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Abstract

Nitrogen deposition usually increases plant N:P stoichiometry and potentially intensifies phosphorus 
limitations for plant aboveground or belowground growth. However, the effects of P addition on N:P 
stoichiometry, aboveground biomass (AGB), and belowground biomass (BGB) of the subtropical 
Chinese fir (Cunninghamia lanceolata) with N deposition remains poorly understood. A 1-year study 
was conducted to examine the effects of N deposition (0, 30, and 60 kg N ha−1 yr−1; N0, N30, and 
N60) and P application (0, 20, and 40 mg kg−1; P0, P20, and P40) on biomass production and N:P 
stoichiometry in Chinese fir seedlings. N60 alone significantly increased the total biomass; AGB; BGB; 
N concentrations in the leaves, branches, and roots; and root N:P ratio. P addition alone significantly 
increased total biomass and AGB. P40 significantly increased P concentration in the leaves, branches, 
stems, and roots but did not influence N concentration and decreased the N:P ratio. Compared to that 
with N60 alone, P40 combined with N60 significantly increased the AGB, N concentration in the 
branches and roots, and N:P ratio of the leaves but significantly decreased the BGB and root-shoot 
ratio ratio. Total biomass and AGB were significantly and positively correlated with leaf N and P 
concentrations. Leaf N concentration was significantly and positively correlated with soil available N 
concentration. Leaf P concentration exhibited a significant and positive correlation with soil available 
P. These findings provide new ideas about the effect of P addition on Chinese fir biomass accumulation 
and N:P stoichiometry under N deposition.
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Introduction

Nitrogen (N) and phosphorus (P)  important roles 
in plant growth [1] and productive forces in terrestrial 
ecosystems [2]. According to ecological chemometrics, 
changes in the plant N:P ratio affect the ratio of RNA 
to protein, which affects the growth rate of plants [3]. 
Furthermore, several studies have shown that a low N:P 
ratio is related to a high rate of increase [3-5]. Reactive 
N enters an ecosystem through multiple routes, for 
example, atmospheric N deposition, N fixation by 
beans, and agricultural fertilization. P produced by 
rock weathering is the main source of available P for 
plants [6]. The disequilibrium in N or P inputs into the 
ecosystem can have a significant influence on plant 
N:P ratios, which consequently affect plant biomass 
production [6, 7]. However, research into the influence 
of N–P imbalances on the plant N:P ratio, aboveground 
biomass (AGB), and belowground biomass (BGB) is 
still lacking, particularly in the case of anthropogenic 
N input [8, 9].

Anthropogenic activities, such as fossil fuel 
combustion, fertilizer use, and intensive animal 
husbandry, have produced large amounts of 
N-containing compounds, which increases atmospheric 
N deposition [10]. Huge N input alters nutrient cycling 
in terrestrial ecosystems [11-13], for example, by 
accelerating N cycling [8, 14, 15]. Several studies have 
shown that N addition can increase leaf N concentration 
and N:P ratios in boreal [15], temperate [5, 16, 17], and 
subtropical forest ecosystems [18, 19]. Plant biomass 
increases in temperate forests but does not significantly 
change in tropical forests with N addition [20]. A 
meta-analysis showed that N addition boosts the N:P 
ratio of plants, AGB, and BGB on a global scale [8]. 
However, these studies only focused on the biomass 
or foliar N:P ratio [9, 21], and fewer studies have 
simultaneously probed the effect of N addition on the 
tissue N:P ratio, AGB, and BGB in forest ecosystems, 
especially in the context of plantations. In addition, 
as N increases, the increased P availability caused by 
N is insufficient to meet the increased P requirement 
[8], and thus, P limitation becomes the main factor 
limiting plant growth [7]. Some studies have shown 
that an increase in the proportion of N:P in tissues 
usually indicates that P limits plant growth [9, 21]. 
Therefore, P application could decrease the adverse 
effect of the P limit on plant biomass accumulation 
that is caused by increased N deposition. P application 
increases AGB and the plant N:P ratio under improved 
N conditions in a terrestrial ecosystem [8]. Huang et al. 
[22] observed that P application increases the BGB and 
P concentration of licorice (Glycyrrhiza uralensis) and 
Pennisetum (Pennisetum alopecuroides), resulting in a 
decreased tissue N:P ratio. However, there is a lack of 
research into whether P addition mitigates N-induced 
P limitations for tissue N:P ratios, AGB, and BGB in 
subtropical forests.

