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Abstract: Leaf nitrogen (N) and phosphorus (P) stoichiometry at a large geographical scale is the
result of long-term adaptation to the environment. Therefore, the patterns of leaf N and P spatial
distributions and their controlling factors represent an important issue in current ecological research.
To explore the leaf stoichiometry of Chinese fir at a national level, we conducted a meta-analysis based
on the dataset of the leaf nitrogen (N) and phosphorus (P) concentrations and the N:P ratio from 28
study sites across China. For all of the age groups considered, the average concentrations of the leaf
N and P concentrations and the N:P ratio were 11.94 mg g−1, 1.04 mg g−1, and 12.93, respectively.
Significant differences were found in the leaf P concentration and N:P ratio between the five age
groups, while the differences in the leaf N concentration between the groups were not significant.
Linear fitting results indicated that the leaf P concentration decreased, and the leaf N:P ratio increased
with the increase of the MAT (mean annual temperature) and soil N concentration. Redundancy
analysis (RDA) revealed that the first axis, with an explanatory quantity of 0.350, indicated that the
MAT (mean annual temperature), soil nitrogen concentration and stand age had a good relationship
with the leaf P concentration and N:P ratio, while the second axis, with an explanatory quantity
of 0.058, indicated that the leaf N concentration was less affected by the environmental factors.
These results demonstrate that the leaf P concentration and N:P ratio are affected by the stand age,
an uneven distribution of the heat and soil nutrient concentration status, and N, as the limiting
element, remaining relatively stable. Overall, our findings revealed the response of leaf stoichiometric
traits to environment change, which benefits the management of Chinese fir plantations.

Keywords: Chinese fir; nitrogen; phosphorus; N:P ratio; stand age; geographical and climatic factors;
soil nutrient condition

1. Introduction

Leaf N and P stoichiometry have certain indicative effects on the growth rate, adaptation strategy,
nutrient limitation, and community function of plants [1–4]. Leaf stoichiometry is likely affected by
changes in the environment, including biotic and abiotic factors [5,6]. Among the abiotic factors,
geographical and climatic factors play important roles in driving the changes of leaf stoichiometry at
regional or global scales [7,8]. In addition, the soil nutrient condition can also affect leaf stoichiometry in
most cases [9,10]. To date, several theories have been proposed to explain the relationship between leaf
stoichiometry and these abiotic factors. Among them, the Temperature-Plant Physiology Hypothesis
(TPPH) and the Temperature-Biogeochemistry Hypothesis (TBH), which were proposed to explain
the effects of temperature on terrestrial plants’ nutrient concentrations and their stoichiometric ratios,
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are the most widely accepted and applied [11,12]. The former suggests that plants require more N
and P to maintain biochemical efficiency in cold habitats [5,11], while the latter argues that there is a
positive relationship between leaf N and P concentrations and temperature [12]. Specifically, a low
temperature in cold regions restricts the release of nutrients from organic matter and their uptake by
plants, leading to nutrient limitation [11]. Based on the large-scale study of the geographical patterns
of leaf stoichiometry, another hypothesis, the Stability of Limiting Elements Hypothesis, was proposed
in recent years. This hypothesis suggests that, due to the restriction of physiological and nutrient
balance, the concentrations of limitation elements in plants is relatively stable, and their responses to
environmental changes are also stable [13].

In recent years, many studies were carried out that explored the relationships between flora
nutrient composition and climatic and geographical factors at regional or global scales, providing
abundant data for the establishment of large-scale models [10,11,14]. Reich and Oleksyn found that
the leaf N and P concentrations declined with the decrease of Latitude (LAT) and MAT (mean annual
temperature) at a global scale, while the leaf N:P ratio showed the opposite trend [11]. In addition, the
studies carried out in China found that the leaf N and P declined with the increase of temperature,
while the leaf N:P ratio showed no marked change [10,14]. Furthermore, some studies found that
precipitation could also affect the geographical pattern of the distribution of leaf N and P concentrations.
Ren et al. found that the leaf N and P concentrations were negatively correlated with precipitation [15],
while He et al. found that precipitation had no relationship with leaf N and P concentrations [14]. In a
word, the effect of temperature and precipitation on the geographical pattern of leaf N and P was still
uncertain and requires further study.

