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Abstract: In light of global warming, the interaction between plant nutrient traits and soil nutrients
is still unclear. Plant nutrient traits (e.g., N and P) and their stoichiometric relationships (N/P ratio)
are essential for plant growth and reproduction. However, the specific role of soil nutrients in driving
variation in plant nutrient traits remains poorly understood. Fifty natural Pinus tabuliformis forests
were used as the research object to clarify the interaction between plant nutrient traits and soil
nutrients. We show that: (1) The Nmass, Pmass and N/P ratios of leaves were significantly higher than
those of roots. The N/P ratio of both leaves and roots was less than 14. (2) Leaf nutrient traits showed
diverse relationship patterns with root nutrient traits throughout the growing period. Significant
changes were found in root nutrient PC2 (the second principal component of root nutrient traits)
and leaf nutrient PC1 (the first principal component of leaf traits), and non-significant changes were
found in other relationships between leaf and root traits (p > 0.05). Root nutrient traits explained
36.4% of the variance in leaf nutrient traits. (3) With the increase in soil nutrient PC2 (related to N),
leaf PC2 (related to N) showed a significant trend of first decreasing and then increasing (p < 0.05).
Only the soil Nmass was significantly correlated with the leaf Nmass (p < 0.05), which demonstrated
that the growth and survival of Pinus tabuliformis forests were mainly affected by N-limitation.

Keywords: plant–soil interaction; leaf nutrient; N-limitation; Pinus tabuliformis

1. Introduction

Nutrient traits refer to traits related to nutrient characteristics (e.g., Nmass and Pmass),
reflecting the survival strategies of plants in response to global warming, and are widely
used in ecology [1–3]. Nitrogen (N) and phosphorus (P) are basic components of plant
genetic material and nutrients, and their stoichiometric relationships significantly influence
the process of plant growth and reproduction [4,5]. As a major limiting element, N is a
fundamental component of enzymes [4]. Meanwhile, phosphorus drives the generation
and maintenance of proteins and is also limiting in most environments [6]. The absence of
nitrogen and phosphorus in leaves will affect the formation of chlorophyll, further reduce
the productivity of forest communities and regulate carbon cycling [3]. The ratio of nitrogen
to phosphorus (N/P) in plants reflects environmental factors, especially the nutrient supply
of soil-to-plant growth [7,8]. It can clarify which elements restrict the plant’s productivity.
In other words, in a habitat where P is scarce and N is relatively abundant, plant N/P is
relatively high, while in the habitat where N is scarce and P is relatively rich, plant N/P is
relatively low and plant P content is significantly increased [3]. Soil nutrient limitation not
only affects the nutrient structure of species but also affects the composition of community
species and the direction of community succession [9].

Some studies have found that climatic factors may have a certain impact on plant
nutrient traits [10]. However, as the direct living environment of plants, soil provides the
necessary water and nutrients for plants to survive [11]. Therefore, soil nutrient factors may
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play a more critical role in shaping plant nutrient trait differences. However, the specific
interaction between soil nutrients and plant nutrients remains unclear.

Complex feedback regulation mechanisms exist between plant nutrients and soil nu-
trients [12]. For example, litter in nutrient-rich soils will introduce higher nutrients, which
release large amounts of nutrients after decay, thus maintaining a higher soil fertility level.
In nutrient-poor soils, plants naturally produce less litter, and their decay progresses very
slowly, which further leads to soil barrenness [4,11]. N and P are important components
of soil nutrients, and it is unclear whether their performance is consistent with that of
plant nutrient feedback and which nutrient trait plays a more important role in plant–soil
nutrient feedback.

Plants with different life forms occupy different plant–soil nutrient feedback [13].
The nutrient profiles of leaves vary significantly between different life forms due to dif-
ferences in their survival strategies [2]. This plant response feedback on soil nutrient
supply reflects a nutrient trade-off in plant growth and development and reflects the sur-
vival strategies adopted by plants in coping with survival pressure [14]. Based on global
data, Wright et al. [15] found that the leaf nitrogen and phosphorus contents of shrubs
were significantly higher than those of trees. Plants with long-living leaves have low N
and P contents [2] and, thus, tree species can adapt to a living environment with low
nutritional status.

