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Abstract:  16 

Comprehensive studies on the response of whole plant functional traits to nitrogen deposition can 17 

provide insight into the resource acquisition strategies of plants. However, current studies on nitrogen 18 

deposition have mainly focused on leaves or roots.  19 

We conducted nitrogen deposition simulation experiments with Machilus pauhoi (Lauraceae) from 20 

five provenances in a common garden experiment in the southeast of China. We measured 29 traits 21 

(biomass, phenology traits, and nutrient concentrations) of leaves, stems, and roots in response to 22 

nitrogen addition and selected 24 distinct important functional traits related to resource acquisition 23 

strategies of the whole M. pauhoi seedlings. 24 

We found that N (Nitrogen) addition significantly increased the biomass of M. pauhoi seedlings and 25 

altered biomass allocation among organs. The response of the leaf, stem and root traits to nitrogen 26 

addition was not always consistent among the different provenances of M. pauhoi seedlings. A uniform 27 

variation pattern of the three organs was found in the C (Carbon) and P (Phosphorus) concentrations, as 28 

well as N:P ratio. In contrast, N concentration, the C:N ratio and the phenotypic trait specific leaf area 29 

(SLA) and specific root area (SRL) did not respond in the same direction at the organ level. 30 

We concluded that nitrogen addition alters the biomass allocation pattern of M. pauhoi and the 31 

resource acquisition capacity of above- and below-ground organs. N concentrations and C:N ratio may 32 

play a key role in this regulatory process. Overall, N addition increased leaf mass fraction (LMF) and 33 

SRL, and instead decreased SLA and root mass fraction (RMF) of M. pauhoi. There are also differences 34 

in biomass allocation and resource acquisition patterns between the different provenances. AF and SC 35 

seedlings can be preferred provenances for M. pauhoi due to their balanced resource acquisition strategy 36 

and high phenotypic plasticity, respectively.  37 
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Our study may contribute to a more comprehensive understanding of how N deposition affects the 38 

plant as a whole and provide a theoretical basis for precise nutrient management of M. pauhoi seedlings 39 

and their plantations in the context of nitrogen deposition. 40 

Keywords: leaf, stem, root, nitrogen deposition, Machilus pauhoi 41 

Introduction 42 

Nitrogen (N) is an essential nutrient that regulates plant growth and development (Güsewell, 2004; 43 

Vitousek, 2004). The optimal partitioning theory (OPT) predicts that plants allocate more biomass to the 44 

organ capturing the most limiting resource (Smith‐Martin et al., 2020). Plant economics spectrum (PES) 45 

suggests that the leaf, stem, and root traits are correlated with each other and consistently resource-46 

acquisitive or resource-conservative for all resources (Reich, 2014). These two theories may be 47 

contradictory in terms of resource utilization and allocation of plants due to the difference in resource 48 

pressure faced above and below ground. Therefore, it is worth exploring which of the two theories is 49 

applicable to plant resource acquisition strategies and biomass allocation patterns in the context of 50 

nitrogen deposition. 51 

Leaves and roots are essential resource acquisition organs of plants for leaves absorb CO2 and 52 

produce carbohydrates (Niinemets et al., 2006), while the root's primary role is to absorb nutrients 53 

(Laliberté, 2017). Both are sensitive to environmental changes and have greater phenotypic variation as 54 

indicators of changes in relevant ecological factors (Kou et al., 2018). In previous studies, research on 55 

the response of plant traits to nitrogen deposition has focused on leaves (Yan et al., 2015; Wang et al., 56 

2016; Zhang et al., 2018a) or roots (Ostonen et al., 2007; Wang et al., 2018a; Zhang et al., 2020a), and 57 

do  not provide a complete picture of how whole plants respond to environmental changes. 58 

N deposition increased the available N in soil that plants can absorb directly (Cao et al., 2020), 59 
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which may shift the resource acquisition strategy of plants from below ground to above ground. For 60 

instance, plants can reduce belowground investment by decreasing root biomass (Li et al., 2015), specific 61 

root area (SRL) (Wang et al., 2018a; Zhang et al., 2020a) and increasing root average diameter (AD) 62 

(Wang et al., 2018a). In addition, plants can favor the resource allocation to above-ground organs by 63 

increasing specific leaf area (SLA) (Wu et al., 2008a; Wang et al., 2016; Valliere et al., 2017), leaf 64 

nitrogen concentration (LN) (Wu et al., 2008b; Wang et al., 2016; Valliere et al., 2017) and above-ground 65 

biomass (Poorter et al., 2012; Allard et al., 2013; Zhang et al., 2020b). However, contrary findings have 66 

also been reported. For example, studies on Acer mono found that the response of SLA to nitrogen 67 

addition varied according to the provenances (Peng et al., 2018). Low N additions increased SRL in the 68 

fine roots of Pleioblastus amarus, but medium and high N reduced it (Chen et al., 2017). Nitrogen 69 

deposition can also lead to soil acidification, which can inhibit plant growth (Lu et al., 2014). These 70 

contradictory findings may be related to (1) the plant characteristics; (2) the form, the total amount, and 71 

the duration of the N inputs; and (3) abiotic conditions in the environment (Bobbink et al., 2010). 72 

Therefore, a comprehensive analysis of biomass allocation and resource acquisition from the perspective 73 

of a specific plant is needed to more accurately respond to nitrogen deposition (Freschet et al., 2010; 74 