Chinese fir (Cunninghamia lanceolata (lamb.) Hook.) is a unique tree species in China, with a
long history of cultivation and wide distribution [16]. The economic value of Chinese fir is mainly
due to its characteristics of a rapid growth and good material quality. The large-area plantations also
have excellent ecological benefits. Many studies on the leaf stoichiometry of Chinese fir plantations
have been carried out, but most of them were based on single-site investigation [17,18]. Studies at
a regional scale have not been reported so far. In view of this, we conducted a meta-analysis based
on a nationwide dataset, collected from the published literature on the leaf N and P concentrations
and N:P ratio, as well as the data on external environmental factors. The objectives of this study were:
(1) to determine the leaf stoichiometry of Chinese fir plantations at a regional scale; (2) to explore the
difference in the leaf stoichiometry among different stand age groups; and (3) to find out the impact
patterns of environmental factors on leaf stoichiometry.

2. Materials and Methods

2.1. Dataset

Data were collected from published studies on the leaf and soil nutrients of Chinese fir plantations.
Leaf samples, used for determining the leaf N, P and N:P ratio, were all collected during the growing
season (July–October). All of the studies that we collected included data on the leaf N and P
concentration, and part of them included data on the leaf N:P ratio, while the other studies excluded
data on the leaf N:P ratio. In the cases where data on the leaf N:P ratio were absent, we calculated the
ratio using the leaf N and P concentrations data to remedy this lack. Additionally, we also collected
data on the stand age, as well as data on geographical/climatic factors and soil nutrient concentrations,
such as the Longitude (LON), LAT, Altitude (ALT), mean annual precipitation (MAP), MAT, and
soil N and P concentrations at a layer of 20–30 cm. If the studies excluded data on the soil N or P
concentrations, we used the arithmetic mean value of the data in a single age group to remedy this
lack in order to avoid the influence of the stand age on the soil nutrient concentrations [19]. Overall,
we collected 47 observations from 28 sampling sites across eight provinces in the main production
regions of Chinese fir across subtropical China (Figure 1).
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Figure 1. Distribution of the study areas. The small square stands in the Nansha Islands in China.

The sampling stands of Chinese fir, included in our dataset, fell within the range of 106◦ E and
120◦ E in LON, 23◦ N and 30◦ N in LAT, and 100 m and 977 m in ALT, with the MAT and MAP ranging
from 15.6 °C to 22 °C and 1200 mm to 2000 mm, respectively. The sampling stands were all located
in the traditional cultivation area, covering 8 major provinces. By including the missing values, we
obtained a complete list of the leaf N and P concentrations and N:P ratio, as well as the environmental
variables, in our data analysis (Appendix A).

2.2. Data Analysis

The metric for the variation of the leaf N and P concentrations and N:P ratio at a spatial scale
was usually represented as the coefficient of variation (CV) [13]. An analysis of variance (ANOVA)
was used, with SPSS software (2013, ver. 22.0; SPSS Inc., Chicago, IL, USA), to analyze the differences
in the leaf N and P concentrations and N:P ratio among the age groups. To make sure that the data
on the leaf N and P concentrations and N:P ratio obeyed a normal distribution, we transformed all
the data into a natural logarithm of ln (N + 1) and used the scatter plots to visualize the relationships
between leaf stoichiometry and environmental factors, based on which linear or quadratic regression
equations were developed using the regression analysis in Origin software (2011, ver. 8.6; Origin Inc.,
Venice, FL, USA). A redundancy analysis (RDA) in Canoco software (2002, ver. 4.5; Canoco Inc., Ithaca,
NY, USA) was used to evaluate the intensity correlation between the leaf stoichiometry, stand age and
environmental factors. In this part, all of the data used were also transformed into a natural logarithm
of ln (N + 1).

3. Results

3.1. Patterns of the Leaf N and P Concentrations and N:P Ratio of Chinese fir across China

For all of the age groups, the mean N and P concentrations and N:P ratio were 11.94 mg g−1,
1.04 mg g−1, and 12.29 mg g−1, respectively, with a variation range of 11.07–14.28 mg g−1,
0.71–1.37 mg g−1, and 10.54–15.83 mg g−1, respectively. The coefficient of variation (CV) of the
leaf N and P concentrations and N:P were 0.184, 0.306, and 0.242, respectively (Table 1). The leaf N and
P concentrations were positively correlated with each other (R2 = 0.191, p < 0.01) (Figure 2).
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Table 1. Leaf nitrogen (N) and phosphorous (P) concentrations and N:P ratio for Chinese fir.