In recent years, an increasing number of studies have attempted to explore the cor-
relations between traits of different organs from the perspective of plant functional traits.
Relevant studies not only help to understand the mechanisms of interaction between plant
traits [4] and the utilization and allocation of resources during plant growth [16] but also
have important significance in further predicting the response of plants to environmental
changes. Previous studies on plant nutrient traits (e.g., N, P) often focused on aboveground
organs, and few studies were conducted on roots [17]. Exploring the difference in nutrient
traits between aboveground and underground organs can help us to better understand the
nutrient allocation strategies of plants as well as the plant–soil nutrient feedback [18].

Songshan Nature Reserve preserves the only natural Pinus tabuliformis forest in North
China. Pinus tabuliformis plays an extremely important role in resisting wind and sand,
conserving water sources and purifying air, etc. The shrub species are Syinga reticulata
var. Mandshurica, Corylus mandshurica and Euonymus verrucosus. Pinus tabuliformis is the
constructive species in Songshan Nature Reserve. We aim to explore the relative effects
of soil nutrients on plant nutrient traits based on the plant nutrient trait data (e.g., Nmass,
Pmass) of roots and leaves and soil nutrient data collected from 50 natural Pinus tabuliformis
forests. We proposed the following hypotheses: (1) There exists a significant difference
between roots and leaves in nutrient traits (e.g., Nmass, Pmass). (2) Soil nutrient factors are
better at explaining the variation in root nutrient traits than leaf nutrient traits.

2. Results

The Nmass (Figure 1A), Pmass (Figure 1B) and N/P ratios (Figure 1C) of leaves were
significantly higher than those of roots (Table 1). We also found that the phosphorus content of
trees was significantly higher than that of shrubs. However, there was no significant difference
(p > 0.05) in nitrogen content between trees and shrubs (Figure S1).

The first two principal components (PC1 = 56.97%; PC2 = 41.54%) can explain 98.51% of
the soil nutrient variation. The N/P ratio and PC1 showed a positive correlation. However,
the Nmass, Pmass and PC1 showed a negative correlation (Figure 2A). The first principal
component mainly represents the components related to nutrient restriction. The second
principal component mainly represents the components related to nitrogen.

The first two principal components (PC1 = 53.61%; PC2 = 44.22%) can explain 97.83% of
the plant nutrient variation. Both the nutrient function traits of roots and the nutrient traits
of leaves were positively correlated with the second principal component (Figure 2B). The
first principal component mainly represents the components related to nutrient restriction.
The second principal component mainly represents the components related to nitrogen.
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Figure 1. A comparison of the differences in the Nmass (A), Pmass (B), and N/P (C) of different organs 

(leaf and root). * represents p < 0.05, ** represents p < 0.01, **** represents p < 0.0001. 

Table 1. Variations in the Nmass, Pmass and N/P ratio of leaves, roots and soil. 

 Nutrient Characteristics Mean Value (g/g) Coefficient of Variation (%) Max–Min (g/g) 

Leaf 

Nmass 2.03 3.81 1.23 

Pmass 0.32 6.02 0.56 
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Figure 1. A comparison of the differences in the Nmass (A), Pmass (B), and N/P (C) of different organs
(leaf and root). * represents p < 0.05, ** represents p < 0.01, **** represents p < 0.0001.

Table 1. Variations in the Nmass, Pmass and N/P ratio of leaves, roots and soil.

Nutrient Characteristics Mean Value (g/g) Coefficient of Variation (%) Max–Min (g/g)

Leaf
Nmass 2.03 3.81 1.23
Pmass 0.32 6.02 0.56
N:P 7.38 10.59 5.82

Root
Nmass 1.19 2.15 0.62
Pmass 0.22 1.23 0.20
N:P 5.6 29.56 4.42

Soil
Nmass 3.22 41.72 5.38
Pmass 0.43 7.74 0.62
N:P 8.46 20.05 6.4

Plants 2023, 12, x FOR PEER REVIEW 3 of 9 
 

 

 

Figure 1. A comparison of the differences in the Nmass (A), Pmass (B), and N/P (C) of different organs 

(leaf and root). * represents p < 0.05, ** represents p < 0.01, **** represents p < 0.0001. 

Table 1. Variations in the Nmass, Pmass and N/P ratio of leaves, roots and soil. 