Carvajal et al., 2019; Shen et al., 2019; Wambsganss et al., 2021). In addition, species with larger 75 

geographic ranges are expected to experience a wider range of environmental conditions and evolve 76 

towards adaptation to local conditions (Sykes et al., 1996; Chauvin et al., 2019). As a result, the same 77 

species from different provenances may have different physiological responses to N deposition  78 

(Matisons et al., 2019), so it is necessary to conduct studies on different genotypes of a same species to 79 

more accurately reveal the plant response to nitrogen deposition. 80 

In the context of increasing global nitrogen deposition, it remains to be studied how the resource 81 



5 

 

acquisition of different provenances of a given species and their biomass allocation respond in a 82 

coordinated manner. We carried out this experiment in the subtropical region of south China, which has 83 

become one of the regions with the highest nitrogen deposition rate (30-60 kg N ha -1 yr -1) in the world 84 

(Zhu et al., 2015) due to growing agricultural and industrial activities (Liu et al., 2011). At the same 85 

time, the effective phosphorus (P) in this area is low due to excessive rainfall and highly weathered soils 86 

(Du et al., 2020). Different provenance Machilus pauhoi (Lauraceae) seedlings were selected as the 87 

experimental subject. M. pauhoi is a native dominant species among evergreen broad-leaved tree species 88 

in the subtropical region of China (Zhong et al., 2001). It grows rapidly and is a very important tree 89 

species for afforestation in the subtropical region of China (Yu et al., 2019). This tree species has long 90 

been subject to the P deficient environments influences in the subtropical region and usually has a high 91 

leaf N:P ratio (Li et al., 2016a). So far, various studies have examined the aboveground and belowground 92 

biomass allocation (Zhong et al., 2001), roots (Wang et al., 2018b; Zou et al., 2018) and leaves (Li et al., 93 

2016a; Wu et al., 2016; Yu et al., 2019) functional traits in M. pauhoi. Previous studies have found that 94 

moderate N additions can promote the growth of M. pauhoi (Wu et al., 2016). Yu et al. (2018) found 95 

differences in functional traits in the leaves of M. pauhoi from different provenances. In the context of 96 

increasing global nitrogen deposition, it remains to be studied how the resource acquisition of different 97 

provenances of M. pauhoi and their biomass allocation respond in a coordinated manner. 98 

In this study, we conducted a nitrogen deposition simulation experiment to investigate the response 99 

of leaf, stem and root of M. pauhoi seedlings from five different provenances to N deposition. 24 leaf, 100 

stem and root traits that have a functional significance for woody species were used to determine how 101 

nitrogen deposition affects the functional traits of M. pauhoi seedlings. We hypothesized that under the 102 

same environmental conditions (i.e., same light, soil water concentration, and temperature), nitrogen 103 



6 

 

addition would alter the biomass allocation and resource strategy of M. pauhoi seedlings due to increased 104 

soil available N (Cao et al., 2020). Specifically, we predict that 1) The response of leaf, stem and root 105 

traits to N addition is not consistent; with more N other soil resources could become limiting and plants 106 

could allocate more resources to roots to increase the capacity to uptake more of these limiting sources; 107 

and 2) Resource trade-off strategies for M. pauhoi traits are inconsistent across different provenances. 108 

Lower latitude provenances (SC) seedlings tend to allocate biomass to the under-ground and have 109 

higher SRL and lower SLA due to more annual accumulated temperature, while higher latitude 110 

provenances (JD) seedlings tend to allocate biomass to the above-ground and have higher SLA and 111 

lower SRL. Our results can provide a theoretical basis for precise nutrient management of M. pauhoi 112 

seedlings and their plantations in the context of nitrogen deposition. 113 

Materials and Methods  114 

Seed collection 115 

Seeds were collected in July 2014 from five different localities in the south of China: Jianou (JO) and 116 

Yanping (YP) in Fujian provenance; Anfu (AF) and Suichaun (SC) in Jiangxi prvnenance; Jiande (JD) 117 

in Zhejiang provenance (Tab 1). In our previous studies we found that the leaf functional traits of M. 118 

pauhoi were mainly influenced by temperature (Yu et al., 2018), so in this experiment these five 119 

provenances were selected according to a temperature gradient. For each provenance 5-8 individual trees 120 

of 20-30 years old that are well grown and healthy were selected and their seeds were mixed.  121 

Table 1. Main geographical and environmental characteristics of 5 provenances. 122 

No. site Longitude (E) Latitude (N) 
Annual 

precipitation (mm) 

Annual average 

temperature (‐) 

1 JO 118°09′ 27°03′ 1664 18.7 

2 YP 118°07′ 26°41′ 1663 19.3 

3 AF 114°14′ 27°15′ 1553 17.7 

4 SC 114°23′ 26°21′ 1421 17.5 
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5 JD 119°07′ 29°26′ 1712 17.4 

Site Description and Experimental Design 123 

Experiments were conducted in a common garden at Forestry Technology Center of Shunchang County 124 

(117°48′E, 26°48′N), Nanping City, Fujian Province, south of China. The area is characterized by a 125 

subtropical monsoon climate with a mean annual temperature of 18.9 ºC. The annual rainfall ranges from 126 

