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26 Supplementary Methods

27 Bacterial community and DOM analyses

28 Bacterial 16S rRNA genes were sequenced using MiSeq (Illumina, San Diego, 

29 USA). We amplified 16S rRNA genes in triplicate using the universal bacterial primers 

30 515F, 5’-GTGCCAGCMGCCGCGGTAA-3’ and 806R, 5’-

31 GGACTACHVGGGTWTCTAAT-3’, targeting the V4 region. Sample libraries were 

32 prepared according to the MiSeqTM Reagent Kit Preparation Guide (Illumina, San Diego, 

33 USA). We processed the sequences primarily using the QIIME pipeline (v1.9) 1. Briefly, 

34 overlapped paired-end sequences from MiSeq were assembled using FLASH 2 and poorly 

35 overlapped and poor quality sequences were filtered out before de-multiplexing based on 

36 barcodes. Then, the sequences were clustered into OTUs at 97% pairwise identity with 

37 the seed-based uclust algorithm 3. After chimeras were removed via Uchime, and 

38 representative sequences from each OTU were aligned to the SILVA (v128) reference 

39 database 4 using PyNAST 5. The taxonomic identity of each representative sequence was 

40 determined using the RDP Classifier 6 and chloroplasts were removed. The bacterial 

41 sequences were rarefied to 20,000 per sample. 

42 Highly accurate mass measurements of DOM within the sediment samples were 

43 conducted using a solariX XR 15T ultrahigh-resolution Fourier transform ion cyclotron 

44 resonance mass spectrometer (FT-ICR MS, Bruker Daltonics, Billerica, MA). The FT-

45 ICR MS was coupled to an electrospray ionization (ESI) interface, as demonstrated 

46 previously 7 with some modifications. DOM was solid-phase extracted for FT-ICR MS 

47 measurement 8 with some modifications. Briefly, an aliquot of 0.7 g freeze-dried 

48 sediment was sonicated with 30 ml ultrapure water for 2 h, and centrifuged at 5,000 g for 

49 20 min. The extracted water was filtered through the 0.45 μm Millipore filter and further 

50 acidified to pH 2 using 1 M HCl. Cartridges were drained, rinsed with ultrapure water 

51 and methanol (ULC-MS grade), and conditioned with pH 2 ultrapure water. Calculated 

52 volumes of extracts were slowly passed through cartridges based on DOC concentration. 

53 Cartridges were rinsed with pH 2 ultrapure water and dried with N2 gas. Samples were 

54 finally eluted with methanol into precombusted amber glass vials, dried with N2 gas and 

55 stored at -20 °C until DOM analysis. The extracts were continuously injected into the 
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56 standard ESI source with a flow rate of 2 l min-1 and an ESI capillary voltage of 3.5 kV 

57 in negative ion mode. One hundred single scans with a transient size of 4 mega word 

58 (MW) data points, an ion accumulation time of 0.3 s, and within the mass range of m/z 

59 150-1200, were co-added to a spectrum with absorption mode for phase correction, 

60 thereby resulting in a resolving power of 750,000 (FWHM at m/z 400). All FT-ICR mass 

61 spectra were internally calibrated using organic matter homologous series separated by 14 

62 Da (-CH2 groups). The mass measurement accuracy was typically within 1 ppm for 

63 singly charged ions across a broad m/z range (150-1,200 m/z). 

64
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65 Supplementary Tables

66 Table S1. Environmental variables and molecular traits of dissolved organic matter 

67 (DOM). 

Group Subgroup Variable Description
Environmental 
variables Contemporary nutrient TN.sedi Sediment total nitrogen (TN)

Contemporary nutrient TP.sedi Sediment total phosphorus (TP)
Contemporary nutrient NOx.sedi Sediment NOx

-

Contemporary nutrient NO2.sedi Sediment NO2
-

Contemporary nutrient NH4.sedi Sediment NH4
+

Contemporary nutrient PO4.sedi Sediment PO4
3-

Contemporary nutrient NO3 Water NO3
-

Contemporary nutrient NO2 Water NO2
-

Contemporary nutrient NH4 Water NH4
+

Contemporary nutrient PO4 Water PO4
3-

Energy supply TC.sedi Sediment total organic carbon (TC)
Energy supply DOC.sedi Sediment dissolved organic carbon (DOC)
Energy supply pH Water pH 
Energy supply Chla.sedi Sediment chlorophyll a (Chl a)

Molecular traits Molecular weight Mass The mass to charge ratio (m/z) 
Molecular weight C The number of carbon 
Molecular weight kdefectCH2 Kendrick Defect 
Stoichiometry O/C O/C ratio
Stoichiometry H/C H/C ratio
Stoichiometry N/C N/C ratio
Stoichiometry P/C P/C ratio
Stoichiometry N/P N/P ratio
Stoichiometry S/C S/C ratio
Chemical structure AIMod The modified aromaticity index 
Chemical structure DBE Double bond equivalence
Chemical structure DBEO Double bond equivalence minus oxygen 