 Nutrient Characteristics Mean Value (g/g) Coefficient of Variation (%) Max–Min (g/g) 

Leaf 

Nmass 2.03 3.81 1.23 

Pmass 0.32 6.02 0.56 

N:P 7.38 10.59 5.82 

Root 

Nmass 1.19 2.15 0.62 

Pmass 0.22 1.23 0.20 

N:P 5.6 29.56 4.42 

Soil 

Nmass 3.22 41.72 5.38 

Pmass 0.43 7.74 0.62 

N:P 8.46 20.05 6.4 

The first two principal components (PC1 = 56.97%; PC2 = 41.54%) can explain 98.51% 

of the soil nutrient variation. The N/P ratio and PC1 showed a positive correlation. How-

ever, the Nmass, Pmass and PC1 showed a negative correlation (Figure 2A). The first principal 

component mainly represents the components related to nutrient restriction. The second 

principal component mainly represents the components related to nitrogen. 

 

Figure 2. Principal component analysis (PCA) of nutrient characteristics of (A) soil and (B) leaves 

and roots. Nutrient characteristics included the Nmass, Pmass and N/P ratio. 

The first two principal components (PC1 = 53.61%; PC2 = 44.22%) can explain 97.83% 

of the plant nutrient variation. Both the nutrient function traits of roots and the nutrient 

traits of leaves were positively correlated with the second principal component (Figure 

Figure 2. Principal component analysis (PCA) of nutrient characteristics of (A) soil and (B) leaves
and roots. Nutrient characteristics included the Nmass, Pmass and N/P ratio.

From the results of the generalized additive models (GAMs), it is clear that the investi-
gated leaf traits showed diverse relationship patterns with root nutrient traits throughout
the growing period (Table 2; Figure 3). Significant dynamic changes were found in the
root nutrient PC2 and leaf PC1, and non-significant dynamic changes were found in other
relationships between the leaf and root traits. Root nutrient traits explained 36.4% of the
variance in leaf nutrient traits (Table 2; Figure 4).

The soil nutrient factors had non-significant effects on the root nutrient traits (Table 2;
Figure 5). The soil nutrient factors had significant nonlinear effects on the leaf nutrient
traits (p < 0.05). With the increase in soil nutrient PC2 (related to N), leaf PC2 (related to N)
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showed a significant trend of first decreasing and then increasing (p < 0.05). Generally
speaking, soil nutrients explained 25% of the variance in the leaf nutrient traits.
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Table 2. Results of the generalized additive models (GAMs) explaining the influence of soil nutrient
and root nutrient traits on leaf and root nutrient traits. * p < 0.05.

Parameters Independent Variable Degrees of Freedom F Value Pr (>|t|) R2
adj

Leaf PC1
Soil PC1 3.328 1.496 0.227

0.163Soil PC2 1.970 1.452 0.217

Leaf PC2
Soil PC1 1.432 0.498 0.6806

0.25Soil PC2 5.484 2.282 0.0475 *

Root PC1
Soil PC1 1.797 1.729 0.190

0.108Soil PC2 1.641 0.790 0.451

Root PC2
Soil PC1 3.086 2.757 0.0511

0.181Soil PC2 1.000 0.231 0.6340

Leaf PC1
Root PC1 2.843 1.939 0.1352

0.364Root PC2 4.418 2.802 0.0337 *

Leaf PC2
Root PC1 1.000 0.392 0.536

0.0861Root PC2 1.927 1.740 0.153
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3. Discussion

We found that the Nmass and Pmass of leaves were significantly higher than those
of roots. Leaves are the main organ for photosynthesis, and Nmass and Pmass are closely
related to protein synthesis [2]. Plant roots cannot participate in photosynthesis due to lack
of chlorophyll. Therefore the Nmass and Pmass of plant roots are significantly lower than
those of leaves [19–25].

We also found that the Pmass of tree leaves was significantly higher than that of shrub
leaves. Plants of different life forms have unique niches and different resource utiliza-
tion strategies for light, temperature and water under environmental pressure [2,25–32].
However, there was no significant difference in Nmass between tree and shrub leaves. The
“community construction theory” based on nutrient traits explains that, in a local commu-
nity, competition may lead to divergence between traits, but habitat screening may lead to
the convergence of traits [33]. Often, the habitat selection effect causes different species to
form more consistent characteristics so as to adapt to the same environment [3].
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There exists a tradeoff between the nutrient traits of different plant organs [15]. Nmass
and Pmass, in plant leaves, are mainly used for photosynthesis, while those of roots are
mainly used for underground ecological processes so as to adapt to adverse environments.
Therefore, when plants absorb nutrients from the soil, they will balance the nutrients
according to their environment [34]. When plants are in an environment with sufficient
resources (sufficient light, water, and heat), they will use more nutrients for photosynthesis
to maximize resource utilization and facilitate plant growth and reproduction [26]. When
plants are affected by osmotic stress, they will use more nutrients in underground processes
(e.g., rooting) to avoid the threat [9].