1600 to 1900 mm, with the most precipitation occurring from February to September. In view of the fact 127 

that the various components of the seedlings are young and vulnerable to summer heat scorching and 128 

winter freezing (extreme high and low temperatures of 52°C and -3°C respectively) (Zhao et al., 2018), 129 

we provided shade to the seedings in the nursey using shade cloth. Seeds were sown in July 2014 in the 130 

test field and transplanted in March 2015. Seedlings were transplanted individually into polyvinyl 131 

chloride pots (inner diameter of 30 cm and height of 30 cm) containing red soil from Shunchang County. 132 

The transplanted seedlings were grown in a 70% shade frame and watered regularly to field capacity. 133 

After an adaptation period of 2 months, the exogenous nitrogen input experiment was carried out in the 134 

period May to November 2016 when seedlings were nearly 2 years old. The information about the 135 

seedlings and soil traits is shown in Table 2. 136 

Table 2. Information concerning the seedlings and soil traits (Avg ± SE) 137 

Seedling Trait Tree height (cm) 61.33±15.76 

Basal diameter (cm) 5.58±1.35 

Specific leaf area(cm2/g) 195.694±24.89 

Leaf carbon concentration(mg/g) 481.998±8.04 

Leaf nitrogen concentration(mg/g) 10.448±1.09 

Leaf phosphorus concentration(mg/g) 1.021±0.19 

Soil Trait Soil Total Nitrogen concentration (mg/g) 0.717±0.01 

Soil Total Carbon concentration (mg/g) 4.63±0.05 

Soil Total Phosphorus concentration (mg/g) 1.142±0.07 

Soil available phosphorus concentration (mg/L) 1.142±0.01 

pH    4.97±0.18 

Soil field capacity (cm3/cm3) 0.309±0.02 

Due to the high and increasing rate of nitrogen deposition in this area (50 kg ha-1 yr-1). At the same 138 
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time, in the previous nitrogen addition experiment, Pei et al. (2016) found that M. pauhoi seedling were 139 

suitable for growing at 100 kg ha-1 yr-1. Therefore, to easily observe the response of M. pauhoi seedling 140 

to nitrogen deposition in future, we set the double the local N deposition rate as our N additions amount 141 

(N, 100 kg ha-1 yr-1). In addition, a control treatment was established for comparison (CT, 0 kg ha-1 yr-142 

1). Each treatment was completed in triplicate for statistical significance. Ammonium nitrate (NH4NO3) 143 

was used for the addition of N, and the soil surface area was calculated based on the inner diameter of 144 

the pot. Then, the amount of N added per pot was calculated using the soil surface area (based on the 145 

inner diameter of the pot) (N100 treatment: 2.02 g of NH4NO3). NH4NO3 was dissolved in 10 ml of 146 

distilled water and uniformly applied with a pipette to the treatment and control pots. For each replicate 147 

we have 9 seedlings, so we have a total of 5 (provenances) * 2 (N treatments) * 3 (replicates) * 9 = 270 148 

seedlings. 149 

Sampling and Chemical Analysis  150 

At the end of the experiment in November 2016, three standard seedlings were selected and harvested 151 

from each treatment (See Figure S1 for information on standard seedlings basal diameter and plant 152 

height). The leaves, stems, and fine roots were collected separately and transported to the laboratory as 153 

soon as possible. Roots were cleaned with distilled water before scanning. Each organ from each seedling 154 

was treated as an individual sample.  155 

Three healthy and fully expanded leaves from each tree were selected to measure leaf phenotypic 156 

traits. A Vernier caliper (0.01 mm) was used to measure the thickness of the leaves (top, middle, and 157 

bottom; avoiding important veins), and the average of these values was used as the leaf thickness (LT; 158 

mm). The leaf area (LA, cm2) was measured using an LI-3000C portable leaf-area meter (Li-Cor, Lincoln, 159 

NE, USA). The saturated mass (Lsmass, g) was determined after submerging a leaf in deionized water 160 
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for 24 h in the dark (we dabbed dry the leaf surfaces with paper towels before measuring). The Specific 161 

leaf area (SLA, cm2/g), Leaf dry matter concentration (LDMC, g/g) and leaf tissue density (LTD, g/cm3) 162 

were calculated for selected leaf samples. For root phenotype trait, we selected 3 fine root branch (<2 163 

mm in diameter) with intact terminal branch orders (Pregitzer et al., 2002). Next, Root were scanned 164 

with an Epson V370 scanner and analyzed using WinRHIZO root-scanning software (Regent Instruments 165 

Inc., Ottawa, ON Canada). Tweezers was used to separate overlapping roots if needed. The Specific root 166 

length (SRL, cm/g), Average root diameter (AD, mm) and root tissue density (RTD,  g/cm3) were 167 

calculated for selected root samples.  168 

The dry weights of each leaf, stem and root (Lmass, Smass and Rmass, respectively) samples were 169 

determined after oven-drying at 65 ºC until a constant weight was obtained. The total plant biomass (Tbio) 170 

of a seedling is the sum of the biomass of the three organs. Leaf mass fraction (LMF), stem mass fraction 171 