Age Groups Age Range
(a)

N P N:P

Mean
(mg g−1)

SD
(mg g−1)

CV Mean
(mg g−1)

SD
(mg g−1)

CV Mean SD CV

AAG (n = 47) 11.94 2.20 0.184 1.04 0.32 0.306 12.29 2.97 0.242
YAG (n = 15) ≤10 11.45 2.52 0.221 1.06 0.30 0.282 11.46 2.73 0.239
MAG (n = 16) 11–20 11.83 1.72 0.145 1.08 0.31 0.288 11.70 3.04 0.260
NMAG (n = 6) 21–25 12.24 1.84 0.150 0.87 0.17 0.195 14.50 1.79 0.124
MAG (n = 5) 26–35 14.28 2.43 0.170 1.37 0.31 0.226 10.54 1.90 0.180

OMAG (n = 5) ≥36 11.07 1.78 0.160 0.71 0.17 0.224 15.83 1.43 0.090
F 2.01 4.06 4.604
P 0.111 0.007 0.004

AAG: All age groups; YAG: Young age group; MAG: Middle age group; NMAG: Near mature age group; MAG:
Mature age group; OMAG: Over mature age group; SD: standard deviation; CV: coefficient of variation.
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Figure 2. Relationships between the leaf N and P concentrations for Chinese fir in the study. Each data
point represents an ln (N + 1)-transformed leaf N or P concentration. Linear regressions are shown for
the leaf N and P (R2 = 0.19, p < 0.01).

Significant differences in the leaf P concentration and N:P ratio were found among the five age
groups; however, no significant difference in the leaf N concentration was found (Table 1).

3.2. Variations of the Leaf N and P Concentrations and N:P Ratio with Geographic Factors

With the increase of LON, the leaf N concentration increased from 106◦ E to 113◦ E and then
decreased from 113◦ E to 120◦ E (quadratic regression; R2 = 0.11, p < 0.05) (Figure 3a). However, the leaf
P concentration and N:P ratio exhibited no marked trend (Figure 3b,c).

A marginally quadratic relationship was found between the leaf P concentration and LAT
(R2 = 0.09, p < 0.05), with a relatively low P concentration occurring between 26◦ N and 28◦ N
(Figure 3e). No relationship was found between the N concentration, N:P ratio and LAT (Figure 3d,f).

The leaf stoichiometry seemed not to be related to the ALT (Figure 3g–i).
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Figure 3. Relationships between the leaf stoichiometry and geographical factors for Chinese fir. Each
data point represents an ln (N + 1)-transformed leaf N or P concentration or leaf N:P ratio. Quadratic
fit for (a) the leaf N and LON (Longitude) (R2 = 0.11, p < 0.05); and (e) the leaf P and LAT (Latitude)
(R2 = 0.09, p < 0.05). No fit for (b) the leaf P and LON; (c) the leaf N:P ratio and LON; (d) the leaf N and
LAT; (f) the leaf N:P ratio and LAT; (g) the leaf N and ALT; (h) the leaf P and ALT; and (i) the leaf N:P
ratio and ALT.

3.3. Variations of the Leaf N and P Concentrations and N:P Ratio with Climatic Factors

No relationship was observed between the leaf stoichiometry and MAP (Figure 4a–c). The leaf P
concentration showed a negative correlation with MAT (R2 = 0.11, p < 0.05) (Figure 4e), while the leaf
N:P ratio showed a positive correlation with MAT (R2 = 0.17, p < 0.01) (Figure 4f). No relationship was
found between the leaf N concentration and MAT (Figure 4d).

Forests 2019, 10, x FOR PEER REVIEW 5 of 15 

Figure 3. Relationships between the leaf stoichiometry and geographical factors for Chinese fir. Each 

data point represents an ln (N + 1)-transformed leaf N or P concentration or leaf N:P ratio. Quadratic 

fit for (a) the leaf N and LON (Longitude) (R2 = 0.11, p < 0.05); and (e) the leaf P and LAT (Latitude) 

(R2 = 0.09, p < 0.05). No fit for (b) the leaf P and LON; (c) the leaf N:P ratio and LON; (d) the leaf N 

and LAT; (f) the leaf N:P ratio and LAT; (g) the leaf N and ALT; (h) the leaf P and ALT; and (i) the 

leaf N:P ratio and ALT. 

3.3. Var

Figure 4. Cont.



