age (years) and latitude breast height (cm)
18 (£1) 117°14'10" E, 42°23'9" N | 1,489 3,225 1160 + 1.00 1020 + 0.58
27 (1) L71324" 42727 1,497 3000 13.90 + 0.66 14.00 + 4.67
54'N
37 (+2) LG 24" E AT 1,515 2515 2155 + 146 16.37 + 0.42
23N
46 (+2) 117°14'28" E, 42°24'1" N | 1,491 1,350 2433 £ 055 17.44 +0.34
57 (£1) 117°19'6" E, 42°24'39" N | 1,527 1,350 3121+ 098 24.00 £ 031

Values are mean values with standard errors.