(SMF) and root mass fraction (RMF) were calculated. The formulae for calculating the functional traits 172 

in this paper can be found in Table 3. 173 

For both the C, N and P concentration analyses in plant organs, the dried samples were ground into 174 

a fine powder using a sample grinder and screened with a 1-mm sieve. The C and N concentration was 175 

determined using a CHNS/O Elemental Analyzer (Vario EL III, Elementar, Langenselbold, Germany). 176 

The P concentrationt was determined using a Continuous Flow Analytical System (SAN ++, Skalar, 177 

Breda, Holland) after digestion and boiling in a solution of H2SO4-HClO4. The formulae for calculating 178 

the functional traits in this paper can be found in Table 3. 179 

Table 3.The definition (computational formula), abbreviation and unit for 29 functional trait in 180 

this paper 181 

Organ Trait Abbreviation Definition Units 

Leaf Specific leaf area SLA Leaf area /Leaf mass cm2/g 

Tissue density LTD Lmass/(Leaf area * leaf thickness) g/cm3 

Dry matter content LDMC Leaf mass/Leaf saturated mass g/g 
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Carbon concentration LC Leaf carbon concentration per mass mg/g 

Nitrogen concentration LN Leaf nitrogen concentration per mass mg/g 

Phosphorus concentration LP Leaf phosphorus concentration per mass mg/g 

Carbon/Nitrogen LCN 
Leaf carbon concentration / Leaf nitrogen 

concentration 
g/g 

Nitrogen/Phosphorus LNP 
Leaf nitrogen concentration / Leaf phosphorus 

concentration 
g/g 

Biomass Lbio Leaf mass  g 

Mass fraction LMF Leaf biomass / total biomass * 100% % 

Stem Carbon concentration SC Stem carbon concentration per mass mg/g 

Nitrogen concentration SN Stem nitrogen concentration per mass mg/g 

Phosphorus concentration SP Stem phosphorus concentration per mass mg/g 

Carbon/Nitrogen SCN 
Stem carbon concentration / Stem nitrogen 

concentration 
g/g 

Nitrogen/Phosphorus SNP 
Stem nitrogen concentration / Stem phosphorus 

concentration 
g/g 

Biomass Sbio Stem mass  g 

Mass fraction SMF Stem mass / total biomass * 100% % 

Root Specific root length SRL Roor length/Rmass cm/g 

Tissue density RTD Rmass/Rvolume g/cm3 

Average diameter AD Root average diameter mm 

Carbon concentration RC Root carbon concentration per mass mg/g 

Nitrogen concentration RN Root nitrogen concentration per mass mg/g 

Phosphorus concentration RP Root phosphorus concentration per mass mg/g 

Carbon/Nitrogen RCN 
Root carbon concentration / Root nitrogen 

concentration 
g/g 

Nitrogen/Phosphorus RNP 
Root nitrogen concentration / Root phosphorus 

concentration 
g/g 

Biomass Rbio Root mass  g 

Mass fraction RMF Root biomass / total biomass * 100% % 

Whole Bimass Wbio Whole biomass g 

Total N concentration of 

aboveground/underground 
TNa/u 

(Leaf biomass * leaf N concentration + stem 

biomass * stem N concentration) / root biomass * 

root N concentration 

mg/mg 

Statistical Analysis 182 

Before the analysis, all data were log10 transformed to fit a normal distribution pattern. We calculated the 183 

index of phenotypic plasticity (Valladares et al., 2000) for each trait and provenances as the difference 184 

between the minimum mean and the maximum mean values among the N treatment divided by the 185 

maximum mean value. We calculated the relative effects (RE) (Duval et al., 2011) of N addition [(means 186 
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from N addition plots – means from ambient plots)/(means from ambient plots)×100] on the function 187 

traits of different provenances M. pauhoi seedlings. 188 

We performed two-way factorial ANOVA at a significance level of 0.05 for all 29 functional traits 189 

in SPSS 22 software (SPSS Inc., Chicago, IL, USA), with N deposition intensity and provenances as the 190 

independent factors and their interaction also included. Bonferroni test was used to determine whether 191 

significant (P<0.05/k, where k is the number of comparisons)  192 

Principal component analysis (PCA) were performed to investigate the effect of nitrogen on the 193 

resource acquisition strategy of 26 functional trait (except leaf, stem and root biomass because of their 194 

high similarity to LMF, SMF and RMF) of M. pauhoi seedlings by using “factoextra (Kassambara and 195 

Mundt, 2020)” package in R (version 4.1.1) (R Core Development Team, 2021). Permutational 196 

multivariate analysis of variance analysis (PERMANOVA) were performed to examine the differences 197 

in different N addition and provenances using “adonis” function of “vegan (Oksanen et al., 2020)” 198 

package, and pairwise comparisons (Bonferroni correction) were performed between different 199 

provenances (P<0.05/k). The data for all variables were standardized by the Z-score. Packages “ggplot2 200 

(Wickham, 2016)” and “ggpubr (Kassambara, 2020)” were used for visualization. 201 

Results 202 

3.1 Effect of nitrogen addition on main functional traits 203 

3.1.1 Effect of nitrogen addition on biomass and allocation 204 

N addition significantly increased the biomass of the organs of M. pauhoi (Table 4). The biomass of 205 

organs also varied significantly among different provenances (Table 4). The interaction between N 206 

addition and provenance had a significant effect on leaf biomass (Table 4). Notably, although N addition 207 

increased the biomass of each organ of the JO seedlings and leaf and stem biomass of the SC seedlings, 208 
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the effect was not significant (Fig 1A, B, C). The seedling total biomass of different provenances from 209 

large to small was AF > SC > JD > YP > JO (Fig S2 ). 210 

Nitrogen addition significantly increased and decreased LMF and RMF, respectively (Table 4). LMF, 211 