Forests 2019, 10, 945 6 of 16

Forests 2019, 10, x FOR PEER REVIEW 6 of 15 

 

   

Figure 4. Relationships between the leaf stoichiometry and climatic variables for Chinese fir. Each 

data point represents an ln (N + 1)-transformed leaf N or P concentration or leaf N:P ratio. Linear fit 

for (e) the leaf P and MAT (mean annual temperature) (R2 = 0.11, p < 0.05); and (f) the leaf N:P ratio 

and MAT (R2 = 0.17, p < 0.01). No fit for (a) the leaf N and MAP (mean annual precipitation); (b) the 

leaf P and MAP; (c) the leaf N:P ratio and MAP; and (d) the leaf N and MAT. 

3.4. Variations of the Leaf N and P Concentrations and N:P Ratio with Soil Nutrient Concentrations 

No linear or nonlinear relationships were found between the leaf N concentration and soil N 

concentration (Figure 5a), while the leaf P concentration and the leaf N:P ratio showed a negative 

and positive correlation with the soil N concentration, respectively (Figure 5b and c). It seemed that 

the variation of the soil P concentration did not cause changes in the leaf N and P concentrations and 

N:P ratio (Figure 5d, e, and f). 

   

   

   

Figure 5. Relationships between the leaf stoichiometry and soil nutrients variables for Chinese fir. 

Each data point represents an ln (N + 1)-transformed leaf and soil N, leaf and soil P concentration, or 

leaf N:P ratio. Linear fit for (b) the leaf P and soil N (R2 = 0.23, p < 0.001); and linear fit for (c) the leaf 

N:P ratio and soil N (R2 = 0.28, p < 0.001). No fit for (a) the leaf N and Soil N; (d) the leaf N and Soil P; 

(e) the leaf P and Soil P; and (f) the leaf N:P ratio and Soil P. 

Figure 4. Relationships between the leaf stoichiometry and climatic variables for Chinese fir. Each data
point represents an ln (N + 1)-transformed leaf N or P concentration or leaf N:P ratio. Linear fit for
(e) the leaf P and MAT (mean annual temperature) (R2 = 0.11, p < 0.05); and (f) the leaf N:P ratio and
MAT (R2 = 0.17, p < 0.01). No fit for (a) the leaf N and MAP (mean annual precipitation); (b) the leaf P
and MAP; (c) the leaf N:P ratio and MAP; and (d) the leaf N and MAT.

3.4. Variations of the Leaf N and P Concentrations and N:P Ratio with Soil Nutrient Concentrations

No linear or nonlinear relationships were found between the leaf N concentration and soil N
concentration (Figure 5a), while the leaf P concentration and the leaf N:P ratio showed a negative
and positive correlation with the soil N concentration, respectively (Figure 5b,c). It seemed that the
variation of the soil P concentration did not cause changes in the leaf N and P concentrations and N:P
ratio (Figure 5d–f).
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Figure 5. Relationships between the leaf stoichiometry and soil nutrients variables for Chinese fir. Each
data point represents an ln (N + 1)-transformed leaf and soil N, leaf and soil P concentration, or leaf
N:P ratio. Linear fit for (b) the leaf P and soil N (R2 = 0.23, p < 0.001); and linear fit for (c) the leaf N:P
ratio and soil N (R2 = 0.28, p < 0.001). No fit for (a) the leaf N and Soil N; (d) the leaf N and Soil P;
(e) the leaf P and Soil P; and (f) the leaf N:P ratio and Soil P.
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3.5. Redundancy Analysis (RDA)

RDA was performed to determine the relationships between the leaf stoichiometry and eight
variables, including the stand age, geographical factors, climatic factors, and soil nutrients, and to obtain
explanations for the factors that have an influence on leaf stoichiometry (Table 2). The explanations of
the first and second axes for the leaf stoichiometry were 0.350 and 0.058, respectively, with accumulative
explanations reaching 0.408. The accumulative explanations of the first two axis for the relationship
between the leaf stoichiometry and variables was 0.997, indicating that the first two axis could
considerably reflect the relationship between the leaf stoichiometry and environmental factors,
since the first axis was the determinant (0.350).

