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Abstract 14 

Dissolved organic matter (DOM) represents the largest pool of reactive carbon on 15 

the Earth and plays a crucial role in various biogeochemical processes and ecosystem 16 

functions. However, it is understudied for a global understanding of DOM molecular 17 

properties such as molecular weight, stoichiometry, and oxidation state, and the 18 

linkages among them across Earth systems. Here, a meta-analysis of 2,707 sites in 204 19 

literatures was conducted by synthesizing four representative molecular properties of 20 

DOM, i.e., mass, double bond equivalent (DBE), modified aromaticity index (AImod), 21 

and nominal oxidation state of carbon (NOSC). By exploring H/C and O/C ratios, we 22 

examined the relationships among these DOM properties across waters and land 23 

systems, and their geographical patterns and environmental drivers. We found that, 24 

compared to land system, the mass, DBE, and AImod were all significantly higher in 25 

water systems, with river sediments exhibiting the highest values. DOM oxidation state 26 

indicated by NOSC was greater on average in wastewater (NOSC = 0.226 ± 0.06) and 27 

marine water (NOSC = 0.133 ± 0.06) than in other habitats. Compared to waters, the 28 

mass in land system showed more strongly positive correlations with oxidation states 29 

such as NOSC and O/C, and the NOSC showed stronger relations to bioavailability 30 



properties such as DBE, AImod, and H/C. Among all the properties, H/C and AImod 31 

contributed to the most variations in global DOM properties. In waters, NOSC 32 

monotonically increased towards high latitudes, while DBE and AImod showed 33 

significant hump-shaped patterns indicating peaked unsaturation and aromaticity at 34 

mid-latitudes of approximately 30°-50°. The variations in DOM properties were 35 

significantly correlated with environmental factors such as annual mean temperature 36 

and pH. Collectively, we revealed the spatial distribution and environmental drivers of 37 

DOM molecular properties across Earth ecosystems, which could shed light on our 38 

comprehensive understanding of DOM characteristics and its dynamics. 39 

  40 



Highlights 41 

1. DOM mass, DBE, and AImod were significantly higher in the waters than the land. 42 

2. Across the habitats, the mass, DBE, and AImod were largest in river sediment, and 43 

the NOSC was largest in wastewater. 44 

3. Compared to waters, mass showed more strongly positive correlations with 45 

oxidation states such as NOSC and O/C in the land system, and NOSC showed 46 

stronger correlations with bioavailability properties such as DBE, AImod, and H/C.  47 

4. The H/C and AImod dominantly controlled for DOM properties, while the mass was 48 

less influenced in waters. 49 

5. In the waters, NOSC linearly increased along latitude gradients, while DBE and 50 

AImod showed significant hump-shaped patterns, and AImod linearly decreased along 51 

latitude gradients in the land. 52 

6. In the waters, mean annual temperature and pH were closely related to DOM 53 

properties. 54 

  55 



Introduction 56 

Dissolved organic matter (DOM) plays a crucial role in the global carbon cycle 57 

and participates in multiple physical, chemical, and biological processes across Earth 58 

systems (Schmidt et al. 2011, Dittmar and Stubbins 2014). The global DOM pool 59 

contains carbon, nitrogen, phosphorus, and elements essential to life (Creed et al. 2018, 60 

Kellerman et al. 2018). Marine DOM represents the largest reduced carbon reservoir 61 

(~662 Pg C) in the oceans and covers about 96% of the ocean's total organic carbon 62 

(Hansell et al. 2009, Wagner et al. 2020). Inland water is the recipient of approximately 63 

5.1 Pg C year-1 terrigenous carbon (Drake et al. 2017). Lake and river-derived DOM 64 

conversion releases 2.1 Pg C year-1 as CO2 into the atmosphere (Raymond et al. 2013, 65 

Moody 2020). The contributions of DOM properties to the global carbon cycle’s 66 

processes have been extensively explored by focusing on one or a few ecosystems, such 67 

as glaciers (Singer et al. 2012, Wadham et al. 2019, Nagar et al. 2021), oceans (Jiao et 68 

al. 2010, Dittmar et al. 2021), inland water (Catalán et al. 2016, Begum et al. 2023), 69 

terrestrial soil (Schmidt et al. 2011, Kleber et al. 2021, Speetjens et al. 2022). However, 70 

the properties of DOM molecules and the drivers that control their recalcitrance and 71 

bioavailability remain poorly understudied across global scales. 72 

DOM molecular indices have been developed to evaluate the bioavailability state 73 

of DOM such as mass, DBE, AImod, NOSC, H/C, and O/C (Kim et al. 2003, Koch and 74 