SMF and RMF differed significantly among different provenances, and the interaction of N and different 212 

provenances had no significant effect on each organ mass fraction (Table 4). Leaf had the lowest fraction 213 

(18.5% ~ 26.5%) in biomass in five provenances (Fig 1D). Root biomass fraction (44% ~ 48.3%) is 214 

higher than stem (30.1% ~ 34.5%) in JO, YP, and JD, but lower in SC (Fig 1E, F). N addition increased 215 

the leaf biomass fraction and decreased root biomass fraction in JO, YP, AF, JD seedlings, and reduced 216 

the leaf biomass fraction, and increased the root biomass fraction in SC (Table 4).  217 

Fig 1 Leaf, stem and fine root biomass and mass fraction of different provenance of M. pauhoi 218 

seedling. See Table 3 for trait abbreviations. 219 

 220 

Table 4. Two-way ANOVA analysis of the effect of nitrogen addition and provenance on the 221 

functional trait of M. pauhoi seedling. See Table 3 for trait abbreviations. 222 

  Trait 
N Pr N * Pr 

F P F P F P 

Leaf SLA 7.559  0.007  2.356  0.061  0.267  0.898  
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LDMC 0.028  0.867  3.045  0.022  1.522  0.205  

LTD 0.067  0.797  6.716  <0.001  0.251  0.908  

LN 0.316  0.576  1.299  0.278  2.180  0.079  

LC 27.835  <0.001  2.189  0.078  1.519  0.205  

LCN 0.242  0.624  1.181  0.326  3.001  0.024  

LP 6.554  0.013  1.488  0.215  2.918  0.027  

LNP 3.627  0.061  0.605  0.660  0.244  0.912  

Stem SN 4.601 0.035 3.195 0.018 1.744  0.149  

SC 1.967 0.165 2.362 0.061 1.933  0.114  

SCN 7.205 0.009 3.602 0.01 3.243  0.017  

SP 13.259 0.001 1.041 0.392 2.032  0.099  

SNP 3.249 0.076 0.258 0.904 0.088  0.986  

Root SRL 3.776  0.056  1.457  0.224  1.060  0.382  

RTD 0.293  0.590  0.381  0.822  2.863  0.029  

AD 0.592  0.444  0.165  0.956  0.570  0.685  

RN 6.302  0.014  0.561  0.692  0.888  0.476  

RC 0.075  0.785  0.983  0.422  0.606  0.660  

RCN 4.335  0.041  0.483  0.748  1.024  0.401  

RP 13.752  <0.001  0.722  0.580  1.203  0.317  

RNP 26.475  <0.001  1.483  0.216  0.651  0.628  

Biomass Lbio 34.348  <0.001  13.829  <0.001  2.579  0.044  

Rbio 26.921  <0.001  3.484  0.012  0.739  0.568  

Sbio 41.300  <0.001  16.826  <0.001  2.400  0.058  

LMF 4.04 0.048 4.47 0.003 1.02 0.403 

RMF 4.867 0.03 6.286 <0.001 0.935 0.449 

SMF 1.606 0.209 4.868 0.002 0.502 0.734 

Whole Tbio 51.507 <0.001 14.764 <0.001 2.385 0.060 

 TNa/u 0.006 0.938 2.624 0.041 1.546 0.198 

 223 

3.1.2 Effect of N addition on the leaf and fine root phenotype traits 224 

N addition significantly reduced SLA of M. pauhoi seedlings but had no significant effect on other leaf 225 

and root phenotypic traits (Table 4, Fig 2). There were significant differences in LDMC and LTD in 226 

leaves of seedlings from different provenances, while there were no differences between root 227 

morphologies (Table 4). The interaction of N and provenance significantly affected the root RTD (Table 228 

2). 229 

Fig 2 Leaf and fine root phenotype trait of different provenance of M. pauhoi seedling. See Table 230 

3 for trait abbreviations. 231 
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 232 

3.1.3 Effect of N addition on the leaf, stem and fine root nutrient traits 233 

N addition significantly increased LC, SC: N, RN and RN:P and decreased SN, LP, SP, RP and RC:N of 234 

M. pauhoi seedlings (Fig 3, Fig S3). The stem N concentration and C:N ratio of seedlings from different 235 

provenance were significantly different. No differences were found in leaf and root nutrient traits between 236 

the different provenances. Nitrogen addition and provenance had significant effects on LC:N, SC:N and 237 

LP. The effect of N addition on leaf, stem and root N and P concentrations of M. pauhoi seedlings was 238 

not consistent among different provenances. For example, N addition increased the LN of YP, AF and JD 239 

seedlings, but decreased the LN of JO, SC seedlings. The leaves and stem have a higher C concentration 240 

and a lower P concentration and C:N ratio than the roots (Fig 3, Fig S3). Meanwhile, leaf and root have 241 

a higher N concentration and N:P ratio than stems (Fig 3, Fig S3).  242 

There was no significant effect of N addition on TNa/u, while there were significant differences 243 

between the TNa/u of the different provenances, with YP and JD seedlings showing an increase in TNa/u 244 

after N addition, while JO, AF and SC seedling showed a decrease (Fig S4). 245 
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Fig 3 Leaf, stem and root nutrient traits of different provenance of M. pauhoi seedling. See Table 246 

