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16

Abstract At the early stage of primary succession, there are deficient nutrient resources as well as

17

competition stress among neighboring plants. Our aims were to elucidate the flexibility of tree

18

seedlings’ stoichiometric relationships and their effects on soil microbial communities, and to

19

determine the driving forces of species turnover during primary succession through the evaluation of

20

carbon (C) : nitrogen (N) : phosphorus (P) stoichiometric relationships. The δ13C and δ15N isotope

21

tracing methods were employed to study changes in the water-use efficiency and absorption of

22

different N forms (NH4+ and NO3-). Higher values of δ15N-NO3– and δ13C were observed in Populus

23

purdomii individuals than in Salix rehderiana after N application, which indicated a more efficient N

24

uptake and water-use efficiency in P. purdomii plants. Furthermore, under N addition, the

25

intraspecific competition of P. purdomii presented a higher urease activity, microbial biomass C

26

(MBC), microbial N:P ratio (MBN:MBP) and phylogenetic diversity compared to the intraspecific

27

competition of S. rehderiana. Our results showed that P. purdomii seedlings influenced soil

28

properties in a way that led to a positive feedback on their performance with an increasing N

29

availability. In contrast, S. rehderiana seedlings influenced soil properties in a way that caused a

30

negative feedback on their performance with increasing N. Such events can promote species turnover

31

from Salix to Populus during succession. Additionally, DNA sequencing of soil bacterial

32

communities showed differences in the composition of microbial communities in response to N

33

fertilization and different competition patterns. Altogether, our results showed that plant, soil and

34

microbial community responses to N fertilization in a subalpine glacier forefield differed among tree

35

species and competition patterns. This study brings new insight into mechanisms that drive species

36

replacement and biogeochemical cycling during primary succession.

37
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Introduction

40
41

Ecological stoichiometry connects the above- and belowground areas of forest ecosystems, and it

42

influences biogeochemical cycling among plants, soil and microbes. Investigations on ecological

43

stoichiometry allow estimations of the balance of multiple chemical elements. Nitrogen (N) is one of

44

the most limiting and essential nutrients for vegetation and it tends to limit plant growth. N limitation

45

often leads to reduced plant productivity and competitive ability. The availability of resources plays a

46

key role in mediating the competitive abilities of species (Wedlich et al. 2016; Guo et al. 2019; Xia et

47

al. 2020). Fluctuation in soil nutrients (e.g., N and P) and C-sources can affect the activities and

48

functions of soil microbial communities (Frey et al. 2004; Demoling et al. 2008; Wang et al. 2014).

49

During primary succession, soil organic matter and N contents gradually accumulate, and that can

50

affect soil microbial communities and plant growth traits (Chapin et al. 1994; Tscherko et al. 2003;

51

Jiang et al. 2018a). Soil microbial communities are able to decompose organic matter and release

52

nutrients, which are critical for improving soil fertility at the early stage of primary succession (Elser

53

et al. 2000; Cutler et al. 2014; Jiang et al. 2019a, 2019b). Generally, N deficiency, and high soil C:N

54

and low N:P ratios are observed at the early stage of primary succession. With an increasing soil age,

55

an accumulation of N, and lower C:N and higher N:P ratios of plants are observed, which reflects the

56

flexibility of the plant C:N:P stoichiometry (Vitousek et al. 1993; Jiang et al. 2018b). Nutrient C:N:P

57

stoichiometry can affect the dynamics of soil microbial communities, especially under N-limited

58

conditions (Kuzyakov and Xu 2013).

59
60

According to Månsson et al. (2009), a competitive relationship between soil microbes and plants

4

61

can occur in terms of N uptake when the soil N level is low. Therefore, fluctuations in N

62

concentrations can affect the C:N:P stoichiometry of plants. A greater N uptake by soil microbes will

63

lead to a lower microbial C:N ratio (MBC:MBN), while the plant N uptake will reduce and lead to an

64

increase in the C:N ratio of plants (Månsson et al. 2009; Khan and Joergensen 2019). Moreover,

65

plant litter properties (e.g., cellulose and lignin contents) play an important role in shaping microbial

66

diversity, and litter quality can change due to stoichiometric flexibility under increasing N levels

67

(Bhatnagar et al. 2018; Li et al. 2019). Additionally, microbial biomass stoichiometry (e.g.,

68

MBC:MBN and MBC:MBP ratios) may fluctuate in response to abiotic factors. Under supplied

69

nutrients (e.g., N and P), stoichiometric flexibility can change C:N and C:P ratios of the microbial

70

biomass (Don et al. 2017; Khan and Joergensen 2019) and, thus, control microbial growth and

71

activity (Fang et al. 2020).

72
73

The composition of soil bacterial, fungal and nematode communities as well as the microbial

74

functional diversity can change along primary succession. Previous studies have demonstrated that

75

the community composition and diversity of soil bacteria, fungi and nematodes change with soil

76

development during the primary succession (Lei et al. 2015; Jiang et al. 2018a). In addition, Ohtonen

77

et al. (1999) have shown that the composition of soil microbial communities was clearly different

78

between two sites of different soil ages representing a primary successional chronosequence.

79

Moreover, Tscherko et al. (2003) have suggested that the functional diversity of soil microbes

80

(Shannon diversity index and evenness) increases with plant growth and soil organic matter

81

accumulation during the primary succession.

82
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83

The following primary succession process occurs in the Hailuogou glacier forefield: bare land,

84

herb vegetation, sapling scrub forest, deciduous broad-leaved forest, evergreen broad-leaved forest,

85

and evergreen coniferous forest (Zhou et al. 2013; Lei et al. 2015). The process of primary

86

succession forms a soil chronosequence as well. In addition, the content of soil organic matter

87

increases, the N content accumulates gradually, and the composition of forest ecosystem changes

88

with an increasing soil age (Ohtonen et al. 1999; Zhou et al. 2013). During the early stage of primary

89

succession, deciduous broad-leaf Popolus purdomii and Salix rehderiana coexist in the subalpine

90

glacier forefield, S. rehderiana plants appearing first in the community, followed by P. purdomii.

91

Previous studies have demonstrated that P. purdomii and S. rehderiana interactions transform from

92

facilitation to competition with an increasing soil age (Song et al. 2019), and S. rehderiana

93

individuals have a better competitive ability than P. purdomii under N-limited conditions, whereas

94

the opposite occurs by increasing soil N (Song et al. 2017). However, there is still a lack of

95

knowledge of how C:N:P stoichiometric flexibility affects the activity, composition and diversity of

96

soil microbial communities, and then drives species turnover with plant-soil microbe feedback and

97

plant-plant competition during primary succession.