The Chinese fir (Cunninghamia lanceolata) is a 
common tree species in China and is widely distributed 
in southern China [23, 24] with a huge economic value 
owing to its characteristic rapid growth and the high-
quality material it provides [25]. In subtropical China, 
the mean annual bulk deposition of N has reached 30 
kg N ha−1 yr−1 [26] and is expected to increase in the 
next few decades [27, 28]. Furthermore, P is a limiting 
factor for plant growth in southern China [29-31]. To 
investigate the effect of P addition on tissue N:P ratios, 
AGB, and BGB of the Chinese fir with N deposition, 
we applied additional N and P to Chinese fir seedlings 
in southeastern China. We hypothesized that (1) N 
addition would improve the tissue N:P ratios, AGB, 
and BGB, (2) P addition would improve the tissue N:P 
ratios, AGB, and BGB, (3) P addition could decrease 
the N-induced N:P ratio and increase plant biomass 
accumulation.

Materials and Methods

Experimental Site 

The study location was situated in Lin’an District, 
Hangzhou City, Zhejiang Province, China (30°14′N, 
119°42′E). The site has a subtropical monsoon climate. 
The mean annual precipitation is 1420 mm, and the 
mean annual air temperature is 15.6ºC. The local soil 
type belongs to the yellow-red soil category (Chinese 
soil classification system) [32].

Experimental Design 

A pot experiment was set up with nine treatments 
in December 2016. Every treatment had three replicates. 
The 27 plots (1 × 1 m) were separated through  
1 m buffer zones. Five 3-year-old Chinese fir seedlings 
were evenly distributed in each plot. Soil and Chinese 
fir seedlings of the pot experiment were sampled from 
the study site. The nine treatments were as follows: 
control (without N, P addition), low N deposition  
(N30: 30 kg N ha−1 yr−1), high N deposition 
(N60: 60 kg N ha−1 yr−1), low P addition (P20: 
20 mg kg−1), high P addition (P40: 40 mg kg−1), and 
combinations of low or high N deposition and P 
addition (N30-P20, N30-P40, N60-P20, and N60-P40). 
The N deposition levels were based on this locality 
level of N deposition (30 kg N ha−1 yr−1) [26] and a 
method widely used by former research imitating N 
deposition [18]. Based on a report stating that wet N 
deposition in China consists of NH4

+ (56.1%) and NO3
−

(43.9%) [33] and a NH4
+:NO3

− ratio of approximately 
1.28 [34], we chose ammonium nitrate (NH4NO3) as the 
N origin. From January to December 2017, an NH4NO3 
solution (6 L) was evenly sprayed in each plot over the 
canopy of the Chinese fir seedlings using an electric 
sprayer every 2 weeks. The same amount of N-free 
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water was added to the control treatment. In January 
2017, soil available P concentration was adjusted once 
by adding KH2PO4 to make it coincide with these 
experimental criteria. Meanwhile, Hoagland nutrient 
solution at a concentration of 1% (e.g. 60 mL nutrient 
solution dissolved in 6 L of water) was replenished for 
all seedlings to guarantee the necessary levels of other 
nutrients.

Soil and Plant Sampling and Analyses

In January 2018, all seedlings and their rhizosphere 
soil were collected and transferred to the laboratory. 
Plant tissues (root, stem, branch, and leaf) were cleaned 
with distilled water and dried in a 65ºC oven for  
48 h. Then, they were weighed to determine biomass; 
AGB included the sum of the biomass of leaves, 
branches, and stems, whereas BGB refers to the biomass 
of roots. The dried plant samples were homogenized 
with a grinder and passed through a 0.15 mm sieve 
for subsequent experiments. Plant N was isolated with 
H2SO4–H2O2 and the N concentration was determined 
by the semi-micro-Kelvin method [18]. Plant P was 
isolated with H2SO4–H2O2 and its concentration was 
determined by the molybdenum antimony colorimetric 
method [35]. 