Dittmar 2006, LaRowe and Van Cappellen 2011, Koch and Dittmar 2016) using Fourier 75 

transform ion cyclotron resonance mass spectrometry (FT-ICR MS). These indices can 76 

reflect molecule composition and biogeochemical reactions of DOM (Koch and 77 

Dittmar 2006, Cai and Jiao 2023). Mass, DBE, AImod, and H/C ratio are generally 78 

relevant to recalcitrance of DOM molecules; a higher mass, DBE, and AImod at the 79 

compositional level reflects more recalcitrant state in the DOM assemblage (Medeiros 80 

et al. 2015, Hildebrand et al. 2022, Zherebker et al. 2022). Based on molecular lability 81 

of organic matter, the environments generally ranked from most to least as glacial > 82 

marine > freshwater (D'Andrilli et al. 2015). NOSC and O/C ratio are relevant to 83 

oxidation state of DOM molecules (LaRowe and Van Cappellen 2011, Laszakovits and 84 

MacKay 2022), and NOSC could be also treated as a thermodynamic threshold to 85 



determine the decomposition of compounds (Boye et al. 2017, Bahureksa et al. 2021). 86 

Higher NOSC generally represents higher condensed hydrocarbons, lignin-like, and 87 

tannin-like compounds in DOM assemblages (Pracht et al. 2018). DOM properties are 88 

strongly depended on the original source and environmental conditions (Catalán et al. 89 

2016, Ward and Cory 2016, Ward et al. 2017, Zark and Dittmar 2018), as well as on its 90 

susceptibility to microbial and abiotic transformations (Stegen et al. 2018, D’Andrilli 91 

et al. 2019, Hu et al. 2022a). For example, acidity enhancement causes an increase in 92 

the abundance of oxidized unsaturated compounds (e.g., aromatics and carboxylic-rich 93 

alicyclic molecules) (DiDonato et al. 2016, Zherebker et al. 2020). DOM properties are 94 

also largely controlled by climatic factors and extreme climate. For instance, the 95 

abundances of polyphenol, nitrogen-containing, and unsaturated oxygenated 96 

compounds are higher in the regions increasing in mean annual temperature and 97 

precipitation (Roth et al. 2013, Kellerman et al. 2014), and the organic matter 98 

concentrations and aromatic compounds abundance could be reduced in dry conditions 99 

(Szkokan-Emilson et al. 2017, Butturini et al. 2022). A recent global DOM meta-100 

analysis indicates that there could be predictable spatial patterns of H/C and O/C ratios 101 

across Earth systems, and reveals the importance linkages between these two ratios and 102 

environmental conditions or extreme climates (Hu et al. 2024a). However, the other 103 

DOM properties such as mass, DBE, AImod, and NOSC are left understudied across 104 

various systems for a global scale. 105 

Here, we compiled three categories of compositional-level chemical properties of 106 

DOM derived from 2,707 sites reported in 204 studies during 2003 - 2022 (Fig. 1, and 107 

Table S1). The properties included 1) sizes of molecules such as mass, 2) bioavailability 108 

such as DBE, AImod, and H/C, and 3) oxidation states such as NOSC and O/C. The 109 

datasets were mainly consisted of waters and land systems, and these habitats spanned 110 

ocean, river, lake, reservoir, engineered water, peatland, and soil. We aimed to 111 

characterize the global properties of DOM molecular indices. Specifically, we showed 112 

the distribution of DOM indices across Earth systems and the relationships among 113 

DOM indices as well as along latitudinal patterns, and illustrated the potential effects 114 



of environmental variables on DOM traits. Our results provide fundamental insights to 115 

better understand the overall processes of the global carbon cycling.  116 

 117 

Materials and Methods 118 

Data collection  119 

We utilized the following keywords: "organic matter" AND "FT-ICR MS" AND 120 

"van Krevelen" to search for papers using the Google Scholar Database 121 

(http://scholar.google.com) and Web of Science (Core Collection; 122 

http://www.webofknowledge.com)up to the end of June 2022. We extracted studies 123 

based on the following criteria: (1) Weighted means of the H/C ratio, O/C ratio, mass, 124 

DBE, AImod (Koch and Dittmar 2006) and NOSC (LaRowe and Van Cappellen 2011) 125 

formula-based characteristics were calculated as the sum of the product of the 126 

individual information and relative intensity divided by the sum of all intensities. The 127 