98
99

In this study, we chose two tree species (S. rehderiana and P. purdomii seedlings) from the early

100

stage of primary succession as experimental materials to investigate their C:N:P stoichiometric

101

flexibility and soil bacterial community composition under N addition and competition with

102

neighboring plants in a subalpine glacier forefield. We tested the hypothesis that P. purdomii and S.

103

rehderiana have different functional responses to an increased N availability, associated with

104

different changes in soil microbial communities, and potentially leading to the replacement of S.

6

105

rehderiana by P. purdomii with an increasing N availability along primary succession. To address the

106

hypothesis, we examined leaf, root, soil and microbial biomass C:N:P stoichiometry as well as

107

bacterial community diversities and soil enzymes activities. We chose to determine soil enzyme

108

activities, because they are potential indicators of some reactions involved in nutrient

109

transformations (Nannipieri et al. 2011, 2018).

110
111
112

Materials and methods

113
114

Study site

115
116

This experiment was conducted at the Gongga Mountain Alpine Ecosystem Observation and

117

Experiment Station of the Chinese Academy of Sciences (29°34' N, 101°59' E, 3,000 m above sea

118

level), which is located on the south-eastern fringe of the Qinghai-Tibet Plateau (Fig. S1). The

119

Hailuogou glacier is one of the most representative valley glaciers with an area of approximately 25

120

km2, located on the eastern slope of the Gongga Mountain. The length of the glacier is about 2,000 m,

121

width 50-200 m, and elevation around 3,000 m (He and Tang 2008; Liu et al. 2010). During recent

122

decades, it has gradually decreased due to climate warming. For the past 120 years, the Hailuogou

123

glacier forefield has undergone a typical primary succession from bare land to an evergreen

124

coniferous forest community with soil development (Yang et al. 2014b; Lei et al. 2015).

125
126

Experimental design

7

127
128

One-year-old seedlings of P. purdomii and S. rehderiana were chosen from a nursery garden near the

129

experimental station in September 2014. A total of 72 seedlings (36 seedlings of P. purdomii and 36

130

seedlings of S. rehderiana) were selected. All of them had an equal basal stem diameter (about 3.5

131

mm) and height (about 15 cm). Subsequently, two tree seedlings were planted in each pot (height 25

132

cm; internal diameter 30 cm) with homogeneous soil (soil organic C content of 16.59 g·kg-1, soil

133

total N content of 0.54 g·kg-1, soil total P content of 0.29 g·kg-1, and soil pH value of 6.82; Fig. S2).

134

The experimental soil was collected from a zone, where the two studied species coexist during the

135

early-stage of primary succession in the Hailuogou glacier forefield. Roots of seedlings were cleaned

136

with sterile water to remove soil before planting. Our experimental design was randomized with

137

three factors (N addition, species and competition). The experiments were established with two N

138

levels (control and N addition), two species (P. purdomii and S. rehderiana), and three competition

139

patterns (PP, P. purdomii intraspecific competition; SS, S. rehderiana intraspecific competition; PS, P.

140

purdomii and S. rehderiana interspecific competition) with six replicates. N fertilizer was provided

141

as NH4NO3 at 35 g·N·m-2·yr-1 three times during the growing season, on 1 June, 1 July and 1 August.

142

The experiment was conducted in the field under natural rain conditions.

143
144

After two years, four pot samples from each experimental treatment were harvested on August

145

2016 to analyze the C, N and P contents of leaves and roots. Moreover, the 15N isotope tracer method

146

was utilized to determine the uptake of NH4+ and NO3– by P. purdomii and S. rehderiana seedlings

147

under neighboring competition and N fertilization conditions. Briefly, in the

148

treatment, three replicates were supplied either with 30 mg 15NH4-N per plant as 15NH4NO3 or with

15

N isotope tracer

8

149

30 mg 15NO3-N per plant as NH415NO3. Then, 72 h after the application of 15N, mature leaves from

150

the same position of seedlings were sampled in each treatment, and

151

determined. Furthermore, topsoil (0-15 cm) samples were collected around the tree seedlings and

152

taken to the laboratory for analyses as soon as possible. Soil samples were sieved (< 2 mm) to

153

remove visible litter and small stones prior to analyses. One part of soil samples was stored at 4 °C

154

for the analyses of microbial biomass C, N, P, and enzyme activities. Another part of soil samples

155

was stored at -20 °C for the determination of bacterial community composition. The residual soil

156

sample was air-dried for measuring chemical properties (e.g., SOC, total N, total P and pH value).

15

N values of leaves were

157
158

Measurements of C:N:P stoichiometry

159
160

Harvested samples of P. purdomii and S. rehderiana were dried to constant weight at 70 °C.

161

Oven-dried samples of leaves and roots were ground and passed through a mesh (pore diameter 250

162

μm). Two grams of dry powder per plant tissue were used to measure C, N and P concentrations by

163

the rapid dichromate oxidation technique (Nelson and Sommers 1982), the semi-micro Kjeldahl

164

method (Fawcett 1954) and induced plasma emission spectroscopy method (Parkinson and Allen

165

1975; Lotscher and Hay 1997), respectively. Then, the C:N, C:P and N:P ratios of plant tissues were

166

calculated to estimate the C:N:P stoichiometric flexibility of tree seedlings.

167
168

The content of SOC was measured by the potassium dichromate oxidation-ferrous sulfate

169

titrimetric method in an acid environment (Nelson and Sommers 1982). Moreover, the content of soil

170

TN was measured using the Kieldahl digestion procedure (Bremner 1960). Finally, the content of

9

171

soil TP was measured using alkaline digestion and the molybdenum-blue colorimetry method

172

(Murphy and Riley 1962).

173
174

We used 30 g fresh soil to determine microbial biomass C (MBC) and N (MBN) by the

175

chloroform fumigation-extraction method using 0.5 M K2SO4 as an extractant (Brookes et al. 1985).

176

The differences between extractable C and N contents in the fumigated and unfumigated samples

177

were used to calculate MBC and MBN by conversion factors of 0.45 (Vance et al. 1987). Moreover,

178

microbial biomass P (MBP) was measured by the fumigation extraction method using 0.5 M

179

NaHCO3 as an extractant, and the MBP content was calculated by a conversion factor of 0.40

180

(Brookes et al. 1982; Chen and He 2004).

181
182

Measurements of C and N isotope composition

183
184

The stable N isotope composition was determined using dried leaves, which were ground and passed

185

through a mesh (pore diameter: 150 μm). The

186

composition was expressed as δ15N. The stable C isotope composition (δ13C) was calculated using

187

the Pee Dee Belemnite standard (Farquhar et al. 1989) as follows: δ13C = (Rsample/Rstandard - 1) × 1,000,

188

where Rsample is the 13C/12C ratio of the sample and Rstandard is that of the standard. The δ13C and δ15N

189

values were measured from three repeated samples in each treatment, and the precision of estimation

190

was better than 0.1‰. The measurements were conducted using a DELTA V Advantage Isotope Ratio

191

Mass Spectrometer (Thermo Fisher Scientific, Inc., Waltham, MA, USA) at the Stable Isotope

192

Laboratory, Chinese Academy of Forestry.