The soil samples were transported to the laboratory 
in a constant temperature box containing ice then  
air-dried and stored at room temperature (25ºC). 
Visible stones, roots, and litter were removed then 
through a 0.15 mm sieve for soil physicochemical 
property analysis. We used an elemental analyzer 
(Elementar Vario EL III, Germany) to determine the 
concentration of total N (TN) and total P (TP) in soil. 
The molybdenum blue method was used to determine 
soil available P (AP) [36]. Soil available N (AN) was 
measured by the hot alkaline permanganate method 
[37].

Statistical Analyses

The statistical significance of discrepancies in the 
total biomass, AGB, BGB, root-shoot ratio ratio, N and 
P concentration, and N:P ratios of plants among all 
treatments were tested by one-way analysis of variance 
(ANOVA), and the least significant difference test was 
passed. The influence of N deposition and P addition 
on the biomass (total biomass, AGB, BGB), root-shoot 
ratio ratio, and ecological stoichiometry were inspected 
by two-way ANOVA. The relevance of biomass (total 
biomass, AGB, BGB), plant ecological stoichiometry 
(N and P concentration), root-shoot ratio ratio, and soil 
properties (soil AN, AP, TN, and TP concentration) was 
investigated using Pearson correlation analysis. We used 
SPSS 18.0 for Windows (SPSS Inc., Chicago, Illinois) 
for data analysis.

Results and Discussion

Effect of N Addition on Biomass Production 
and N:P Stoichiometry

Compared to those in the control, N60 treatment 
significantly increased total biomass (18.03%, Fig. 1a), 
AGB (27.03%, Fig. 1b), BGB (6.97%, Fig. 1c), and leaf 
N concentration (16.26%, Fig. 2a). Our results indicated 
that high N addition (≥60 kg ha−1 yr−1) significantly 
increased the total biomass, AGB, BGB, and leaf 
and branch N concentration. These findings partly 
supported our first hypothesis that N deposition can 
enhance the AGB and BGB of Chinese fir seedlings. 
Some studies put forward that N addition increases 
the AGB of Arctic tundra vegetation [38], biomass 
production of spruce (Picea asperata) [39], and growth 
of Cryptocarya chinensis (Cryptocarya concinna) 
seedlings [40]. Numerous studies have shown that 
plant biomass is significantly related to photosynthesis 
[41-43]. Leaf N is related to photosynthetic processes 
and plays a basic function in leaf photosynthesis [44]. 
The positive response of photosynthesis to leaf N 
concentration has been well confirmed in many species 
[45]. In our research, the N concentration in leaves was 
found to increase significantly with N addition, which 
in turn led to increased plant photosynthetic rate and 
biomass production (Fig. 3a). Our study also found that 
leaf N concentration was significantly and positively 
correlated with total biomass and AGB (P<0.05, 
Table 2), which indirectly supports the aforementioned 
point that high leaf N concentrations can promote plant 
biomass production. Some studies also found that N 
addition significantly improves leaf N concentration 
in Chinese fir [18] and red pine (Pinus densiflora) 
seedlings [46]. This might be because plants could 
then take up more N, which is attributed to N addition 
increasing soil AN concentration. Our study found 
that soil AN concentration significantly increased 
following N addition (Fig. S1c) and had a significant 
positive correlation with leaf N concentration (P<0.05, 
Table 3), which supports the previously mentioned point 
that N addition can improve plant N concentrations. 
In addition, our previous study found that N addition 
significantly improves the maximum net photosynthetic 
rate and SPAD value of Chinese fir trees [47], which 
might provide further evidence that N addition promotes 
plant biomass production.