Furthermore, we also obtained a bidimensional ordering chart of the RDA for the relationships
between the leaf stoichiometry and influencing factors (Figure 6). In the chart, the angle between the
arrow line and sorting axis represented the correlation level between the leaf stoichiometry and sorting
axis, and generally speaking, a small angel indicated a high correlation [20]. The arrow line of the MAT,
SN (soil N concentration) and SA (stand age) were the longest, as shown in Figure 6, indicating that the
three influencing factors could explain the leaf stoichiometry well. The three influencing factors had
positive relationships with the leaf N:P and a negative relationship with the leaf P. No relationships
were found between the leaf N and the influencing factors.

Table 2. RDA analysis (redundancy analysis) of the leaf N and P stoichiometry.

Axis Axis I Axis II Axis III Axis IV

Eigenvalues
Explained variation of the leaf stoichiometry 0.350 0.058 0.001 0.326

Correlations between the leaf stoichiometry and influencing factors 0.721 0.427 0.363 0.000
Cumulative explained variation of the leaf stoichiometry 0.350 0.408 0.409 0.735

Cumulative explained variation of the relations between the leaf
stoichiometry and influencing factors 0.855 0.997 1.000 0.000

Canonical eigenvalues 0.409
Sum of all eigenvalues 1
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Figure 6. Bidimensional ordering chart of the RDA for the relationships between the leaf stoichiometry
and influencing factors. LN is the leaf N concentration; LP is the leaf P concentration; L(N:P) is the leaf
N:P ratio; SA is the stand age; LAT is the Latitude; LON is the Longitude; ALT is the Altitude; MAT is the
mean annual temperature; MAP is the mean annual precipitation; SN is the soil N concentration; and SP
is the soil P concentration. The leaf stoichiometry and influencing factors are represented by the solid
and dotted line, respectively. The length of the arrow line represents the correlation level between the leaf
stoichiometry and influencing factors. A longer line indicates a higher correlation. The angel between the
two arrow lines can be considered an evaluation of the correlation level between the leaf stoichiometry
and influencing factors. An angle between 0 and 90 degrees indicates a positive correlation between the
two variables; an angle between 90 and 180 degrees indicates a negative correlation between the two
variables shown; and an angle of 90 degrees shows no relationship between the two variables.
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4. Discussion

4.1. Patterns of the Leaf N and P Concentrations and N:P Ratio of Chinese Fir across China

Plant nutrient concentrations have been widely used for estimating the efficiency of nutrient
utilization. In this study, the average concentrations of leaf N and P of Chinese fir across China were both
found to be lower than those of Quercus L. in China, where 13 species have been studied [8]; the flora in
the North–South Transect of Eastern China (NSTEC), where 654 species have been studied [15]; in the
whole of China, where 753 species have been studied [10]; and the global flora, where 1251 species
have been studied [11] (Table 3). Significant differences were found in the leaf nutrient concentrations
among different life forms [10,14,15]. Generally, leaf N and P concentrations of evergreen woody plants
are lower than those of deciduous woody plants and herbaceous species, which are considered an
adaptation to a nutrient-deficient habitat. Moreover, the low leaf P concentration in Chinese fir could
also be attributed to the P shortage in the soils of subtropical China, as the leaf and soil P had a good
coupling relationship at an ecosystem scale, according to Hedin [21]. Moreover, the means of the leaf
N and P concentrations of Chinese fir across China were also lower than those of Picea abies L. across
Europe, which probably resulted from the differences in habitat [7]. In other words, plants in cold
regions at a high latitude need more N and P to maintain their normal life activities, as the TPPH
has suggested [11]. Overall, the low leaf N and P concentrations of Chinese fir across China could be
attributed to the evergreen feature, relatively warm habitat and nutrient deficiency in the soil.

In our study, leaf N concentration varied much less than leaf P concentration, and the variability
of leaf N:P ratio was intermediate, which was consistent with the result of Güswell and Koerselman
for wetland plants [22]. A positive correlation was found between the leaf N and P concentrations
of Chinese fir. This was consistent with He et al., who reported that the leaf N and P were typically
correlated with each other across all grassland species in China [14]. The positive correlation between
N and P could be due to N and P being the basic nutrient elements of plants and important composition
elements of various protein and genetic materials, with similar biochemical pathways [23,24].