H/C ratio, DBE, and AImod represent the saturation level of a molecule, whereas the O/C 128 

ratio and NOSC mainly represent the carbon oxidation state (Butturini et al. 2020). (2) 129 

There are raw FT-ICR MS data accessible, from which the molecular compositional-130 

level parameters could be calculated. but only the DOM data with an electrospray 131 

ionization source in negative conditions for subsequent analysis. (3) They focused on 132 

the dissolved organic matter data in the natural ecosystems.  133 

Following these criteria, a total of 2,707 samples from 204 articles, the range of 134 

MAT and MAP are mainly concentrated in 5-15℃ and 1500 mm, respectively (Fig. 1; 135 

Table S1). A database was designed to provide a comprehensive sampling of different 136 

systems and habitat types. We considered about 84% database of the database only 137 

those ESI sources in negative mode that had been measured to be relevant for statistical 138 

analysis. 15 environmental variables were collected for subsequent analysis. In addition, 139 

to explore major drivers of DOM properties at a global scale, we extracted bioclimatic 140 

variables based on latitude, longitude, and elevation from the WorldClim database 141 

(https://www.worldclim.org) with a spatial resolution of 0.5° for each sample (Delgado-142 

Baquerizo et al. 2020). Further details on environmental and bioclimatic variables are 143 

described in Hu et al (Hu et al. 2024a). 144 

https://www.worldclim.org/


 145 

Statistical analysis 146 

The pairwise comparison between water and land was analyzed by using the 147 

Wilcoxon test. Principal components were calculated by the six indices matrix of the 148 

water and land. The principal component analysis (PCA) to simplify the interpretation 149 

of principal components across different ecosystems by maximizing/minimizing the 150 

relevance between molecular indices and component axes. These analyses were 151 

conducted by R package stats V4.3.1. The Spearman analyses using the Hmisc (V 5.1.0) 152 

package in R were used to analyze the correlation among DOM molecular indices. 153 

To explore correlation and latitudinal patterns of molecular indices across 154 

ecosystems, we utilized more suitable linear or quadratic model according to the lower 155 

value of Akaike’s information criterion (Yamaoka et al. 1978). To deal with the 156 

limitation of incomplete dataset, we used the Euclidean distance as a dissimilarity index 157 

with the pcoa function in the vegan R package. We calculated DOM molecular indices 158 

in the waters to convert first and second principal co-ordinates component. To reduce 159 

collinearity among variables, we reduced the primary set of 36 drivers to 15 with 160 

variation inflation factor (VIF) below 5. This final set contained 10 variables database, 161 

such as latitude, elevation, BIO1, BIO2, BIO8, BIO9, BIO15, BIO18, BIO19, and pH. 162 

Then, we evaluate the relative importance of variables to DOM properties in waters 163 

using random forest analysis with the randomForest package V4.7-1.1 (Breiman 2001). 164 

The number of trees utilized in the random forest analysis was set as 500. According to 165 

above analyses, the impact of individual environmental variables on molecular indices 166 

in waters were further assessed by linear mixed-effects models (Galecki and 167 

Burzykowski 2013). We utilized literature identity as random factor and evaluated 168 

model significance by omnibus test (Nakagawa et al. 2013). Linear mixed-effects 169 

models were analyzed with R package lme4 V1.1.28. 170 

 171 

Results  172 

DOM properties across systems and habitats 173 

The mass size and bioavailability properties (e.g., DBE and AImod) of DOM in the 174 



water system had higher values than in the land system, with mean values of mass-to-175 

charge ratio m/z = 425, DBE = 10, and AImod = 0.36, respectively (Fig. 2a, and Table 176 

S2). For the individual habitats of waters, the mass, DBE and AImod values were highest 177 

in river sediment, with mean values of 447, 12, and 0.46, respectively, while were lower 178 

in wastewater, stream water and pond water than all the other habitats (Fig. 2b, and 179 

Table S3). The oxidation states of DOM, i.e. NOSC, varied from the highest to the 180 

lowest generally as wastewater > marine > freshwater in the habitats of waters, with the 181 

lowest average values in river sediment. For the land habitats, the mass, AImod, and 182 

NOSC showed the significantly (P < 0.05) lower values in peatland than in forest soil, 183 

and the DBE and AImod showed the largest values in cropland compared to other soil 184 

types (Figs. 2, S1). 185 

 186 

The relationships among DOM properties 187 

There were generally significant correlations within and between the three 188 

categories of chemical properties of DOM, and these correlations also depended on 189 

systems and habitats. Specifically, within the property categories, the DBE and AImod 190 

showed highly negative correlation with H/C, and the NOSC showed positive 191 

correlation with O/C in both systems, with higher correlations in the waters than land 192 