Plant biomass allocation between above- and 
belowground organs provides an important reference 
value to connect aboveground productivity and 
belowground C sequestration [48]. The supply 
situation of aboveground resources (light and CO2) 
and belowground resources (water and nutrients) affect 
biomass allocation [49], proving. that plants have high 
adaptability to environmental changes [50, 51]. In a 
nutrient-deficient environment, adding fertilizers can 
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Table. 1 Two-way ANOVA on the effects of N deposition and P addition on biomass and N:P stoichiometry of Chinese fir seedlings.

Difference source
N addition P addition Interaction

df F P df F P df F P

AGB 2 4.977 0.0451 2 9.5474 0.0297 4 9.638 0.0289

BGB 2 15.205 0.0198 2 2.7652 0.1534 4 4.968 0.0452

Total biomass 2 10.892 0.0287 2 9.3488 0.0307 4 5.351 0.0431

Root–shoot ratio 2 11.988 0.0241 2 9.7341 0.0287 4 0.158 0.151

Leaf N concentration 2 8.466 0.0387 2 2.034 0.1487 4 6.513 0.0411

Branch N concentration 2 6.732 0.0409 2 1.147 0.5551 4 4.68 0.0471

1Stem N concentration 2 4.757 0.0457 2 0.977 0.8162 4 5.084 0.0441

Root N concentration 2 5.668 0.0421 2 1.947 0.5649 4 7.225 0.0401

Leaf P concentration 2 2.302 0.1621 2 11.5237 0.0248 4 2.5321 0.1544

Branch P concentration 2 4.162 0.0841 2 13.1487 0.0199 4 8.5974 0.0364

Stem P concentration 2 3.954 0.2214 2 8.0914 0.0394 4 1.3347 0.2416

Root P concentration 2 0.579 0.4589 2 16.0887 0.0161 4 6.9487 0.0399

Leaf N:P ratio 2 1.5478 0.2248 2 9.9321 0.0294 4 7.9146 0.0304

Branch N:P ratio 2 6.1234 0.0411 2 9.1543 0.0324 4 3.9562 0.1538

Stem N:P ratio 2 5.9877 0.0419 2 3.9468 0.0879 4 9.5246 0.0307

Root N:P ratio 2 8.6317 0.0369 2 15.3476 0.0187 4 8.9166 0.035

AGB: aboveground biomass; BGB: belowground biomass.

Fig. 1. Effects of N deposition (N0, 0 kg N ha−1 yr−1; N30, 30kg N ha−1yr−1; N60, 60kg N ha−1yr−1) and P addition (P0, 0 mg kg−1; P20, 
20 mg kg−1; P40, 40 mg kg−1) on total biomass a), aboveground biomass b), belowground biomass c), and root-shoot ratio d) of Chinese fir 
seedlings. Different capital letters indicate significant differences among N addition alone (P<0.05). Different lowercase letters indicate 
significant differences among P addition at the identical N addition (P<0.05). 
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significantly increase the concentration of corresponding 
nutrients in the soil and the growth limitation of plants 
due to a lack of nutrients can be eased [52]. In our 

research, N30 treatment significantly increased the root-
shoot ratio ratio and BGB. One possibility is that N 
addition intensifies P limitations for plant growth [5, 16, 

Fig. 2. Effects of N deposition (N0, 0 kg N ha−1 yr−1; N30, 30kg N ha−1yr−1; N60, 60kg N ha−1yr−1) and P addition (P0, 0 mg kg−1; P20, 
20 mg kg−1; P40, 40 mg kg−1) on N concentration of leaves a), branches b), stems c), and roots d) in Chinese fir seedlings. Different capital 
letters indicate significant differences among N addition alone (P<0.05). Different lowercase letters indicate significant differences 
among P addition at the identical N addition (P<0.05).

Table 2. Pearson correlation coefficients between plant total biomass, AGB, and BGB, and root–shoot ratio and plant N:P stoichiometry. 