Koerselman and Meuleman suggested that the leaf N:P ratio was an important indicator of the
nutrient limitations in an environment. Specifically, a leaf N:P < 14 indicated an N limitation, and a
leaf N:P > 16 indicated a P limitation [25]. In this study, the leaf N:P ratio significantly lower than
14 (One-sample T test), with an average value of 12.29, implied that the growth of Chinese fir across
China had an N limitation. This was inconsistent with the general view that P was the major limiting
nutrient of plants growing in older tropical soils, while it is consistent with Zheng et al., who suggested
that N was the limiting factor in the rapid growth period of Chinese fir [26,27]. At present, the causes
of the N limitation of Chinese fir growth are still uncertain. Therefore, more nutrient cycling pathways
should be considered in relation to Chinese fir, such as the N and P resorption from senesced leaves
(i.e., nutrient resorption efficiency and proficiency) and the N and P uptake from soils [26–28].

Table 3. Leaf N and P concentrations and N:P ratio for Chinese fir in the present study and flora in
Europe, North–South Transect of Eastern China (NSTEC), China, and globe.

Data Source Species
Type

Species
Number

N
mg g−1

P
mg g−1 N:P Reference

Present study Chinese fir 1 11.94 1.04 12.29
Europe Picea abies L. 1 13.37 1.41 9.76 [7]
China Quercus L. 13 17.27 1.54 13.96 [8]

NSTEC Whole trees 654 19.09 1.56 15.39 [15]
China Whole trees 753 20.24 1.45 16.35 [10]
Global Whole trees 1251 20.1 1.77 13.8 [11]
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4.2. Stand Age Effect on the Leaf N and P Concentrations and N:P Ratio

The leaf N and P concentrations usually display different variations within a forest chronosequence,
which has been found in many studies at a local scale [29–31], whereas the patterns at a regional scale are
not known. In this study, the leaf N concentration remained constant within the forest chronosequence,
which is consistent with some previous studies [28,31]. A possible reason could be that the limitation
element remained relatively stable not only at a spatial scale, but also within a time chronosequence.
In spite of the great variation in the leaf P concentration among the five age groups, the leaf P
concentration showed an overall decreasing trend with the stand age. The pattern was consistent with
the Growth-rate Hypothesis, which suggested that fast-growing organisms need more P-rich RNA to
support rapid rates of protein synthesis [32,33]. Moreover, the soil P concentration reduction caused by
soil degradation might be another important cause, as plant and soil P concentrations always maintain
a good relationship at the ecosystem scale [21]. Additionally, the leaf N:P ratio exhibited an increasing
trend within the forest chronosequence, which indicated that the N limitation had been relieved to
some extent. This result is consistent with the view that plants usually suffer more a serious nutrient
supply and demand contradiction at their rapid growth stage [26,27,34].

4.3. Relationships between the Leaf Stoichiometry and Environmental Factors for Chinese Fir

The correlation between leaf traits and the environment have been a constant research topic for
many scientists [35,36]. Generally, temperature and latitude played a regulative role for the leaf N and
P concentrations and N:P ratio at the global scale [11]. Whereas, studies at different scales have arrived
at different conclusions [10,11,15].

In this study, we found marginal relationships or none at all between the geographic factors
and leaf stoichiometry, which was inconsistent with some previous studies [10,11,37,38]. This result
might be due to the small study area and dense sampling sites. All the same, non-linear patterns were
found between LON and the leaf N concentration, as well as LAT and the leaf P concentration. These
trends indicated that the growth of Chinese fir, with high N and low P concentrations in the middle
production area, was less limited by N. This is consistent with the study of Wu [39], who reported that
the growth status of plants in the middle production area was better than in the northern and southern
production areas.