Chemical structure DBEAI
Double bond equivalence minus 
aromaticity index 

Oxidation state GFE Gibbs free energy
Oxidation state NOSC Nominal oxidation state of carbon
Carbon use efficiency Ymet Carbon use efficiency

68



S5

69 Table S2. Relationships between energy supply and global change drivers that were 

70 modeled using multiple ordinary least squares regression. We considered four energy 

71 supply variables, namely water pH, sediment chlorophyll a (Chl a), total organic carbon 

72 (TOC) and dissolved organic carbon (DOC). Global change drivers include water 

73 temperature (Temp), nutrient enrichment (ADD.NO3) and their interactions 

74 (Temp:ADD.NO3).

Explanatory variables and β-weights
Response 
variables Country Model R2 AIC

Temp ADD.NO3 Temp:ADD.NO3

Water pH China 0.60 -132.6 a 0.65*** 0.44*** 0.13*

Norway 0.60 -134.5 0.68*** 0.24*** 0.30***

Sediment Chl a China 0.25 -38.2 0.43*** 0.28*** 0.11

Norway 0.46 -89.5 0.57*** 0.25*** 0.30***

Sediment TC China 0.09 -11.6 0.3*** 0 0

Norway 0.2 -32.2 0.17* 0.44*** 0

Sediment DOC China 0.39 -71.1 0.05 -0.61*** 0.18**

Norway 0.39 -73.7 0 -0.63*** 0

75 Note: The best models were identified using Akaike’s information criterion (AIC). ∗P < 0.05, ∗∗P < 0.01, 

76 ∗∗∗P < 0.001. a Standardized partial regression coefficients.

77
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78 Table S3. Peak counts for four fractions of dissolved organic matter (DOM) in China or 

79 Norway. In total, 19,538 molecules were parsed into four fractions based on molecular 

80 reactivity and activity: labile-active, recalcitrant-active, recalcitrant-inactive, and labile-

81 inactive molecules. 16,101 and 9,449 molecules were the total molecules in China and 

82 Norway, respectively.

China Norway
DOM partitions H/C ratio Transformations

Counts Percentage Counts Percentage

Labile-active ≥ 1.5 > 10 721 4.48% 610 6.46%

Recalcitrant-
active < 1.5 > 10 1,346 8.36% 1,166 12.34%

Recalcitrant-
inactive < 1.5 ≤ 1 2,524 15.68% 895 9.47%

Labile-inactive ≥ 1.5 ≤ 1 1,167 7.25% 511 5.41%

Active > 10 2,067 12.84% 1,776 18.80%

Inactive ≤ 1 3,691 22.92% 1,406 14.88%

Other 2-10 5,758 64.24% 3,182 66.32%

Total 16,101 100% 9,449 100%

83
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85 Supplementary Figures

86

87

88 Figure S1. The relationships between energy supply such as water pH (a-b) and sediment 

89 chlorophyll a (Chl a, c-d) and two global change drivers including water temperature and 

90 nutrients in China (a, c) and Norway (b, d). Water pH showed strong correlations with 

91 sediment Chl a at most elevations, and was thus used to represent energy supply (Wang 

92 et al 2016).

93
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94

95 Figure S2. Histogram demonstrating the counts of FT-ICR MS identified peaks with a 

96 given number of associated biochemical transformations. The dotted vertical lines 

97 indicate the location of the 10 transformation number.

98
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99

100 Figure S3. The effects of energy supply (i.e., water pH) on the relative importance of 

101 ecological processes underlying molecule assemblages of dissolved organic matter (DOM) 

102 with different transformation groups in China and Norway. We plotted the relative 

103 importance of variable selection (a), homogeneous selection (b) and stochastic processes 

104 (c) against the energy supply (i.e., water pH) gradient using a moving-window approach, 

105 and their relationships are visualized with loess regression models. Ten transformation 

106 groups are transformations ≤ 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 and > 10.

107
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108

109 Figure S3. Continued.
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111

112 Figure S3. Continued.

113
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114

115 Figure S4. The effects of elevation on the relative importance of ecological processes 

116 underlying molecule assemblages of four fractions of dissolved organic matter (DOM) in 

117 China (hollow points) and Norway (solid points). We plotted the relative importance of 

118 variable selection (left panels), homogeneous selection (middle panels) and stochastic 

119 processes (right panels) against elevational gradient, and their relationships are visualized 

120 with loess regression models. Four DOM fractions are labile-active, recalcitrant-active, 

121 recalcitrant-inactive and labile-inactive based on two dimensions of molecular reactivity 

122 and activity.