15

N/14N ratios were determined, and the N isotope
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193
194

Measurements of soil enzyme activities

195
196

Soil enzyme activities were analyzed using 2 g fresh soil. The urease activity was measured using the

197

method described by Kandeler and Gerber (1988), the saccharase activity was measured using the

198

method described by Guan (1986), the nitrate reductase activity was determined using the

199

colorimetric method (Schinner 1996), and the soil acid phosphomonoesterase activity was

200

determined, as reported by Tabatabai and Bremner (1969) and Malcolm (1983).

201
202

Microbial DNA extraction and sequence analyses

203
204

Soil microbial DNA was extracted from 0.5 g fresh soil sample using the Power Soil DNA Isolation

205

Kit (MO BIO Laboratories, Carlsbad, CA, USA), as described by Lueders et al. (2003) and Schöler

206

et al. (2017). The primers used for the amplification of the V4V5 hypervariable regions of the

207

bacterial 16S

208

(5′-CCCCGYCAATTCMT-TTRAGT-3′) (Li et al. 2014; Yao et al. 2017). The PCR application,

209

quality control, purification processes, and MiSep sequencing were similar to those described by

210

Zhang et al. (2016) and Vestergaard et al. (2017). Negative controls were carried out to confirm the

211

absence of contamination in the used kits and solutions. The sequencing was performed using the

212

Illumina MiSeq system in the Chengdu Institute of Biology, CAS.

rRNA genes were 515F

(5′-GTGYCAGCMGCCGCGGTA-3′) and

909R

213
214

Unique sample barcodes and adapters were trimmed from the sequence data. Quality and length

11

215

filtering, and contaminant removal were conducted using the QIIME Pipeline, as described by

216

Schöler et al. (2017). The operational taxonomic units (OTUs) were clustered with a threshold of the

217

97% similarity level using USEARCH algorithm (Edgar et al. 2011). Resampling to the same

218

sequence depth for bacteria was performed using daisychopper.pl for the downstream analysis. We

219

selected the same number of sequences (8000 sequences per bacterial sample) to avoid the effect of

220

different sequencing depths. Phylogenetic diversity was defined as the lengths of the phylogenetic

221

branches represented by co-occurring species (Faith 1992; Cadotte et al. 2012). The alpha-diversity

222

of soil bacterial communities was estimated by Chao1, OTU richness and Shannon index. In addition,

223

principal co-ordinates analyses were used to evaluate changes in soil bacterial communities under N

224

addition and neighboring plant competition. In this way, we assessed the beta-diversity of soil

225

bacterial communities.

226
227

Data analysis

228
229

Differences in soil C:N, C:P and N:P, microbial biomass C:N, C:P and N:P, leaf C:N, C:P and N:P,

230

root C:N, C:P and N:P, soil enzyme activities, and bacterial community diversities among treatments

231

were compared with one-way ANOVAs using SPSS 19.0 software (SPSS Inc., Chicago, IL, USA).

232

Different treatments presented statistically significant differences when the P value was less than

233

0.05 (P<0.05) according to Tukey’s test. Moreover, three-way ANOVAs were performed to evaluate

234

the effects of N addition, species, competition and their interactions on tree seedlings’ absorption of

235

δ15N-NH4+ and δ15N-NO3–. Taxonomic diversity and phylogenetic diversity were estimated by

236

QIIME with the ‘alpha_diversity.py’ script. To discover changes in soil bacterial diversities and plant

12

237

C:N:P stoichiometry with increasing N, an independent-samples t-test was employed to compare

238

differences in the Chao1 index, OTU richness, Shannon index, phylogenetic diversity, δ15N-NH4+,

239

δ15N-NO3–, and C:N:P stoichiometry between the control and N addition groups for each competition

240

pattern. The Kruskal-Wallis H test was applied to test differences in bacterial composition among

241

treatments. A Pearson correlation heatmap was used to evaluate correlations between bacterial

242

communities and environmental variables. Linear models were applied to analyze the degree of

243

correlations between the relative abundances of phyla/OTUs and C:N:P stoichiometric ratios.

244

Changes in the composition of soil bacterial communities were evaluated by principal coordinate

245

analyses (PCoA), which were performed to display dissimilarities of bacterial communities at

246

different N levels and under intra- and interspecific competition patterns. Redundancy analysis (RDA)

247

was applied to discern correlations between soil bacterial communities and abiotic environmental

248

parameters using the R software vegan package.

249
250
251

Results

252
253

Fluctuations of above- and belowground C:N:P stoichiometry under N addition and competition

254
255

The results clearly showed that S. rehderiana possessed smaller stoichiometric flexibility responses

256

to interspecific competition compared to P. purdomii under both control and N-addition conditions.

257

In control treatments, P. purdomii from interspecific competition (P/PS) showed higher leaf C:P and

258

root C:N ratios, and root P contents, but lower leaf N, leaf P and root N contents, and root C:P and

13

259

N:P ratios than plants exposed to intraspecific competition (P/PP, Table 1). On the other hand, S.

260

rehderiana experiencing interspecific competition (S/PS) did not show significant differences in leaf

261

C, P, C:P and N:P, and in root C, N, P, C:N, C:P and N:P when compared with plants exposed to

262

intraspecific competition (S/SS). Under N addition, P. purdomii individuals exposed to interspecific

263

competition (P/PSN) exhibited higher root C:P and N:P ratios, but lower leaf N and root P contents

264

than those under intraspecific competition (P/PPN). However, S. rehderiana individuals under

265

interspecific competition (S/PSN) and N addition possessed no significant differences in C:N:P

266

stoichiometric ratios when compared with individuals exposed to intraspecific competition and N

267

addition (S/SSN).

268
269

The results clearly showed that both S. rehderiana and P. purdomii had great flexibility in

270

stoichiometric responses to N fertilization. N-fertilized P. purdomii plants from intraspecific

271

interactions (P/PPN) showed higher leaf C and N contents, leaf C:P and N:P ratios, and root N and P

272

contents, but lower leaf C:N, root C:N and root C:P ratios, and root C contents than plants without

273

fertilization (P/PP, Table 1). N-fertilized P. purdomii plants from interspecific interactions (P/PSN)

274

had higher leaf C and N contents, leaf N:P ratio and root N contents, but lower leaf C:N, root C:N

275

and root C:P ratios, and root C and P contents when compared with plants without fertilization

276

(P/PS). On the other hand, N-fertilized S. rehderiana plants from intraspecific interactions (S/SSN)

277

possessed higher leaf C, leaf N and root N contents, and root N:P ratios, but lower leaf C:N, leaf N:P

278

and root C:N ratios compared with plants without N fertilization (S/SS). Finally, N-fertilized S.