3 for trait abbreviations. 247 

 248 

3.2 Phenotypic plasticity and relative effects of functional traits of M. pauhoi from different 249 

provenances 250 

At the seedlings level, phenotypic plasticity was highest for biomass-related traits (e.g. Rbio, Tbio, Sbio 251 

and Lbio) (Fig 4A). At the organ level, roots had the highest phenotypic plasticity, followed by stems, 252 

and leaves had the lowest phenotypic plasticity. Nutrient-related traits (e.g. LC, LN, SN, LP, RP, and 253 

RNP) were more plastic than phenotype-related traits (e.g. LTD, LDMC, SLA, AD, and SRL). The 254 

plasticity of nutrient concentrations from low to high is C, N, and P, respectively. For the different 255 

provenances level, SC seedlings had the highest phenotypic plasticity (0.171), while JO seedlings had 256 

the lowest phenotypic plasticity (0.104). 257 

The relative effects of LTD, LDMC, LC, SC, RC, LN and AD were stable in seedlings, while SLA, 258 
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RTD, RMF, RCN, LP, SN, SP and RP had negative relative effects on N addition (Fig 4B). The rest, such 259 

as SMF, LNP, RN, TNa/u, SRL, LMF, SNP, etc., have positive relative effects on N addition. At the 260 

seedlings level, relative effects were highest for biomass-related traits (e.g. Rbio, Tbio, Sbio and Lbio) 261 

and lowest for P related traits (e.g. RP, SP, and LP). For the different provenances level, JD seedlings had 262 

the highest relative effects (17.8), while SC seedlings had the lowest relative effects (3.6). 263 

Fig 4. Index of phenotypic plasticity and relative effects for leaf and root traits of M. pauhoi 264 

seedlings with different provenances. Black dots are mean values The mean values of phenotypic 265 

plasticity of all traits for different provenances were SC (0.171), YP (0.145), AF (0.140), JD (0.139), 266 

and JO (0.104) in descending order. The mean values of relative effects of all traits for different 267 

provenances were JD (17.8), YP (14.2), AF (9.4), JO (6.5), and SC (3.6) in descending order. See 268 

Table 3 for trait abbreviations. 269 

 270 

3.3 Influence of N addition and provenances on the resource acquisition strategy of M. pauhoi 271 

The results of the whole plant PCA analysis for the 26 functional traits are shown in Fig 5. The first PCA 272 

axis accounted for 16.1% of overall variation and was related in one extreme (negative values) with high 273 

values of traits (LC, LCN, LDMC, RNP and LNP) and representative of the conservation resource 274 
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strategy. At the opposite extreme (positive values) were M. pauhoi with high values of traits (LN, LP, RP) 275 

and indicative of the resource acquisition strategy. The second principal component, which explained 276 

14.5% of the overall variance and was related in one extreme (positive values) with high values of traits 277 

(RN, SRL, SC, SCN, LMF and SMF). At the opposite extreme (negative values) were M. pauhoi with 278 

high values of traits (SLA, RC, RCN, SN, SP and RMF). Among the functional traits of the whole plant, 279 

leaf and root N concentration and C:N ratio were the highest contributing indicators. M. pauhoi seedlings 280 

may regulate the response of whole seedling functional traits to N deposition through these two key 281 

nutrient traits. PERMANOVA analysis showed a significant difference between CT and N addition 282 

treatment (P=0.002, Fig 5); and there was a significant difference among different provenances 283 

(P=0.025).  284 

Fig 5 Biplot of the principal component analysis (PCA) using traits of leaves, stems and roots at 285 

the N treatment level (A) and provenances level (B). PC1 represents a resource strategy gradient, 286 

from high-LN, high-LP, high AD, low LDMC, low-LNP, that are characterized by resource 287 

acquisition strategy to low-LN, low LP, low AD, high LDMC, high LNP, which can be related to 288 

conservation resource strategy. The large dot is the center of the category. Different letters after 289 

the provenances in the graph on the right indicate significant differences between the different 290 

provenances. See Table 3 for trait abbreviations.  291 

 292 
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Discussion 293 

Responses of main functional traits of plants to N addition 294 

One of the mechanisms by which plants adapt to exogenous resource imbalances is the allocation of new 295 

biomass to the organs involved in acquiring the most scarce resources (Freschet et al., 2018; Ma et al., 296 

2021). In some cases, the increase in soil nitrogen indicates that plants do not need to build more roots 297 

for resource capture (especially when N is the most limiting factor) except in other contexts when P or 298 

water are more limiting (Ostonen et al., 2011). Consistently with OPT theory (Smith‐Martin et al., 2020), 299 

as N-availability increases, M. pauhoi will reduce root biomass (Hendricks et al., 2006; Wang et al., 2013; 300 