Compared with the leaf stoichiometry–geography relationships, the leaf stoichiometry–climate
relationships usually showed a slight complication, which might be explained by the higher sensitivity
of leaf stoichiometry to climate factors [8]. In our study, a negative linear pattern was found between
MAT and the leaf P concentration, consistent with TPPH that plants in low-temperature habitats
develop an adaptive strategy, absorbing more nutrients to enhance their metabolic activity and growth
rates [36,40,41]. The leaf N:P ratio had a positive linear relationship with MAT, indicating that
temperature might be an important regulation climatic factor for plants’ nutrient limitation status, and
it could be used as a guideline for the cultivation of Chinese fir. The leaf N concentration showed
a non-significant trend with MAT, which was inconsistent with previous studies [7,10]. This result
might be due to the low N variability, which covered up the changed regulation between the leaf
N concentration and temperature. Rainfall could drive the variation of some leaf traits, especially
in study areas with obvious precipitation gradients [14,42,43]. Nevertheless, a non-significant trend
was found for the leaf stoichiometry and MAP in this study. This could be attributed to the fact that
our sampling sites were all located in the subtropical area, with abundant rainfall (generally above
1200 mm each year), which fully satisfied the growth demand for Chinese fir. In general, the leaf
stoichiometry of Chinese fir was more sensitive to temperature than rainfall, which was also found
in other studies [36,44,45]. Plant–soil interaction has been a study hotspot for a long time, and many
previous studies suggested that the flora N and P concentrations always remain in a close relationship
with the soil nutrient concentrations [21,41,46]. In this study, we found that the soil N concentration
had a negative relationship with the leaf P concentration and a positive relationship with the leaf
N:P ratio. These results are different from those of most previous studies, but they confirmed that
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the soil N supply might be an important factor for adjusting the leaf P concentration and further
influence plants’ nutrient limitation status. Previous studies have shown that the plant P concentration
often remains in a positive relationship with the soil P concentration at the ecosystem scale [10,21].
Conversely, in this study, the variation of the soil P concentration did not lead to a significant variation
in the leaf stoichiometry or even the leaf P concentration. This result was probably because of the
high P resorption efficiency of Chinese fir, which made up for the soil P shortage, as Chen et al. have
suggested [28].

5. Conclusions

The leaf N and P concentrations of Chinese fir across China were both low. The low leaf N:P
indicated N was limiting the growth of Chinese fir. The leaf stochiometry was found to be mainly
driven by forest chronosequence and the heat and soil nutrient status of plants. Abundant precipitation
did not cause a significant change in the leaf stoichiometry. These findings are essential for identifying
the pattern of the variation of the leaf nutrient concentrations and its controlling factors. Moreover, they
would be beneficial in the establishment of scientific management measures for Chinese fir plantations.
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Appendix A

Table A1. References list with associated information on leaf and soil chemical concentrations, and geographical and climatic variables.

Sampling Area Stand
Age

Leaf Soil Longitude Latitude Altitude MAP MAT Reference
N P N:P N P

Huitong, Hunan 8 9.59 0.89 10.7752809 1.9 0.46 109.75 26.83 400 1300 16.8 [47]
Huitong, Hunan 10 7.66 0.89 8.606741573 1.4 0.29 109.5 26.95 473 1250 16.7 [48]
Huitong, Hunan 7.5 12.52 1.14 12.41 1.51 0.35 109.6 26.79 264 1422 16.8 [17]
Nanping, Fujian 5.5 12.74 0.91 14 1.47 0.3 117.99 26.77 525 1645 20 [49]
Nanping, Fujian 5.5 11.72 0.79 15.08 1.57 0.4189 117.99 26.8 237.5 1644 20 [50]
Nanping, Fujian 8 10.13 0.69 14.64 1.41 0.31 117.99 26.8 444 1653 20 [51]

Youxi, Fujian 7.5 9.53 0.93 10.24731183 1.5472 0.4189 118.2 26.1 230 1323.4 18.96 [52]
Shanxian, Fujian 9 9 0.71 12.67605634 1.98 0.38 117.72 26.51 100 1628 19.2 [53]

Xuanwu, Guangxi 8.5 12.56 0.85 14.77647059 2.2 0.8 109.17 23.75 285 1400 21.1 [54]
Yunfu, Guangdong 5 16.63 1.48 11.23648649 1.5472 0.4189 114.6 23.13 350 1537.2 21 [55]
Jingdezhen, Jiangxi 7.5 10.27 1.22 8.418032787 0.51 0.4189 117.33 29.39 175 1756.7 17.1 [56]

Liping, Guizhou 8 12.29 1.36 9.25 1.41 0.54 109.18 26.33 447.67 1200 17.5 [34]
Foshan, Guangdong 5 12.14 0.97 12.07 1.5472 0.4189 112.67 22.72 213.33 2000 22 [57]