Total biomass AGB BGB Root-shoot ratio

Leaf N concentration 0.318* 0.386* −0.197 −0.481*

Branch N concentration 0.225 0.337* −0.088 −0.142

Stem N concentration −0.160 0.033 −0.126 −0.114

Root N concentration 0.420* 0.492* −0.215 −0.387*

Leaf P concentration 0.365* 0.248* 0.164 −0.297*

Branch P concentration 0.166 0.204 −0.161 −0.206

Stem P concentration 0.112 0.183 0.214 0.118

Root P concentration 0.631** 0.721** 0.395* −0.481*

Leaf N:P ratio 0.296* 0.490* −0.187 −0.375*

Branch N:P ratio 0.089 0.246 −0.212 −0.222

Stem N:P ratio −0.010 0.183 −0.037 −0.178

Root N:P ratio 0.273* 0.314* −0.060 −0.354*

AGB: aboveground biomass; BGB: belowground biomass.
*P<0.05, **P<0.01
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53]. In conditions of P limitation, plants allocate more 
biomass to belowground organs (roots) to take up more 
P and thus produce more dry matter.

Compared to those in the control, the N30 treatment 
significantly increased branch N concentrations (8.23%, 
Fig. 2b), stem N concentrations (18.46%, Fig. 2c), 
and the N:P ratio (Fig. 4c); the N60 treatment also 
significantly increased N concentrations in the leaf 
and branch (10.97%, Fig. 2b) and the root N:P ratio  
(Fig. 4d). In the present study, N addition increased the 
N concentration in leaves, branches, stems, and roots 
but failed to stimulate P uptake in Chinese fir seedlings, 
resulting in an increased N:P ratio, particularly in 
the roots, which further supports the contention that 
N addition intensifies P limitations. According to a 
generalization proposed by Tessier and Raynal [54], the 
plant growth rate can be reflected by the N:P ratio and P 
limitation often arises when the leaf N:P ratio surpasses 
16. Although plant roots are considered less sensitive 
to environmental changes than leaves, some studies 
have demonstrated that belowground stoichiometry 
is also sensitive to environmental changes [22]. In 
our research, N treatment significantly improved the 
root N:P ratio to >16 (Fig. 4d), which might indicate 
N addition induced P limitation and provide further 
support for belowground stoichiometry being sensitive 
to N addition. These conclusions not only sustain our 
first hypothesis that N addition improves plant N:P 
ratios but also agree with the results from research on 
forest ecosystems, which demonstrated that aggravating 
N deposition will exacerbate P limitations [5, 15, 18].

Effect of P Addition on Biomass Production 
and N:P Stoichiometry

Compared to those in the control, the addition of 
P significantly increased total biomass (0.13-9.93%,  
Fig. 1a) and AGB (4.31-14.69%, Fig. 1b) but significantly 
decreased the root-shoot ratio ratio (Fig. 1d). Our results 
indicated that P application had a positive effect on 
total biomass and AGB but did not significantly affect 
BGB, which partly supports our second hypothesis 
that P addition will significantly increase AGB. Our 
observation is similar to the discovery of Mehta et 
al. [55], which showed that P addition significantly 
promotes biomass production in teak (Tectona grandis). 
P input can also promote the photosynthetic properties 
of wheat (Triticum aestivum) [56] and corn (Zea mays) 
[57]. This could be because P plays a critical role in many 
plant activities, such as the formation of phospholipids, 
which are used in energy metabolism (e.g. NADPH 
and ATP) in light and dark reactions [44]. P is also one 
of the main constituent elements of chlorophyll, and 
chlorophyll content reflects plant photosynthetic levels 
[8]. Therefore, leaf P concentration is positively related 
to plant photosynthesis [32], and high photosynthetic 
levels can significantly promote biomass accumulation 
[58]. In the present study, P addition significantly 
increase total biomass and AGB, which is attributed 

to the increase in leaf P concentration. There was a 
significant and positive correlation between leaf P 
concentration and total biomass and AGB (P<0.05, 
Table 2), which indirectly supports our aforementioned 
point that P addition can promote biomass accumulation. 
In addition, our previous study found that P addition 
could improve the photosynthetic capacity in Chinese 
fir, which directly supports the notion that P addition 
could increase plant biomass [47]. 