Chen et al., 2017) and transfer more biomass to aboveground parts to produce more photosynthetic 301 

products (Wang et al., 2016; Valliere et al., 2017). However, our study does not fully support the PES, 302 

as leaf, stem and root traits do not respond consistently to N addition (Reich, 2014). The results of organ 303 

response to N addition varied by trait, with roots having higher phenotypic plasticity than leaves and 304 

being more sensitive to environmental changes. Nutrient traits and biomass allocation were more 305 

susceptible to N addition than phenotypic traits (Kramer-Walter and Laughlin, 2017). Therefore, our first 306 

hypothesis is only partially supported. 307 

In our study, under 70% shade, N addition changed the biomass allocation of each organ of M. 308 

pauhoi seedlings by increased LMF and decreased RMF. At the same time, N addition decreased SLA 309 

but increased SRL of M. pauhoi seedling from different provenance. There are two ways in which 310 

different plants achieve similar resource acquisition capacity in both above and below ground parts: A) 311 

more leaf biomass with lower SLA, and less root biomass with higher SRL; B) more root biomass with 312 

lower SRL, and less leaf biomass with higher SLA (Freschet et al., 2015). M. pauhoi may increase its 313 

total light capture area by increasing the number of leaves. We consider this as a way to balance resource 314 
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acquisition and biomass allocation in M. pauhoi seedlings after nitrogen addition under the low 315 

availability phosphorus in the test soils (Fort et al., 2012; Fortunel et al., 2012; Collins et al., 2016; 316 

Carvajal et al., 2019; Wambsganss et al., 2021). 317 

The SLA represents the light resources captured on the LA per unit of dry leaf matter, which is 318 

closely related to the light interception efficiency of plants (Reich, 2014). The SRL represents the length 319 

of roots potentially able to explore soil per unit mass invested (Ostonen et al., 2007). N addition decreased 320 

SLA and increased SRL of M. pauhoi seedling from different provenance but had no significant effect 321 

on LTD, RTD, LDMC and AD, indicating the in sensitivity of plant tissue traits to external environmental 322 

changes (Davidson et al., 2004; Zhang et al., 2006; Högberg, 2007; Li and Bao, 2015).  323 

M. pauhoi reduced the N concentration of leaves and stems and increased the N concentration of 324 

roots under N addition. RN has been increased with N addition, which is consistent with the meta-analysis 325 

result by (Li et al., 2015) and the N controls experimental in temperate forest ecosystems by Hendricks 326 

et al. (2000), but inconsistent with Pleioblastus amarus in the subtropical forest by Chen et al. (2017). 327 

This increase of RN may be attributed to nitrogen addition improving the soil available N concentration, 328 

thus more N became absorption and stock in the root (Matson et al., 1999; Hyvönen et al., 2008). At the 329 

same time, plants and microbes may invest an element that is in excess into the acquisition of a limiting 330 

factor until their growth is equally limited by both elements (Bloom et al., 1985; Zhang et al., 2018b).  331 

Nitrogen addition decreased P concentration and increased N:P in leaves, stems and roots, an 332 

indication lack of P may occur in M. pauhoi seedling growth (Güsewell, 2004; Powers et al., 2005; Fan 333 

et al., 2019). Lack in phosphorus nutrients can be explained by the following three reasons: 1) the 334 

“dilution effect” (Jarrell and Beverly, 1981; Firn et al., 2019), because significantly increased M. pauhoi 335 

seedling biomass outpaces nutrient accumulation in whole plant biomass. 2) P deficiency is widespread 336 
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in the subtropics (Du et al., 2020) and the soils we use are indeed low in their natural P-availability (3.76 337 

mg/kg) (Wu et al., 2015). At the same time, N addition may exacerbate this phenomenon by causes soil 338 

acidification and combines phosphorus with metal ions (e.g., Al3+ and Fe3+), reducing the available 339 

phosphorus in the soil and affecting plant growth due to the reduced amount of phosphorus available for 340 

uptake (Bünemann et al., 2010; Kou et al., 2018). The decrease in the soil available P may have reduced 341 

the leaf P concentration, which, on account of the P availability, was insufficient to balance the increasing 342 

P requirements under N addition (Jonard et al., 2015; Huang et al., 2016; Li et al., 2016b). 3) The 343 

mycorrhizal activity may have been inhibited by the N addition (Nilsson and Wallander, 2003), even 344 

though nitrogen enrichment has been known to increase the phosphatase activity and soil P availability 345 

(Olander and Vitousek, 2000; Deng et al., 2017). Consequently, the availability of the phosphorous 346 

required for the seedlings would be limited (Wallander et al., 2001). In addition, in the case of nitrogen 347 

addition, plants and microorganisms develop more strategies to allocate more nitrogen to take up more 348 

phosphorus, for example by enhancing strong phosphatase activity (Treseder and Vitousek, 2001; Zhang 349 

et al., 2018b), or by altering symbiotic mycorrhizae (Lilleskov et al., 2002). However, in the case of 350 

long-term nitrogen addition, this supplementary phosphorus is not sufficient to compensate for the 351 

phosphorus deficiency, and therefore phosphorus limitation gradually increases (Sardans and Peñuelas, 352 

2012; Peñuelas et al., 2013; Peñuelas et al., 2020). So a moderate addition of P may be able to alleviate 353 

the P limitation of the plants in future N addition trials. 354 

Effect of provenances on the trade-off strategy among traits in M. pauhoi 355 

Species with larger geographic ranges are expected to experience a wider range of environmental 356 

conditions and evolve towards adaptation to local conditions (Sykes et al., 1996; Chauvin et al., 2019). 357 