279

rehderiana plants from interspecific interactions (S/PSN) showed higher leaf C, root N and P

280

contents, leaf C:P and N:P ratios, and root N:P ratios, but lower leaf P and root C contents, and root

14

281

C:N and C:P ratios compared with plants without fertilization (S/PS).

282
283

After N application, P. purdomii plants from intraspecific competition (PPN) showed higher

284

MBC:MBP and MBN:MBP ratios than S. rehderiana from intraspecific treatments (SSN). However,

285

an opposite situation occurred in control treatments (Table 2). In addition, soil from interspecific

286

treatments (PSN) showed lower MBC:MBP and MBN:MBP ratios compared with control treatments

287

(PS). The results showed greater stoichiometric flexibility in microbial biomass responses to intra-

288

and interspecific competition in P. purdomii under control and N fertilization conditions. In control

289

treatments, soil from interspecific competition (PS) had lower MBC, MBN, MBP and MBC:MBN,

290

and higher MBN:MBP than soil from intraspecific competition in P. purdomii (PP). Under N

291

fertilization, soil from interspecific competition (PSN) showed lower MBC, MBC:MBN, MBC:MBP

292

and MBN:MBP, and higher MBP when compared with intraspecific competition in P. purdomii

293

(PPN).

294
295

Soil urease activities were significantly lower in S. rehderiana (SSN) compared with P. purdomii

296

(PPN) under N fertilization. However, they did not show significant differences between the two

297

species under control conditions (Table 3). Moreover, soil nitrate reductase activities were higher

298

under interspecific competition when N fertilization was used. In contrast, nitrate reductase activities

299

decreased in S. rehderiana under intraspecific competition (SS) combined with N fertilization (SSN),

300

but they remained stable in P. purdomii exposed to intraspecific competition. Furthermore, the results

301

showed that intra- and interspecific competition patterns had different effects on soil enzyme

302

activities. For instance, soil nitrate reductase activities were lower under interspecific competition

15

303

than under intraspecific competition in control conditions. On the other hand, under N fertilization,

304

soil saccharase activities were lower in P. purdomii exposed to interspecific interactions (PSN) than

305

in plants exposed to intraspecific interactions (PPN).

306
307

Changes in in the diversity and composition of soil bacterial communities under N addition and

308

competition

309
310

The diversity of soil bacterial communities was significantly different in control and N-addition

311

groups. After N application, the abundance of proteobacterial communities increased, but the

312

abundance of acidobacterial communities decreased (Fig. 1). Moreover, the abundance of

313

acidobacteria, betaproteobacteria, gammaproteobacteria, planctomycetacia, JG37-AG-4, and

314

anaerolineae differed significantly among treatments (Fig. 2). Furthermore, bacterial richness and

315

phylogenetic diversity increased with N fertilization under intraspecific competition in P. purdomii

316

but not in S. rehderiana (Table 4). Under control conditions, the Chao1 index and bacterial richness

317

were lower in interspecific competition than in intraspecific competition. Under N addition, the

318

Chao1 index and bacterial richness did not differ significantly among the three competition patterns.

319

In addition, irrespective of fertilization, there were no differences at the phylum level among the

320

competition patterns.

321
322

Effects of N addition and competition on C and N isotopic composition

323
324

P. purdomii individuals experiencing interspecific competition (P/PS) possessed less δ15N-NH4+

16

325

(δ15N derived from NH4+) and δ15N-NO3– (δ15N derived from NO3–) than those from intraspecific

326

competition under control conditions (P/PP, Fig. 3). Similarly, S. rehderiana individuals exposed to

327

interspecific competition (S/PS) showed less δ15N-NH4+ compared with intraspecific competition

328

(S/SS). Moreover, under N addition conditions, intra- and interspecific competition patterns did not

329

result in significant differences in δ15N-NH4+ or δ15N-NO3–. In contrast, seedlings from intraspecific

330

competition showed less δ15N-NH4+ and δ15N-NO3– after N addition compared with the control

331

treatments. On the other hand, P. purdomii and S. rehderiana from interspecific competition

332

possessed higher δ13C values after N application compared with controls. S. rehderiana plants had

333

lower δ13C values than P. purdomii plants under no-fertilization conditions. Additionally, P. purdomii

334

plants had higher δ15N-NO3– and δ13C values compared to S. rehderiana plants under N fertilization.

335

The interactions of species × N, species × competition and N × competition affected δ15N-NH4+ and

336

δ15N-NO3–, and δ13C was affected by species, N, competition, and the interaction of species ×

337

competition.

338
339

The relationships between C:N:P stoichiometry and soil bacterial community diversity

340
341

Linear models showed that the soil C:N ratio had no significant correlation with the bacterial OTU

342

richness (R2 = 0.091, P > 0.05) and phylogenetic diversity (R2 = 0.065, P > 0.05, Fig. 4). However,

343

the soil N:P ratio revealed a significant correlation with the bacterial OTU richness (R2 = 0.263, P <

344

0.05) and phylogenetic diversity (R2 = 0.265, P < 0.05). The soil C:P ratio exhibited a significant

345

correlation with the bacterial OTU richness (R2 = 0.313, P < 0.05) and phylogenetic diversity (R2 =

346

0.283, P < 0.05). In addition, the leaf C:N ratio was significantly correlated with the root C:N ratio
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347

(R2 = 0.473, P < 0.001), and the leaf N:P ratio was correlated with the root N:P ratio (R2 = 0.355, P <

348

0.001), but the leaf C:P ratio showed no correlation with the root C:P ratio (R2 = 0.085, P > 0.05, Fig.

349

S3). Principal component analysis (PCA) presented that N fertilization affects plant stoichiometric

350

flexibility under both intra- and interspecific competition (Fig. S4). Moreover, control treatments

351

showed higher root C, root C:N and leaf C:N ratio (more C storage in roots), whereas N fertilization

352

treatments had higher leaf N, root N, leaf C and leaf N:P ratio (more C and N accumulated in leaves).