P40 treatment significantly improved the P 
concentration in leaves (51.51%, Fig. 3a), branches 
(37.5%, Fig. 3b), stems (35.42%, Fig. 3c), and roots (50%, 
Fig. 3d) but significantly reduced the N:P ratio of leaves 
(Fig. 4a), branches (Fig. 4b), and roots (Fig. 4d) relative 
to those in the control. These results demonstrate 
that P application (40 mg kg−1) significantly increases 
plant tissue (leaves, branches, stems, and roots) P 
concentrations but decreases leaf, branch, and root 
N:P ratios, which supports our first hypothesis that P 
addition can significantly increase plant P concentration 
but decrease the N:P ratio of Chinese fir seedlings. 
Huang et al. [22] reported that P addition significantly 
increases plant P concentrations but significantly 
decreases the root N:P ratio of licorice (Glycyrrhiza 
uralensis) and Pennisetum (Pennisetum alopecuroides). 
This might be explained by the fact that plants can take 
up more P in this context, leading to increased plant P 
concentrations. In our study, P addition significantly 
increased the soil AP concentration (Fig. S1d); 
moreover, there was a significant positive correlation 
between soil AP concentration and the P concentration 
of leaves and roots (P<0.05, Table 3). These results 
indicate that P addition increases plant P concentrations 
and then decreases the N:P ratios. Liu et al. [59] found 
that P addition increases soil AP concentrations in 
eucalyptus seedlings. Previous studies reported that a 
leaf N:P ratio 14 is indicative of plant growth that is 
limited by N, whereas a leaf N:P ratio >16 shows that 
P limits plant growth [60, 61]. In our study, high P 
addition significantly decreased the leaf and root N:P 
ratio (<14), indicating that P application exacerbates N 
limitation in Chinese fir seedlings. 

Interaction of P and N Addition on Biomass 
Production and N:P Stoichiometry

Two-way ANOVA displayed that the N-P interaction 
significantly influenced total biomass, AGB, BGB, the 
N and P concentrations in leaves, branches, and roots 
(P<0.05), and plant N:P ratios (P<0.05) but did not 
significantly affect the root-shoot ratio ratio (P>0.05; 
Table 1). Compared to that with N30-P0 treatment, P 
addition combined with N30 significantly increased 
AGB (3.18-6.25%, Fig. 1b); further, the N30-P20 
treatment significantly increased BGB (16.01%,  
Fig. 1c) but significantly decreased N concentrations in 
leaves (7.54%, Fig. 2a), branches (19.69%, Fig. 2b), and 
stems (27.42%, Fig. 2c), the P concentration in branches 
(22.22%, Fig. 3b), and stem N:P ratios (Fig. 4c). The 
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N30-P40 treatment significantly decreased BGB by 
23.52% (Fig. 1c) and leaf N concentrations (6.34%,  
Fig. 2a) but significantly increased root N concentrations 
(40.42%, Fig. 2d) and the N:P ratio (P<0.05; 

Fig. 4d). Compared to those with N60-P0 treatment, P 
addition significantly increased AGB with N addition 
(18.3-20.65%, Fig. 1b) and N concentrations in roots 
(19.32%, Fig. 2d). Further, N60-P20 significantly 

Fig. 3. Effects of N deposition (N0, 0 kg N ha−1 yr−1; N30, 30kg N ha−1yr−1; N60, 60kg N ha−1yr−1) and P addition (P0, 0 mg kg−1; P20, 
20 mg kg−1; P40, 40 mg kg−1) on P concentration of leaves a), branches b), stems c), and roots d) in Chinese fir seedlings. Different capital 
letters indicate significant differences among N addition alone (P<0.05). Different lowercase letters indicate significant differences 
among P addition at the identical N addition (P<0.05).