The undergrowth seedlings of M. pauhoi can respond to geographic changes by adjusting leaf 358 
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functional traits (Yu et al., 2018). Analysing the ratio of total N concentration above ground (leaves 359 

and stems) to below ground (roots) helps us to synthesise how M. pauhoi allocate N to responed to N 360 

deposition. Overall, TNa/u were greater than 1 for all provenances, thus suggesting that M. pauhoi 361 

seedlings have a greater N allocation to above-ground components than below. The response of TNa/u 362 

to N addition was not consistent across different provenances. N addition increased the TNa/u of YP and 363 

JD seedlings, probably due to the increased demand for above-ground light access resulting from shade, 364 

which allocated more N to the above-ground (Schall et al., 2012; Deng et al., 2020). N addition reduced 365 

TNa/u in JO, AF and SC seedlings, probably due to the fact that JO, AF and SC seedlings allocated more 366 

N to the ground after N addition to alleviate phosphorus limitation through a exchange nitrogen for 367 

phosphorus strategy (Olander and Vitousek, 2000; Deng et al., 2017). This may go some way to 368 

explaining the higher ability of these three provenances to exchange nitrogen for phosphorus and the fact 369 

that nutrient resources below ground are more limiting to their growth than light. Future research should 370 

focus on the ability of different provenances of M. pauhoi to exchange nitrogen for phosphorus as a 371 

means of verification. Differences among seedlings from different provenances may be related to the 372 

environmental conditions of that provenances site (e.g. climate and soil traits) (Yu et al., 2018; Ren et 373 

al., 2020). However, due to the lack of data on soil conditions at the provenances site, we were not able 374 

to analyses this further. Therefore, environmental conditions at the provenances site should be included 375 

in future multi-provenances studies. 376 

Phenotypic plasticity is an important mechanism for species distribution and maintenance of local 377 

adaptation (Valladares et al., 2014). Within a species, responese to environmental conditions are vary 378 

among genotypes (Ren et al., 2020). Plasticity occurs when a given genotype produces different 379 

phenotypes in response to external factors, which may increase its short-term success when confronted 380 
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with varying environments (Morel-Journel et al., 2020). Our second hypothesis that resource trade-off 381 

strategies for M. pauhoi traits are inconsistent across different provenances was supported. The SC 382 

seedlings had the highest phenotypic plasticity and favored a conservative (low LN, low LP) resource 383 

strategy to obtain belowground resources (high SRL) and had a high total biomass. In contrast, JO 384 

seedlings had the lowest phenotypic plasticity, favored access to aboveground resources (high SLA), and 385 

was an access resource strategy (high LN, high LP), and had a low total biomass. Among all the 386 

provenances, the AF seedlings had the highest biomass, perhaps because this source did not adopt an 387 

obvious above- or belowground, conservative or acquisitive resource acquisition trait, but rather achieved 388 

a better balance between resource acquisition and biomass allocation. Therefore, we believe that AF and 389 

SC provenances can be the preferred provenances for M. pauhoi management. At the same time, since 390 

our experiments were conducted on 2-year-old seedlings, the exact effect of nitrogen deposition on 391 

mature plantation forests deserves further study in follow-up. 392 

Conclusions  393 

To fully understand the response of plant functional traits and resource acquisition strategies to nitrogen 394 

deposition, we need to understand how nitrogen deposition affects different organ traits and their 395 

interrelationships. Here, nitrogen addition simulation experiments were used to test the effects on leaves, 396 

stems and roots traits and resource acquisition strategies of M. pauhoi seedlings were tested. After 397 

investigating, we found that N addition increased biomass of M. pauhoi seedlings and changed the 398 

biomass distribution and main functional traits of leaves, stems and roots. The response of different 399 

functional traits to nitrogen addition was influenced by the provenances. The phenotypic plasticity of 400 

biomass was highest. Phenotypic plasticity varied among provenances, organs, nutrient traits and 401 

phenotypic traits. After N addition, M. pauhoi seedlings regulate the resource acquisition strategy of 402 
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leaves and roots by regulating the N and C:N ratios to achieve a balance with biomass allocation. Under 403 

the experimental premise of 70% shade, N deposition accelerated investment in aboveground growth and 404 

light capture by increasing plant height and LMF for YP and JD seedlings, and allocated more N to the 405 

above-ground. However, different findings were found for the AF, SC and JO seedlings. Despite the 406 

increase in height, these three provenances increased their N investment in the below-ground fraction, 407 

perhaps to exchange N for P. The JO source had the lowest biomass of the five provenances, which may 408 

account for its lowest plasticity, while the SC source, which had the best plasticity, and the AF source, 409 

which taught a balanced resource allocation strategy, could be the primary choice for M. pauhoi extension 410 

in the context of nitrogen deposition. Our results can provide a reference basis for carrying out M. pauhoi 411 

cultivation and subtropical seedling cultivation, and specific provenances should be considered for future 412 

afforestation in the context of nitrogen deposition. 413 
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Fig S3 Leaf, stem and root stoichiometric ratio of different provenances M. pauhoi seedling. See 

Table 3 for trait abbreviations. 

 

Fig S4 N absorption efficiency of shoot:root ratio of different provenances M. pauhoi seedling. See 

Table 3 for trait abbreviations. 
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