In the past century, aboveground ecology has attracted extensive attention. How-
ever, the ecological links between aboveground and underground components remain
unclear [2,3]. This knowledge gap hampers our ability to understand and predict the
comprehensive responses of an ecosystem to environmental stresses [2,3]. Increasing evi-
dence emphasizes that the importance of strong interactions between aboveground and
underground components in regulating ecosystem multifunctionality and responses to
global change [19–26].

Plants and soil participate in the global material cycle together, existing in a close
relationship [27]. Plants absorb nitrogen and phosphorus from the soil through their
roots and return them to the soil in the form of litter [20]. Therefore, there is a feedback
relationship between soil and plant nutrients [3]. The aboveground element characteristics
of plants are usually related to the soil nutrient content. As the main substrate for plant
growth, soil contains organic matter, nitrate nitrogen and ammonium nitrogen, which
are decomposed to continuously provide essential nutrients for the normal physiological
activities of plants. This enables the soil and plant to achieve and maintain a balanced
element ratio through the dynamic exchange of nutrient supply and demand [28–32]. We
found that only soil Nmass was significantly correlated with leaf Nmass, offering evidence
that the growth and development of Pinus tabuliformis forests were mainly limited by the
supply of soil Nmass, and Pmass was not the key element limiting factor.

4. Materials and Methods
4.1. Study Area

The longitude and latitude range of Songshan Nature Reserve is 115◦43′44′′ E–115◦50′22′′ E,
40◦29′9′′ N–40◦33′35′′ N. The annual average temperature is 8.5 ◦C, the highest temperature
in the hottest month is 39 ◦C, and the lowest temperature in the coldest month is −27.3 ◦C.
The annual average duration of sunshine is 2836.3 h, the annual average frost-free period
is approximately 150 days, the annual average rainfall is 493 mm, and the annual average
evaporation is 1770 mm. The reserve has the second highest peak in Beijing, with a maximum
altitude of 2198.39 m. Most mountains measure between 600 and 1600 m. There are three
types of soil connected with the elevation changes: brown forest soil, mountain brown soil
and mountain meadow soil. Mountain meadow soil is mainly distributed under shrub
vegetation above an altitude of 1800 m. The reserve is rich in animal and plant resources,
including 713 species of higher wild vascular plants, more than 300 species of medicinal
plants and 158 species (subspecies) of birds. Fifty representative plots (30 m × 30 m)
were established in natural Pinus tabuliformis forests. The average elevation is 800 m. The
maximum altitude is 875 m, and the minimum altitude is 770 m. The soil type is brown
forest soil.

4.2. Nutrient Trait Data

More than 10 mature and well-developed Pinus tabuliformis trees were selected from
each plot to collect fresh (one-ye ar-old) needles and twigs. The collected samples were
mixed evenly and placed into paper file bags. We selected roots with diameters greater
than 2 mm for our research. The contents of N (%) and P (%) in the leaves were determined
after sterilization at 105 ◦C, drying at 60 ◦C and mechanical grinding. The average value
of each sample was taken to calculate the average contents of N (%) and P (%). Soil
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samples of the surface layer (0–20 cm) were collected under the selected tree. The soil
samples were mixed fully and evenly. After air-drying in the laboratory, impurities were
removed and the contents of N (g/kg) and P (g/kg) were determined after grinding and
screening with 0.25 mm mesh. Roots of Pinus tabuliformis collection were carried out by a
root-tracking method. The main roots of the sampled Pinus tabuliformis were found first,
and the fine roots on the main roots were sequentially exposed by gradually removing
sediment downward in the direction of the main roots. Roots containing at least five
grades were cut off with pruning scissors, and these fine root samples were placed in self-
sealing bags for preservation through temporary freezing. After taking the root samples
back to the laboratory, the soil attached to the root samples was washed with water. The
samples were graded according to the root order. The measured fine roots were placed
in an oven at 60 ◦C for 72 h to maintain their weight. Root samples were kept for testing
after crushing and screening with a 2 mm sieve. The total N content was determined by
Kjeldahl determination, the leaf P content was determined by the molybdenum antimony
anti-colorimetric method, and the soil total phosphorus was determined by the alkali fusion-
Mo-Sb anti-spectrophotometric method [19–21,35]. The calculation method for the Nmass
and Pmass of the leaves and roots of shrub species is the same as that for Pinus tabuliformis.