353
354

Pearson correlation heatmap and principal co-ordinates analysis

355
356

The Pearson correlation heatmap showed that the SOC:TN ratio had a significant correlation with the

357

Planctomycetes community abundance. The SOC:TP ratio had a significant correlation with the

358

abundance of Armatimonadetes and Firmicutes communities. In addition, the soil TN:TP ratio

359

showed a significant correlation with the abundances of Armatimonadetes, Firmicutes,

360

Proteobacteria and Verrucomicrobia communities. The total soil N was significantly correlated with

361

the abundance of Bacteroidetes and unclassified_k_norank communities (Fig. 5). Moreover, soil

362

nitrate reductase activities had a significant correlation with the abundance of Planctomycetes and

363

Nitrospirae communities. Furthermore, the principal co-ordinates analysis (PCoA) ordination

364

grouped the soil bacterial communities of the subalpine glacier forefield according to different

365

competition patterns and N addition conditions (Fig. 6). As shown in Fig. 6, the three competition

366

treatments with N addition formed a cohesive group, which was well separated from the

367

no-fertilization treatments. In addition, the Populus–Salix interspecific competition treatments were

368

separated from intraspecific competition treatments under control conditions, but they were not
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369

separated from each other when exposed to N fertilization.

370
371

Redundancy analysis

372
373

Redundancy analysis (RDA) displayed the effects of abiotic factors on the composition of soil

374

bacterial communities. This model explained 51.9% of all OTUs. The first ordination axis RDA1

375

explained 38.7% and the second axis RDA2 explained 13.2% of the changes in the OTUs (Fig. 7).

376

The results showed that the SOC:TN ratio, SOC:TP ratio, soil TN:TP ratio, and saccharase and

377

nitrate reductase activities affected Chitinophagaceae, noranl_c_Acidobacteria, norank_c_Nitrospira,

378

and norank_c_KD4_96 bacterial communities. Moreover, soil acid phosphomonoesterase activities

379

and soil TP contents affected Comamonadaceae, Xanthomonadaceae and Micrococcaceae bacterial

380

communities under N addition and neighboring competition conditions.

381
382
383

Discussion

384
385

Soil N contents accumulate during primary succession in the subalpine glacier forefield, and abiotic

386

environmental disturbances can alter biogeochemical cycling and plant-soil microbe interactions. We

387

found that N addition affected the stoichiometric relationships of P. purdomii and S. rehderiana.

388

After applying N, higher δ15N-NO3- and δ13C values were observed in P. purdomii than in S.

389

rehderiana. Increases in δ15N and δ13C values in plants indicate an improved N uptake ability and

390

water use efficiency (Harrison et al. 2007, Dong et al. 2015). In addition, our data clearly showed
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391

that P. purdomii had a wider stoichiometric flexibility (capacity to change its stoichiometry)

392

associated with a higher N uptake capacity and water use efficiency compared to S. rehderiana.

393

These differences potentially explain the better competitiveness of P. purdomii over S. rehderiana

394

and reasons why P. purdomii replaces S. rehderiana along succession with an increasing soil age and

395

N availability. Earlier, Mariotte et al. (2017) have described very well the mechanism, how plant

396

stoichiometric flexibility can play a role in the control of plant community composition. In addition,

397

N addition can change the C:N and N:P ratios of plants, which probably affects their competitive

398

ability. Previous studies have showed that when C:N or N:P ratios of plants reach a threshold (e.g.,

399

exceed the limited level of stoichiometric homeostasis), their competitive ability might decline and

400

they would be replaced by species with a better competitive ability and adaptability (van der Werf et

401

al. 1993; Fynn et al. 2005; Santiago et al. 2012). On the other hand, previous studies have showed

402

that plant traits (e.g., C:N ratios and nutrient contents) can affect soil chemical properties and

403

microbial growth, which, in turn, influences nutrient availability (Ehrenfeld et al. 2005; Wurzburger

404

and Hendrick 2009; Ushio et al. 2013; Bhatnagar et al. 2018).

405
406

P. purdomii and S. rehderiana plants had different effects on soil microbial communities and

407

abiotic properties that can further lead to feedback responses on their performance with an increasing

408

N availability. At the early stage of primary succession, plant growth was found to be limited by

409

nutrient deficiency, as well as by competition among neighboring plants. The C:N and N:P ratios of

410

tree seedlings changed with an increasing N availability. This can affect leaf litter properties and root

411

exudates, and indirectly influence microbial biomass stoichiometry and nutrient availability,

412

followed by feedback effects on plant traits (Ushio et al. 2017; Fang et al. 2020). Actually, our results
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413

showed that microbial biomass stoichiometry changed with increasing N. For instance, soil from

414

intraspecific P. purdomii interactions had higher MBC:MBP and MBN:MBP ratios under N

415

fertilization, but lower MBC:MBP and MBN:MBP ratios were observed under intraspecific S.

416

rehderiana interactions. Thus, soil microbial biomass stoichiometry showed opposite responses to N

417

addition in the two species. In addition, the response of the intraspecific S. rehderiana treatment

418

leading to decreased MBC:MBP and MBN:MBP ratios was closely similar to the response detected

419

under the interspecific Populus-Salix treatment.

420
421

We suggest that the Salix effect on soil microbial communities (with potentially negative

422

feedback, as it is replaced by Populus along succession) dominates over the Populus effect under

423

interspecific interactions. The decreases in MBC:MBP and MBN:MBP might be associated with an

424

increase of fungal pathogens and a decrease of mycorrhizal fungi, as these two functional groups

425

differ in their stoichiometry (Zanne et al. 2020). In contract, S. rehderiana had higher leaf C:P, leaf

426

N:P and root N:P ratios under N fertilization than in control treatments. The results showed that the

427

performance of Salix might feedback negatively on the microbial biomass stoichiometry (MBC:MBP

428

and MBN:MBP) due to the competition between Salix seedlings and soil microbes for N uptake. Soil

429

microbes could balance their needs for nutrients to maintain the homeostasis of microbial biomass

430

stoichiometry by regulating enzyme activities and C:nutrient ratios (Wei et al. 2019). Additionally,

431

microbial demands for C-sources can promote the mineralization of organic P (Wang et al. 2016),

432

and lead to higher MBP in SSN and PSN treatments.

433
434

Furthermore, our results indicated that Populus seedlings influence soil properties in a way that
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435

may potentially lead to a positive feedback in their performance under increasing N availability (e.g.,

436

increased bacterial biodiversity). In contrast, Salix seedlings influenced soil properties in a way that

437

may have a negative feedback on their performance under increasing N (e.g., decreases in MBC and

438

nitrate reductase activities, and lowered MBN:MBP and MBC:MBP ratios). Consequent changes in

439

soil may contribute to species turnover from Salix to Populus. Plant performance can influence

440

plant-soil feedback by soil biota and the strength of feedback based on plant traits (Teste et al. 2017).

441

The level of nutrient input could alter the feedback of plant-soil microbes, which, in turn, can affect

442

plant growth and competitive ability (Hawkins and Crawford 2018). In addition, decreases of MBC

443

and MBC:MBP potentially indicate that microbial growth and activities are limited by C-sources

444

under intraspecific competition in S. rehderiana after N addition. This is probably due to a lower

445

mineralization of organic C because of decreased soil enzyme activities, which finally lead to limited

446

C-sources available for microbial growth and activities (De Graaff et al. 2010; Wang et al. 2014).