Taihe, Jiangxi 10 15.95 1.32 12.08333333 1.66 0.34 114.52 26.91 180 1370.5 18.6 [48]
Linan, Zhejiang 10 8.97 1.69 5.41 1.5472 0.4189 120.12 30.35 275 1420 15.6 [58]
Huitong, Hunan 14 13.32 0.85 15.67058824 1.9 0.46 109.75 26.83 400 1300 16.8 [47]
Huitong, Hunan 20 9.71 0.86 11.29069767 1.21 0.21 109.6 26.86 500 1250 16.7 [48]
Huitong, Hunan 17.5 11.82 0.97 13.82 1.59 0.35 109.59 26.89 304.5 1422 16.8 [17]
Nanping, Fujian 14 12.83 0.97 13.22680412 1.27 0.33 117.99 26.77 525 1645 20 [49]
Nanping, Fujian 14 10.79 0.77 14.3 2.08 0.3467 117.99 26.8 237.5 1644 20 [50]
Nanping, Fujian 14 11.68 0.65 17.88 1.9 0.37 117.99 26.8 444 1653 20 [51]
Nanping, Fujian 20 10.43 1.24 8.46 1.26 0.36 117.33 27.67 545 1864 17.6 [59]

Youxi Fujian 17.5 9.83 1.14 8.622807018 1.406 0.3467 118.2 26.1 285 1323.4 18.96 [52]
Sanming, Fujian 12 13.8 0.92 10.44 1.406 0.3467 117.73 26.51 200 1628 19.2 [60]

Fenyi, Jiangxi 19 9.65 1.11 8.693693694 1.406 0.3467 114.5 27.67 130 1600 17.2 [61]
Jingdezhen, Jiangxi 20 14.46 1.57 9.210191083 1.13 0.3467 117.33 29.39 175 1756.7 17.1 [56]

Yishan, Guangxi 11 10.51 0.76 13.82894737 0.96 0.2 108.68 24.45 220 1259.6 19.2 [62]
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Table A1. Cont.

Sampling Area Stand
Age

Leaf Soil Longitude Latitude Altitude MAP MAT Reference
N P N:P N P

Taihe, Jiangxi 20 12.06 0.87 13.86206897 0.99 0.12 115.06 26.73 140 1370.5 18.6 [48]
Liping, Guizhou 16 14.19 1.55 9.32 1.18 0.38 109.18 26.33 445 1200 17.5 [34]

Foshan, Guangdong 11 13.87 1.41 11.29 1.406 0.3467 112.67 22.72 213.33 2000 22 [57]
Anlong, Guizhou 11 10.27 1.59 7.31 1.406 0.3467 105.82 24.9 976.8 1352.8 16.6 [63]
Nanping, Fujian 21 11.82 0.97 12.18556701 1.21 0.26 117.99 26.77 525 1645 20 [49]
Nanping, Fujian 21 11.73 0.78 15.17 2.45 0.446 117.99 26.8 237.5 1644 20 [50]
Nanping, Fujian 21 10.51 0.72 14.68 1.95 0.32 117.99 26.8 444 1653 20 [51]
Huitong, Hunan 25 13.41 1.13 12.62 1.77 0.36 109.59 26.79 318 1422 16.8 [17]
Huitong, Hunan 25 10.66 0.69 15.44927536 1.9 0.46 109.75 26.83 400 1300 16.8 [47]

Shitai, Anhui 20 15.33 0.928 16.91 3.57 0.83 117.33 30.08 665 1444 15.9 [64]
Huitong, Hunan 30 10.07 1.05 9.59047619 1.9 0.28 109.65 26.87 467 1250 16.7 [48]
Huitong, Hunan 29 15.76 1.88 7.73 0.6 0.23 109.6 26.85 541.6 1300 16.5 [65]

Datian, Fujian 26 15.46 1.4 11.22 0.71 0.4 117.56 25.76 605.3 1651 16.6 [65]
Taihe, Jiangxi 30 15.81 1.26 12.54761905 1.99 0.37 114.52 26.78 210 1370.5 18.6 [48]

Liping, Guizhou 28 14.32 1.27 11.6 1.38 0.47 109.18 26.33 482.67 1200 17.5 [34]
Huitong, Hunan 45.5 10.23 0.6 17.05 1.98 0.28 109.75 26.83 400 1300 16.8 [47]
Nanping, Fujian 46 10.76 0.75 14.34666667 1.71 0.27 117.99 26.77 525 1645 20 [49]
Nanping, Fujian 46 10.14 0.63 16.0952381 2.24 0.28 117.99 26.8 237.5 1644 20 [50]
Nanping, Fujian 46 10.01 0.58 17.32 1.99 0.29 117.99 26.8 444 1653 20 [51]
Sanming, Fujian 50 14.22 1 14.35 1.98 0.28 117.48 26.19 427.1 1750 19.1 [18]

Note: the values of soil N and P concentrations with blue color represent the mean value of single age group.
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