4.3. Data Analysis

Principal component analysis (PCA) was used to reduce the dimensions of the plant
nutrient traits, root nutrient and soil nutrient factors and was conducted within the R
environment using the “vegan” package.

Generalized additive models (GAMs) were used to evaluate the effects of soil nutrient
factors on leaf and root nutrient traits. This approach utilizes both parametric and non-
parametric components to reduce the model risks inherent to linear models [22]. The model
can be summarized as:

g(E(Yi)) = β0 + S1(xi) + S2(xi) + ei (1)

where g is a link function, E(Yi) is the estimate for the responsible variable Yi, S1 is the
smooth function of xi for different light treatments, and S2 is the smooth function of xi
throughout the investigation time. xi (i = 1, 2, 3, . . . , 12) are the explanatory variables, and
they are the number of new rhizomes, new rhizome length, new rhizome diameter, etc. β0
is the constant term and ei is the error term. All calculations were conducted within the R
environment using the “mgcv” package.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants12040735/s1, Figure S1: A comparison of the differences in the
Nmass (A), Pmass (B), and N/P (C) at different life forms (Tree and Shrub), **** represents p < 0.0001.

Author Contributions: Conceptualization, J.G.; experiment implementation, J.G.; validation, J.G.;
formal analysis, J.G.; writing—original draft preparation, J.G.; writing—review and editing, J.G., J.W.
and Y.L.; visualization, J.G.; project administration, J.G. and Y.L.; funding acquisition, J.G. and Y.L.
All authors have read and agreed to the published version of the manuscript.

Funding: The study was supported by the Xinjiang Normal University Landmark Achievements
Cultivation Project, China (grant number: no number), the Scientific Research Program of Col-
leges and Universities in Xinjiang (no. XJEDU2021I023) and the General Program in Xinjiang
(no. 2022D01A213).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

https://www.mdpi.com/article/10.3390/plants12040735/s1
https://www.mdpi.com/article/10.3390/plants12040735/s1


Plants 2023, 12, 735 8 of 9

References
1. Ma, J.; Niklas, K.J.; Liu, L.; Fang, Z.D.; Li, Y.R.; Shi, P.J. Tree size influences leaf shape but does not affect the proportional

relationship between leaf area and the product of length and width. Front. Plant Sci. 2022, 13, 850203.
2. Wang, X.; Wang, R.; Gao, J. Precipitation and soil nutrients determine the spatial variability of grassland productivity at large

scales in China. Front. Plant Sci. 2022, 13, 996313. [CrossRef] [PubMed]
3. Wang, X.; Wang, J.; Zhang, L.; Lv, C.; Liu, L.; Zhao, H.; Gao, J. Climatic Factors Determine the Distribution Patterns of Leaf

Nutrient Traits at Large Scales. Plants 2022, 11, 2171. [CrossRef]
4. Gong, H.; Li, Y.; Yu, T.; Zhang, S.; Gao, J.; Zhang, S.; Sun, D. Soil and climate effects on leaf nitrogen and phosphorus stoichiometry

along elevational gradients. Glob. Ecol. Conserv. 2020, 23, e01138. [CrossRef]
5. Huang, C.; Xu, Y.; Zang, R. Variation patterns of functional trait moments along geographical gradients and their environmental

determinants in the subtropical evergreen broadleaved forests. Front. Plant Sci. 2021, 12, 1414.
6. Han, W.X.; Fang, J.Y.; Guo, D.L.; Zhang, Y. Leaf nitrogen and phosphorus stoichiometry across 753 terrestrial plant species in

China. New Phytol. 2005, 168, 377–385. [CrossRef]
7. Aerts, R.; Chapin, F.S. The mineral nutrition of wild plants revisited: A re-evaluation of processes and patterns. Adv. Ecol. Res.

2000, 30, 1–67.
8. Güsewell, S. N:P ratios in terrestrial plants: Variation and functional significance. New Phytol. 2004, 164, 243–266. [CrossRef]
9. Chen, X.; Chen, H.Y.H.; Searle, E.B.; Chen, C.; Reich, P.B. Negative to positive shifts in diversity effects on soil nitrogen over time.