447
448

On the other hand, interspecific tree combinations with different leaf litter properties and root

449

exudates have different effects on soil properties (e.g., SOC, microbial communities and enzyme

450

activities) compared with single-species conditions (Sariyildiz et al. 2005; Bhatnagar et al. 2018; Li

451

et al. 2019). Indeed, our results showed that Populus-Salix interspecific competition showed

452

significantly lower MBC, MBN, MBP, nitrate reductase activities, and bacterial richness than

453

Populus-Populus

454

Populus-Salix interactions (PSN) combined with N fertilization had higher nitrate reductase activities,

455

MBP, Chao 1 index, bacterial richness, and phylogenetic diversity compared with control treatments

456

(PS). N addition obviously reduced the effects of neighboring competition on soil microbes and

intraspecific

competition

under

no-fertilization

conditions.

Moreover,
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457

enzymes. In addition, soil enzyme activities can affect labile C transformation, and labile C as an

458

available energy source strongly stimulates microbial activities and the stoichiometric balance of

459

resources (De Graaff et al. 2010; Chigineva et al. 2011; Kuzyakov and Xu 2013). As a feedback, soil

460

microbes can regulate stoichiometric flexibility by nutrient re-cycling (mainly N and P) and labile C

461

turnover to maintain the elemental balance between resource stoichiometry and microbial demands

462

(Zechmeister-Boltenstern et al. 2015; Trivedi et al. 2016).

463
464

Soil microbes (e.g., bacteria and fungi) play key roles in the transformation of soil organic C and

465

nutrients, and they mediate the decomposition of soil organic matter and release of nutrients (e.g., N

466

and P), and contribute to plant growth (Cleveland et al. 2006; Camenzind et al. 2018). Our study

467

indicated that soil N:P and C:P ratios were significantly correlated with the bacterial richness and

468

phylogenetic diversity (Fig. 4). Similarly, previous studies have showed that resource stoichiometry

469

and soil microorganisms have a close relationship, and soil C:N:P stoichiometry shapes microbial

470

coevolution, which is important for the maintenance of microbial biodiversity (Castle et al. 2016;

471

Larsen et al. 2019). Generally, the growth of plants and soil microbes are limited by N, and there is

472

competition for resources between plant roots and soil microbes under nutrient-poor conditions (e.g.,

473

N-limited environment, Wang and Bakken 1997; Kuzyakov and Xu 2013). In addition, plants would

474

compete with soil microbes for N sources (e.g., NH4+ and NO3-) when the soil C:N ratio is high

475

(Hodge et al. 2000; Schimel and Bennett 2004; Månsson et al. 2009). Furthermore, the RDA results

476

indicated that stoichiometric ratios of resources influenced the composition of soil bacterial

477

communities (Fig. 7). The soil N:P ratio showed significant correlations with bacterial richness and

478

phylogenetic diversity, and N addition (nutrient input) altered the biotic and abiotic factors important
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479

for bacterial growth and survival, and caused changes in microbial activities and composition

480

(Pekkonen et al. 2013; Krashevska et al. 2014). For instance, the abundance of acidobacteria was

481

higher under no-fertilizations than under N fertilization conditions. In contrast, the abundance of

482

proteobacteria was higher under N-addition.

483
484

N fertilization and competitive patterns had significant effects on the diversity and composition

485

of soil bacteria. For instance, higher bacterial richness and phylogenetic diversity were observed in P.

486

purdomii interactions with N addition (P/PPN) than when grown without N fertilization (P/PP).

487

Moreover, bacterial richness and Chao 1 index were higher in interspecific competition compared

488

with intraspecific competition under control conditions. In addition, the PCoA showed that the

489

composition of soil bacterial communities differed between intraspecific and interspecific

490

interactions when no N fertilization was applied, but the separation between interspecific and

491

intraspecific competition was less clear under N fertilization (Fig. 6). Thus, N addition might

492

decrease the effects of plant-plant competition on soil bacterial communities. Furthermore, plants

493

from an early-succession stage alter soil microbial communities, which have an important effect on

494

the growth of following plant species during succession, consequently accelerating species

495

replacement (Kardol et al. 2007). Altogether, increased N alters plant C:N:P stoichiometry and

496

enhances species turnover along succession, with plant-plant interactions and plant-soil microbe

497

feedback systems having effects as well.

24

498

Conclusions

499

This study showed that N addition can affect the C:N:P stoichiometric flexibility of tree seedlings at

500

the early stage of primary succession. Both P. purdomii and S. rehderiana seedlings showed higher

501

leaf and root N contents, but lower leaf and root C:N ratios under added N compared with control

502

treatments. Moreover, the composition of soil bacterial communities showed differences between the

503

control group and N-addition group, and also between intra- and interspecific competition patterns

504

when grown without N fertilization. Our results demonstrated that P. purdomii and S. rehderiana

505

have different functional response to increased N (wider stoichiometric flexibility associated with a

506

higher N uptake capacity in P. purdomii) associated with different changes in soil microbial

507

communities. Different responses visible in microbial biomass, activity, diversity and stoichiometry

508

were observed with increasing N levels in both plant species. Some evidence was detected for a

509

potentially positive plant-soil feedback in P. purdomii and for a negative one in S. rehderiana with an

510

increasing N availability. P. purdomii showed a more efficient N uptake capacity and water use

511

efficiency compared with S. rehderiana under N application (e.g., higher δ15N-NO3- and δ13C in P.

512

purdomii). These observations can explain why P. purdomii replaces S. rehderiana along primary

513

succession with an increasing soil age and N availability in a subalpine glacier forefield. Our results

514

presented that stoichiometric flexibility occurred in tree seedlings at the early stage of succession,

515

and that influenced biogeochemical cycling, soil microbial community diversity and tree species

516

replacement. In our future research, we will focus on the accumulation of N-induced changes in plant

517

C:N:P stoichiometric flexibility and on the relations between C and N cycling in ecosystems in a

518

glacier forefield, as well as on the feedback of soil microbial communities and litter C:N:P

519

stoichiometry under increasing soil N and plant–plant competition.
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746

Table 1. C:N:P stoichiometric ratios of leaves and roots

747

competition conditions.

in P. purdomii and S. rehderiana seedlings under N addition and neighboring

Control

Leaf C (g kg-1)