123



S13

124

125 Figure S5. The effects of nutrient enrichment on the relative importance of ecological 

126 processes underlying molecule assemblages of four fractions of dissolved organic matter 

127 (DOM) in China (hollow points) and Norway (solid points). We plotted the relative 

128 importance of variable selection (left panels), homogeneous selection (middle panels) and 

129 stochastic processes (right panels) against nutrient gradient, and their relationships are 

130 visualized with loess regression models. Four DOM fractions are labile-active, 

131 recalcitrant-active, recalcitrant-inactive and labile-inactive based on two dimensions of 

132 molecular reactivity and activity.

133
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134

135 Figure S6. The relative influence of explanatory variables on β-nearest taxon index 

136 (βNTI) across four fractions of dissolved organic matter (DOM) using Mantel test. Each 

137 circle is the values of Mantel r for individual explanatory variable in China and Norway, 

138 respectively. Solid and open circles indicate the significant (P ≤ 0.05) and non-significant 

139 (P > 0.05) Mantel r, respectively. The details of abbreviations of explanatory variables 

140 are available in Table S1. Four DOM fractions are labile-active, recalcitrant-active, 

141 recalcitrant-inactive and labile-inactive based on two dimensions of molecular reactivity 

142 and activity.

143
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144

145 Figure S7. β-nearest taxon index (βNTI) for all pairwise assemblage comparisons of four 

146 fractions of dissolved organic matter (DOM) as a function of the change in water pH 

147 between samples in China and Norway. Horizontal dashed lines indicate the upper (+2) 

148 and lower (-2) significance thresholds. The relationships between βNTI and changes in 

149 pH are indicated by solid (P ≤ 0.05) and dotted (P > 0.05) lines estimated using linear 

150 models. Four DOM fractions are labile-active, recalcitrant-active, recalcitrant-inactive 

151 and labile-inactive based on two dimensions of molecular reactivity and activity.
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152

153 Figure S8. Mean water pH for each pH-based window. We sorted the samples along the 

154 water pH gradient, from minimum to maximum water pH, separately for China and 

155 Norway, resulting in 101 windows with a fixed size of 50 samples.

156
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157

158 Figure S9. Histogram demonstrating the counts of samples in China or Norway with a 

159 given water pH. 

160



S18

161

162 Figure S10. The effects of energy supply (i.e., water pH) on the relative importance of 

163 ecological processes underlying molecule assemblages of four fractions of dissolved 

164 organic matter (DOM) in China (hollow points) and Norway (solid points). We plotted 

165 the relative importance of variable selection (left panels), homogeneous selection (middle 

166 panels) and stochastic processes (right panels) against the energy supply (i.e., water pH) 

167 gradient using a moving-window approach with a fixed size of 60 samples, and their 

168 relationships are visualized with generalized additive models with k of 5. Four DOM 

169 fractions are labile-active, recalcitrant-active, recalcitrant-inactive and labile-inactive 

170 based on two dimensions of molecular reactivity and activity.

171
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172

173 Figure S11. Box plots of the relative abundance of molecular formulae of four fractions 

174 of dissolved organic matter (DOM) in China and Norway. Large dots are the mean values 

175 of relative abundance for each fraction in China or Norway. Different letters (a, b, c, d) 

176 indicate significant differences between four fractions (P ≤ 0.05) by Wilcoxon test. Four 

177 DOM fractions are labile-active (LA), recalcitrant-active (RA), recalcitrant-inactive (RI) 

178 and labile-inactive (LI) based on two dimensions of molecular reactivity and activity. 

179



S20

180

181 Figure S12. Networks of co-occurring molecules based on SparCC correlation analysis 

182 for four fractions of dissolved organic matter (DOM) in China (a) and Norway (b). Blue 

183 and red lines indicate positive and negative interactions, respectively. (c-d) Network 

184 properties such as degree (c) and betweenness centrality (d) for all, negative and positive 

185 interactions. Betweenness centrality measures the extent to which a node lies on paths 

186 between other nodes. Molecules with a higher betweenness centrality communicate more 

187 with other molecules within an assemblage. Different letters (a, b, c, d) indicate 

188 significant differences between four fractions (P ≤ 0.05) by Wilcoxon test. Four DOM 

189 fractions are labile-active (LA), recalcitrant-active (RA), recalcitrant-inactive (RI) and 

190 labile-inactive (LI) based on two dimensions of molecular reactivity and activity. CN: 

191 China. NO: Norway.
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192

193 Figure S13. Box plots of the molecular traits of four fractions of dissolved organic matter 

194 (DOM) in China and Norway. Large dots are the mean values of weighted means (WM) 

195 of molecular traits for each fraction in China (a) or Norway (b). Different letters (a, b, c, d) 

196 indicate significant differences between four fractions (P ≤ 0.05) by Wilcoxon test. Four 