Nat. Sustain. 2020, 4, 225–232. [CrossRef]
10. Taylor, P.; Asner, G.; Dahlin, K.; Anderson, C.; Knapp, D.; Martin, R.; Mascaro, J.; Chazdon, R.; Cole, R.; Wanek, W. LandscapeScale

Controls on Aboveground Forest Carbon Stocks on the Osa Peninsula, Costa Rica. PLoS ONE 2015, 10, e0126748.
11. Ordoñez, J.C.; Bodegom, P.M.V.; Witte, J.P.M.; Wright, I.J.; Reich, P.B.; Aerts, R. A global study of relationships between leaf traits,

climate and soil measures of nutrient fertility. Glob. Ecol. Biogeogr. 2009, 18, 137–149. [CrossRef]
12. Berendse, F. Litter decomposability—A neglected component of plant fitness. J. Ecol. 1994, 82, 187–190. [CrossRef]
13. Booth, M.S.; Stark, J.M.; Rastetter, E. Controls on nitrogen cycling in terrestrial ecosystems: A synthetic analysis of literature data.

Ecol. Monogr. 2005, 75, 139–157. [CrossRef]
14. Wright, I.J.; Reich, P.B.; Cornelissen, J.H.C.; Falster, D.S.; Garnier, E.; Hikosaka, K.; Lamont, B.B.; Lee, W.; Oleksyn, J.;

Osada, N.; et al. Assessing the generality of global leaf trait relationships. New Phytol. 2005, 166, 485–496. [CrossRef]
15. Wright, I.J.; Reich, P.B.; Westoby, M.; Ackerly, D.D.; Baruch, Z.; Bongers, F.; Cavender-Bares, J.; Chapin, T.; Cornelissen, J.H.C.;

Diemer, M.; et al. The worldwide leaf economics spectrum. Nature 2004, 428, 821–827. [CrossRef]
16. Koerselman, W.; Meuleman, A.F.M. The vegetation N:P ratio: A new tool to detect the nature of nutrient limitation. J. Appl. Ecol.

1996, 33, 1441–1450. [CrossRef]
17. Valverde-Barrantes, O.J.; Horning, A.L.; Smemo, K.A.; Blackwood, C.B. Phylogenetically structured traits in root systems influence

arbuscular mycorrhizal colonization in woody angiosperms. Plant Soil 2016, 404, 1–12. [CrossRef]
18. Hobbie, S.E. Effects of plant species on nutrient cycling. Trends Ecol. Evol. 1992, 7, 336–339.
19. Gong, H.D.; Yao, F.G.; Gao, J. Succession of a broad-leaved Korean pine mixed forest: Functional plant trait composition.

Glob. Ecol. Conserv. 2020, 22, e00950. [CrossRef]
20. Gong, H.D.; CUI, Q.J.; Gao, J. Latitudinal, soil and climate effects on key leaf traits in northeastern China. Glob. Ecol. Conserv.

2020, 22, e00904. [CrossRef]
21. Gao, J.; Song, Z.P.; Liu, Y.H. Response mechanisms of leaf nutrients of endangered plant (Acer catalpifolium) to environmental

factors varied at different growth stages. Glob. Ecol. Conserv. 2019, 17, e00521. [CrossRef]
22. Huang, W.; Ding, Y.; Wang, S.; Song, C.; Wang, F. Growth and development responses of the rhizome-root system in Pleioblastus

pygmaeus to light intensity. Plants 2022, 11, 2204. [CrossRef] [PubMed]
23. Elser, J.J.; Dobberfuhl, D.R.; MacKay, N.A.; Schampel, J.H. Organism size, life history, and N:P stoichiometry. BioScience 1996,

46, 674–684. [CrossRef]
24. He, J.S.; Han, X.G. Ecological stoichiometry: Searching for unifying principles from individuals to ecosystems. Chin. J. Plant Ecol.

2010, 34, 2–6.
25. Guo, D.; Xia, M.; Wei, X.; Chang, W.; Liu, Y.; Wang, Z. Anatomical traits associated with absorption and mycorrhizal colonization

are linked to root branch order in twenty-three Chinese temperate tree species. New Phytol. 2008, 3, 180. [CrossRef] [PubMed]
26. Wang, J.; Wang, X.; Ji, Y.; Gao, J. Climate factors determine the utilization strategy of forest plant resources at large scales.