N addition

P/PP

P/PS

S/SS

S/PS

P/PPN

P/PSN

S/SSN

S/PSN

436.86 ± 2.61 ab

433.09 ± 3.56 b

445.03 ± 4.40 ab

449.71 ± 0.89 a

448.21 ± 2.94 B *

445.75 ± 3.05 B *

473.30 ± 2.79 A **

463.10 ± 1.76 A ***

Leaf N (g

kg-1)

18.21 ± 0.47 a

16.36 ± 0.41 b

14.40 ± 0.29 c

16.88 ± 0.42 ab

28.28 ± 0.82 A ***

23.84 ± 0.99 B ***

20.99 ± 0.48 BC ***

19.52 ± 1.16 C

Leaf P (g

kg-1)

2.26 ± 0.08 a

1.81 ± 0.07 b

2.11 ± 0.06 ab

2.43 ± 0.12 a

2.08 ± 0.06 A

1.95 ± 0.09 A

2.07 ± 0.12 A

1.89 ± 0.14 A *

Leaf C:N ratio

24.04 ± 0.48 b

26.53 ± 0.79 b

30.94 ± 0.57 a

26.69 ± 0.68 b

15.89 ± 0.43 B ***

18.79 ± 0.74 B ***

22.59 ± 0.59 A ***

23.98 ± 1.41 A

Leaf C:P ratio

193.78 ± 6.71 b

239.89 ± 8.45 a

211.38 ± 5.08 ab

186.59 ± 8.88 b

215.80 ± 5.43 A *

229.43 ± 10.68 A

231.03 ± 13.49 A

249.40 ± 18.13 A *

Leaf N:P ratio

8.07 ± 0.31 a

9.04 ± 0.22 a

6.84 ± 0.19 b

6.99 ± 0.27 b

13.62 ± 0.51 A ***

12.23 ± 0.52 AB **

10.23 ± 0.52 B ***

10.44 ± 0.68 B **

Root C (g kg-1)

434.88 ± 1.59 a

442.61 ± 2.96 a

392.91 ± 7.18 b

405.39 ± 3.60 b

371.60 ± 11.93 A *

386.19 ± 4.05 A ***

369.78 ± 6.96 A

361.32 ± 6.93 A ***

Root N (g kg-1)

5.72 ± 0.17 a

4.45 ± 0.18 b

5.11 ± 0.31 ab

5.06 ± 0.21 ab

10.95 ± 0.58 A **

10.80 ± 0.64 A ***

9.41 ± 0.28 A ***

10.85 ± 0.39 A ***

kg-1)

1.22 ± 0.04 b

1.71 ± 0.11 a

1.31 ± 0.11 b

1.20 ± 0.04 b

1.99 ± 0.13 A **

1.09 ± 0.04 C **

1.51 ± 0.13 BC

1.62 ± 0.09 AB *

Root C:N ratio

76.28 ± 2.18 b

99.99 ± 4.31 a

77.74 ± 4.96 b

80.71 ± 3.98 b

34.10 ± 1.13 A ***

36.21 ± 2.49 A ***

39.33 ± 0.44 A **

33.46 ± 1.57 A ***

Root C:P ratio

358.48 ± 11.58 a

262.58 ± 18.31 b

305.55 ± 21.65 ab

339.27 ± 14.10 a

189.29 ± 14.37 B ***

354.47 ± 15.57 A **

252.86 ± 26.67 B

224.67 ± 12.73 B ***

Root N:P ratio

4.72 ± 0.25 a

2.66 ± 0.29 b

3.95 ± 0.24 a

4.22 ± 0.15 a

5.56 ± 0.46 B

9.85 ± 0.37 A ***

6.46 ± 0.74 B *

6.79 ± 0.61 B *

Root P (g

748

P/PP, P. purdomii from intraspecific competition; P/PS, P. purdomii from interspecific competition; S/SS, S. rehderiana from intraspecific

749

competition; S/PS, S. rehderiana from interspecific competition; P/PPN, P. purdomii from intraspecific competition with N addition; P/PSN, P.

750

purdomii from interspecific competition with N addition; S/SSN, S. rehderiana from intraspecific competition with N addition; S/PSN, S.

751

rehderiana from interspecific competition with N addition. In the same row, different lowercase letters mean significant differences under

752

control conditions, and different uppercase letters denote significant differences under N addition according to Tukey’s test (P < 0.05). An

753

asterisk (*) designates significant differences between control and N addition conditions according to an independent-samples t-test (* P <

754

0.05, ** P ≤ 0.01, *** P ≤ 0.001). Values are expressed as means ± SE (similarly as in following tables).
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755

Table 2. C:N:P stoichiometric relationships of soil nutrients and microbial biomass under N addition and

756

neighboring competition conditions.
Control

N addition

PP

SS

PS

PPN

SSN

PSN

SOC (g kg-1)

18.03 ± 0.67 a

17.99 ± 0.86 a

16.06 ± 0.86 a

18.27 ± 0.66 A

15.76 ± 0.60 A

15.84 ± 0.91 A

TN (g kg-1)

0.57 ± 0.02 a

0.56 ± 0.02 a

0.58 ± 0.02 a

0.59 ± 0.02 A

0.57 ± 0.03 A

0.54 ± 0.04 A

kg-1)

0.31 ± 0.02 a

0.25 ± 0.02 a

0.28 ± 0.01 a

0.31 ± 0.02 A

0.36 ± 0.03 A *

0.36 ± 0.02 A *

SOC:TN ratio

31.62 ± 1.79 a

31.89 ± 1.80 a

27.74 ± 0.65 a

31.00 ± 0.95 A

27.81 ± 0.34 B

29.04 ± 0.33 AB

SOC:TP rario

59.50 ± 5.61 a

71.55 ± 6.95 a

58.02 ± 4.96 a

60.10 ± 5.46 A

44.82 ± 3.10 A *

44.51 ± 4.69 A

TN:TP ratio

1.87 ± 0.07 a

2.25 ± 0.22 a

2.08 ± 0.14 a

1.95 ± 0.22 A

1.61 ± 0.11 A

1.54 ± 0.18 A

325.61 ± 3.70 a

332.40 ± 6.87 a

261.86 ± 13.70 b

331.64 ± 7.45 A

272.25 ± 16.92 B *

273.53 ± 6.42 B

MBN (mg kg-1)

14.28 ± 0.11 a

14.19 ± 0.34 a

13.01 ± 0.25 b

13.42 ± 0.52 A

13.09 ± 0.43 A

13.34 ± 0.61 A

kg-1)