TN TP AP AN AN:AP ratio

Leaf N concentration 0.238 −0.306 −0.035 0.503* 0.465* 

Branch N concentration 0.305 −0.293 −0.130 0.204 0.248

Stem N concentration 0.093 −0.538* −0.100 0.224 0.137 

Root N concentration 0.338* −0.306 −0.035 0.303* 0.465* 

Leaf P concentration 0.236 0.285 0.334* −0.182 −0.289* 

Branch P concentration 0.024 −0.192 0.043 −0.169 0.199

Stem P concentration −0.214 −0.146 0.145 −0.066 −0.275 

Root P concentration 0.255 0.451 0.424* −0.146 −0.143 

Leaf N:P ratio −0.019 −0.582* −0.167 0.676** 0.746**

Branch N:P ratio 0.451 −0.101 −0.146 0.013 0.005 

Stem N:P ratio 0.355 −0.458 −0.044 0.138 0.151

Root N:P ratio 0.189 −0.184 −0.282* 0.521* 0.539*

TN: total N; TP: total P; AP: available P; AN: available N
*P<0.05, **P<0.01

Table. 3 Pearson correlation coefficients between plant stoichiometry and soil properties. 
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increased the root P concentration (24.52%, Fig. 3d) 
and N60-P40 significantly decreased BGB by 24.15%  
(Fig. 1c) but improved the leaf N:P ratio (Fig. 4a).

Our results indicated that the interaction between 
N and P addition only significantly enhanced AGB 
but did not significantly increase total biomass and 
N:P ratios, which did not support the third hypothesis. 
A meta-analysis found that P addition increases AGB 
but decreases the root-shoot ratio ratio under increased 
N conditions [8]. Wu et al. [62] suggested that the 
N-P interaction significantly impacts the stem and 
leaf biomass of Fraxinus mandshurica seedlings. One 
possible explanation for this is that N and P addition 
provide nutrients that enrich plants, thereby overcoming 
the limitation of ‘natural’ nutrients, as light then 
becomes the main factor limiting the growth of plants. 
More photosynthetic production is therefore distributed 
to the aboveground part to accelerate growth, which is 
consistent with the findings of Guo et al. [63], which 
demonstrated that the interaction between N and P 
could increase the AGB of Potentilla fruticosa. In 
our research, the N-P interaction significantly promoted 
soil AN and AP concentrations (Fig. S1b, c), which 
further indicates that N and P addition provides nutrient 
enrichment for plants (P<0.05; Table 3). Previous 
studies demonstrated that P addition increases plant 

P concentrations and decreases the plant N:P ratio [8, 
22]. Nevertheless, our study found that the interaction 
between P and N application did not significantly  
affect P concentrations and the N:P ratio (P<0.05, 
Table 1), which indicates that P addition cannot alleviate 
N-induced P limitations for Chinese fir seedling growth. 
This might be attributed to several factors, including N 
and P addition rates, tree types, soil types, and time; 
further research will be required to fully elucidate 
which of these factors is dominant.

Conclusions

N or P addition alone significantly increased 
the biomass production of Chinese fir seedlings. N 
addition mainly facilitated belowground growth and 
increased the root N:P ratios, whereas P addition 
mainly facilitated aboveground growth and increased 
N limitation. P addition significantly increased AGB 
but did not decrease the plant N:P ratio when combined 
with N deposition. This indicates that low P addition 
(≤40 mg kg−1) cannot effectively relieve the P limitation 
caused by N deposition in Chinese fir seedlings, which 
might require a large amount of P addition. There was a 
significantly positive correlation between the biomass of 

Fig. 4. Effects of N deposition (N0, 0 kg N ha−1 yr−1; N30, 30kg N ha−1yr−1; N60, 60kg N ha−1yr−1) and P addition (P0, 0 mg kg−1; P20, 
20 mg kg−1; P40, 40 mg kg−1) on the N:P ratio of leaves a), branches b), stems c), and roots d) in Chinese fir seedlings. Different capital 
letters indicate significant differences among N addition alone (P<0.05). Different lowercase letters indicate significant differences 
among P addition at the identical N addition (P<0.05).
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Chinese fir seedlings and foliar N and P concentrations. 
Soil AN and AP concentrations and the AN:AP ratio 
affected biomass production by influencing plant 
nutrition (N and P). As we only investigated Chinese fir 
seedlings, the long-term effects of N and P addition on 
Chinese fir tree biomass and N:P stoichiometry should 
be evaluated in future studies.
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