Front. Plant Sci. 2022, 13, 990441. [CrossRef] [PubMed]
27. Aerts, R.; De Caluwe, H.; Beltman, B. Is the relation between nutrient supply and biodiversity CO2 limited by the type of nutrient

limitation. Oikos 2003, 101, 489–498. [CrossRef]
28. Elser, J.J.; Fagan, W.F.; Kerkhoff, A.J.; Swenson, N.G.; Enquist, B.J. Biological stoichiometry of plant production: Metabolism,

scaling and ecological response to global change. New Phytol. 2010, 186, 593–608. [CrossRef] [PubMed]
29. Sweeney, C.J.; Vries, F.T.; Dongen, B.E. Root traits explain rhizosphere fungal community composition among temperate grassland

plant species. New Phytol. 2021, 229, 1492–1507. [CrossRef]
30. Potarzycki, J. Effect of magnesium or zinc supplementation at the background of nitrogen rate on nitrogen management by maize

canopy cultivated in monoculture. Plant Soil Environ. 2011, 57, 19–25. [CrossRef]

http://doi.org/10.3389/fpls.2022.996313
http://www.ncbi.nlm.nih.gov/pubmed/36160972
http://doi.org/10.3390/plants11162171
http://doi.org/10.1016/j.gecco.2020.e01138
http://doi.org/10.1111/j.1469-8137.2005.01530.x
http://doi.org/10.1111/j.1469-8137.2004.01192.x
http://doi.org/10.1038/s41893-020-00641-y
http://doi.org/10.1111/j.1466-8238.2008.00441.x
http://doi.org/10.2307/2261398
http://doi.org/10.1890/04-0988
http://doi.org/10.1111/j.1469-8137.2005.01349.x
http://doi.org/10.1038/nature02403
http://doi.org/10.2307/2404783
http://doi.org/10.1007/s11104-016-2820-6
http://doi.org/10.1016/j.gecco.2020.e00950
http://doi.org/10.1016/j.gecco.2020.e00904
http://doi.org/10.1016/j.gecco.2019.e00521
http://doi.org/10.3390/plants11172204
http://www.ncbi.nlm.nih.gov/pubmed/36079587
http://doi.org/10.2307/1312897
http://doi.org/10.1111/j.1469-8137.2008.02573.x
http://www.ncbi.nlm.nih.gov/pubmed/18657210
http://doi.org/10.3389/fpls.2022.990441
http://www.ncbi.nlm.nih.gov/pubmed/36035720
http://doi.org/10.1034/j.1600-0706.2003.12223.x
http://doi.org/10.1111/j.1469-8137.2010.03214.x
http://www.ncbi.nlm.nih.gov/pubmed/20298486
http://doi.org/10.1111/nph.16976
http://doi.org/10.17221/77/2010-PSE


Plants 2023, 12, 735 9 of 9

31. Shen, X.; Yang, F.; Xiao, C.W.; Zhou, Y. Increased contribution of root exudates to soil carbon input during grassland degradation.
Soil Biol. Biochem. 2020, 146, 107817. [CrossRef]

32. Liu, C.; Sack, L.; Li, Y.; He, N. Contrasting adaptation and optimization of stomatal traits across communities at continental-scale.
J. Exp. Bot. 2022, 73, 6405–6416. [CrossRef] [PubMed]

33. Fukano, Y.; Guo, W.; Uchida, K.; Tachiki, Y. Contemporary adaptive divergence of plant competitive traits in urban and rural
populations and its implication for weed management. J. Ecol. 2020, 108, 2521–2530. [CrossRef]

34. Reichardt, K.; Timm, L.C. How Plants Absorb Nutrients from the Soil. In Soil, Plant and Atmosphere; Springer: Cham, Switzerland, 2020.
35. Chen, Y.S.; Hou, M.T.; Dan, M.A.; Han, X.H.; Zhang, R.Y.; Zhang, X.Z. Determination of Total Phosphorus in Soil by Alkali

Fusion-Mo-Sb Anti Spectrophotometric Method; China Standardization: Beijing, China, 2018.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.soilbio.2020.107817
http://doi.org/10.1093/jxb/erac266
http://www.ncbi.nlm.nih.gov/pubmed/35716087
http://doi.org/10.1111/1365-2745.13472

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Study Area 
	Nutrient Trait Data 
	Data Analysis 

	References