16.65 ± 1.15 a

10.82 ± 0.27 b

11.24 ± 0.49 b

11.48 ± 0.41 B *

15.80 ± 0.87 A **

16.97 ± 0.59 A **

MBC:MBN ratio

22.80 ± 0.12 a

23.41 ± 0.09 a

20.12 ± 0.95 b

24.73 ± 0.48 A *

20.78 ± 0.89 B

20.54 ± 0.50 B

MBC:MBP ratio

19.74 ± 1.38 b

30.72 ± 0.17 a

23.35 ± 1.42 b

28.99 ± 1.47 A *

17.26 ± 0.89 B ***

16.17 ± 0.87 B *

MBN:MBP ratio

0.87 ± 0.06 b

1.31 ± 0.01 a

1.16 ± 0.03 a

1.18 ± 0.08 A *

0.83 ± 0.05 B **

0.79 ± 0.06 B **

TP (g

MBC (mg

MBP (mg

kg-1)

757

PP, soil from Populus–Populus intraspecific competition; SS, soil from Salix–Salix intraspecific

758

competition; PS, soil from Populus–Salix interspecific competition; PPN, soil from Populus–Populus

759

intraspecific competition with N addition; SSN, soil from Salix–Salix intraspecific competition with N

760

addition; PSN, soil from Populus–Salix interspecific competition with N addition. In the same row,

761

different lowercase letters mean significant differences under control conditions, and different uppercase

762

letters mean significant differences under N addition according to Tukey’s test (P < 0.05). An asterisk (*)

763

designates significant differences between control and N addition conditions according to an

764

independent-samples t-test (* P < 0.05, ** P ≤ 0.01, *** P ≤ 0.001).
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Table 3. Soil enzyme activities under N addition and neighboring competition conditions.
Treatments
Control

N addition

Urease activity
μg NH3-N

g-1

soil

Saccharase activity
h-1

μg glucose

g-1

soil

h-1

Nitrate reductase activity
μg NO2-N

g-1

soil

h-1

Acid phosphomonoesterase activity
μg phenol g-1 soil h-1

PP

10.45 ± 0.35 a

90.78 ± 3.91 a

4.88 ± 0.37 a

0.36 ± 0.02 a

SS

11.50 ± 0.73 a

89.49 ± 4.48 a

5.47 ± 0.50 a

0.31 ± 0.02 a

PS

9.51 ± 0.29 a

78.37 ± 3.07 a

2.90 ± 0.19 b

0.31 ± 0.02 a

PPN

11.50 ± 0.35 A

93.74 ± 4.06 A

4.51 ± 0.41 A

0.32 ± 0.03 A

SSN

9.98 ± 0.37 B

76.44 ± 4.35 AB

3.77 ± 0.26 A *

0.35 ± 0.01 A

PSN

10.30 ± 0.28 AB

75.73 ± 3.93 B

4.07 ± 0.38 A *

0.37 ± 0.01 A

766

Treatment codes are the same as in Table 2. In the same column, different lowercase letters mean significant

767

differences under control conditions, and different uppercase letters mean significant differences under N addition

768

according to Tukey’s test (P < 0.05). An asterisk (*) designates significant differences between control and N

769

addition conditions within each planting pattern according to an independent-samples t-test (* P < 0.05, ** P ≤ 0.01,

770

*** P ≤ 0.001).
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771

Table 4. Bacterial community diversities under N addition and neighboring competition.

Control

N addition

Treatments

Chao1

Observed richness

Shannon index

Phylogenetic diversity

PP

682.03 ± 7.42 a

576.50 ± 7.37 a

5.51 ± 0.05 a

46.52 ± 1.04 a

SS

647.64 ± 6.71 b

579.00 ± 6.42 a

5.61 ± 0.04 a

46.17 ± 0.76 a

PS

643.65 ± 8.86 b

541.50 ± 6.12 b

5.49 ± 0.09 a

43.95 ± 0.69 a

PPN

714.23 ± 3.68 A **

617.25 ± 10.44 A *

5.66 ± 0.05 A

49.81 ± 0.76 A *

SSN

703.09 ± 14.72 A *

583.75 ± 11.67 A

5.58 ± 0.03 AB

46.31 ± 0.69 B

PSN

723.72 ± 13.44 A **

615.50 ± 12.12 A **

5.43 ± 0.08 B

50.01 ± 0.81 A **

772

Treatment codes are the same as in Table 2. In the same column, different lowercase letters mean significant

773

differences under control conditions, and different uppercase letters mean significant differences under N addition

774

according to Tukey’s test (P < 0.05). An asterisk (*) designates significant differences between control and N

775

addition conditions according to an independent-samples t-test (* P < 0.05; ** P ≤ 0.01, *** P ≤ 0.001).
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Figure legends

777
778

Figure 1. Percentages of soil bacteria at the phylum level under N addition and neighboring competition conditions.

779

Treatment codes are the same as in Table 2.

780
781

Figure 2. Kruskal-Wallis H tests of differences among bacterial community groups under N addition and

782

neighboring competition conditions. Treatment codes are the same as in Table 2. Significance: * P < 0.05, ** P ≤

783

0.01, *** P ≤ 0.001.

784
785

Figure 3. Foliage δ15N-NH4+, δ15N-NO3– and δ13C values of P. purdomii and S. rehderiana seedlings under N

786

addition and neighboring competition. Different lowercase letters denote significant differences under N addition

787

and different uppercase letters denote significant differences under control conditions according to Tukey’s test (P

788

< 0.05). An asterisk (*) designates significant differences between control and N addition conditions according to

789

an independent-samples t-test (* P < 0.05, ** P ≤ 0.01, *** P ≤ 0.001). Treatment codes are the same as in Table 1.

790
791

Figure 4. Relationships between bacterial community diversity and soil C:N:P stoichiometric ratios under N

792

addition and neighboring competition conditions. The strength of relationships is based on linear regression

793

equations.

794
795

Figure 5. Heatmap analysis of Pearson’s correlations between each environmental variable (i.e., SOC, TN, TP,

796

SOC:TN ratio, SOC:TP ratio, soil TN:TP ratio, and soil enzyme activities) and bacterial community diversity under

797

N addition and neighboring competition conditions. APM, acid phosphomonoesterase. The P values less than 0.05

798

are marked with an asterisk (* P < 0.05, ** P ≤ 0.01, *** P ≤ 0.001).

799
800

Figure 6. Principal co-ordinates analysis (PCoA) based on weighted UniFrac metrics. Different colors or shapes

801

represent different sample groups under N addition and neighboring competition conditions; the closer the distance,

802

the more similar the species composition in the samples. Treatment codes are the same as in Table 2.

803
804

Figure 7. Redundancy analysis (RDA) of soil bacterial communities with SOC, soil TN, soil TP, SOC/TN ratio,

805

SOC/TP ratio, soil TN/TP ratio, soil urease activities, soil saccharase activities, soil nitrate reductase activities, and
41

806

soil acid phosphomonoesterase activities as constraints. Different colors or shapes represent different groups of

807

samples under N addition and neighboring competition conditions. Treatment codes are the same as in Table 2.
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