197 DOM fractions are labile-active (LA), recalcitrant-active (RA), recalcitrant-inactive (RI) 

198 and labile-inactive (LI) based on two dimensions of molecular reactivity and activity. The 

199 details of abbreviations of molecular traits are available in Table S1.
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200

201 Figure S13. Continued.

202
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203

204 Figure S14. Ecological processes structuring dissolved organic matter (DOM) 

205 fractions under global change. (a-b) The distribution of relative importance of 

206 ecological processes across the pH gradients for four DOM fractions in China (CN) and 

207 Norway (NO). We considered three ecological processes, that is variable selection 

208 (shown in the main text), homogeneous selection (a) and stochastic processes (b). The 

209 four DOM fractions are labile-active (LA), recalcitrant-active (RA), recalcitrant-inactive 

210 (RI), and labile-inactive (LI) based on two dimensions of molecular reactivity and 

211 activity. (c-d) Violin plots of variability of relative importance of homogeneous selection 

212 (c) and stochastic processes (d) across the pH gradients for four DOM fractions in China 

213 and Norway. Variability was calculated as the ratio of the standardized deviation to mean 

214 of the relative importance of each ecological process calculated across the pH gradients.

215
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216

217 Figure S15. Relative importance of ecological processes underlying molecule 

218 assemblages of four fractions of dissolved organic matter (DOM) in China (hollow points) 

219 and Norway (solid points). We considered three ecological processes including variable 

220 selection (left panels), homogeneous selection (middle panels) and stochastic processes 

221 (right panels). Four DOM fractions are labile-active (LA), recalcitrant-active (RA), 

222 recalcitrant-inactive (RI) and labile-inactive (LI) based on two dimensions of molecular 

223 reactivity and activity.

224
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225

226 Figure S16. Boxplots of variability of the relative importance of variable selection across 

227 the energy supply gradients for four fractions of dissolved organic matter (DOM) in 

228 China (CN) and Norway (NO). The variability was calculated as the ratio of standardized 

229 deviation and mean of the relative importance of variable selection by randomly using 60 

230 (a), 70 (b) or 80 (c) windows (100 bootstraps) along the energy supply gradient for each 

231 DOM fraction in China or Norway. Four DOM fractions are labile-active, recalcitrant-

232 active, recalcitrant-inactive and labile-inactive based on two dimensions of molecular 

233 reactivity and activity.

234
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235

236 Figure S17. Effects of energy supply on relative importance of ecological processes 

237 structuring dissolved organic matter (DOM) fractions. We plotted the relative importance 

238 of homogeneous selection (a) and stochastic processes (b) against pH for four DOM 

239 fractions in China (hollow points) and Norway (solid points). The other ecological 

240 processes, that is variable selection, were shown in Fig. 4. Relationships are visualized 

241 with generalized additive models with k of 5. The four DOM fractions are labile-active, 

242 recalcitrant-active, recalcitrant-inactive and labile-inactive molecules and were based on 

243 two dimensions of molecular reactivity and activity.

244



S27

245

246 Figure S18. Non-metric multidimensional scaling (NMDS) of molecular compositions of 

247 four fractions of dissolved organic matter (DOM) across energy supply (i.e., water pH) 

248 gradients in China and Norway. Four DOM fractions are labile-active, recalcitrant-active, 

249 recalcitrant-inactive and labile-inactive based on two dimensions of molecular reactivity 

250 and activity.

251
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252

253 Figure S19. The effects of energy supply (i.e., water pH) on the pure effects of bacterial 

254 communities and environmental conditions, and their shared effects across four fractions 

255 of dissolved organic matter (DOM) in China and Norway. These effects of explanatory 

256 variables on the four DOM fractions were determined by variation partitioning analysis. 

257 We plotted these effects against the energy supply (i.e., water pH) gradient across four 

258 fractions in China (Upper panel) and Norway (lower pannel), and their relationships are 

259 visualized with loess regression models. The adjusted R-squared indicates the explained 

260 variations by the explanatory variables of bacterial communities and/or environments. 

261 Four DOM fractions are labile-active (LA), recalcitrant-active (RA), recalcitrant-inactive 

262 (RI) and labile-inactive (LI) based on two dimensions of molecular reactivity and activity.

263
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264

265 Figure S20. The effects of energy supply (i.e., water pH) on molecular traits of four 

266 fractions of dissolved organic matter (DOM) in China (hollow points) and Norway (solid 

267 points). The relationships between weighted mean (WM) of DOM traits and energy 

268 supply are visualized with loess regression models. Four DOM fractions are labile-active, 

269 recalcitrant-active, recalcitrant-inactive and labile-inactive based on two dimensions of 

270 molecular reactivity and activity. The details of abbreviations of molecular traits are 

271 available in Table S1.

272
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