(Fig. 3). There is one exception to the relationship between NOSC and O/C in marine 193 

water, that is negative correlation with R2 of 0.11 (P < 0.05) (Fig. 3a). In between the 194 

property categories, the mass strongly correlated with the bioavailability, with the 195 

positive correlations with DBE in both systems and the negative correlation with H/C 196 

especially in the land system. The mass also showed strongly positive correlations with 197 

the oxidation state properties of NOSC (Spearman ρ = 0.45) and O/C (Spearman ρ = 198 

0.46) in the land system, but weak correlations in the waters. The bioavailability 199 

properties (i.e., DBE, AImod, and H/C) strongly correlated with NOSC in the land than 200 

in the waters, while they had relatively stronger correlations with O/C in the waters than 201 

in the land system. 202 

 203 

Variations of DOM properties across systems and habitats 204 



To identify the main indices contributed to variation in DOM properties, we 205 

applied the principal component analysis (PCA) of mass, DBE, AImod, NOSC, H/C, and 206 

O/C (Fig. 4; Fig. S2). Among all DOM samples, we found a clear separation of DOM 207 

properties between waters and land systems, and these differences were significant in 208 

the first two axes of principal component (Fig. 4c). The first principal component (PC1) 209 

accounted for 45% of variation in DOM properties, and had loadings of -0.59, 0.46, and 210 

0.58 for H/C, DBE, and AImod, respectively (Fig. S2). This indicates that the first 211 

principal component could be interpreted as a dimension of bioavailability. The second 212 

principal component (PC2) accounted for 31% of variation in DOM properties, and had 213 

loadings of 0.62 and 0.70 for NOSC and O/C, respectively (Fig. S2). This indicates that 214 

the second principal component can be interpreted as an oxidation state dimension. For 215 

the mass, there were minor loadings in the both principal components, and few 216 

contributions to the variation in DOM properties.  217 

Notably, the variations of DOM indices from waters were similarly to those from 218 

land (Fig. 4a, c). The PC1 and PC2 explained approximately 46% and 30% of the 219 

variance in waters, respectively (Fig. 4a). The DOM properties showed that the loadings 220 

of -0.59, 0.43, and 0.57 for H/C, DBE, and AImod were distributed along PC1, and the 221 

loadings of -0.17, 0.71, and 0.56 for mass, O/C, and NOSC were distributed along PC2 222 

(Fig. S2). DOM properties also occurred in specific habitats such as riverine, lake water, 223 

and reservoir water; H/C, AImod, and NOSC generally had lager loadings along PC1 224 

scores, whereas mass and O/C had major contribution to the variation along PC2 scores 225 

(Fig. 4d). The main variations of DOM indices in river sediment generally showed 226 

significantly differences relative to river water, lake water, and reservoir water, but were 227 

similar to land system (Fig. 4b, d). However, the variations of DOM indices from land 228 

distributed distinctly from waters. The PC1 and PC2 accounted for 46% and 34% of the 229 

variance in land, respectively (Fig. 4a). The DOM properties showed that the loadings 230 

of 0.56 and 0.03 for H/C and mass had positive PC1 scores, whereas the loadings of -231 

0.37, -0.44, -0.26, and -0.53 for DBE, AImod, O/C, and NOSC had negative PC1 scores 232 

(Fig. 4b; Fig. S2). The DOM properties were also reported in forest soil (Fig. 4d). 233 

 234 



Latitudinal patterns of DOM properties across systems and habitats 235 

The DOM properties of mass, DBE, AImod, and NOSC generally showed 236 

predictable latitudinal patterns across systems and habitats (Fig. 5). In the waters, the 237 

DBE (R2 = 0.54, P < 0.001) and AImod (R
2 = 0.077, P < 0.001) showed a significant 238 

hump-shaped pattern, with the highest values were observed in the latitudes of absolute 239 

30o - 50o (Fig. 5a). The NOSC (R2 = 0.019, P < 0.001) was significantly and 240 

monotonically increased along latitudinal gradients (Fig. 5a). These latitudinal patterns 241 

also showed in specific habitats especially oceans, river water, and reservoir water (Fig. 242 

5b). For example, the DBE, AImod, and NOSC showed strongly hump-shaped pattern in 243 

the river water (Fig. 5b). The mass, DBE, and AImod showed significant U-shaped 244 

patterns in marine water, and the mass and DBE were monotonically decreasing in 245 

marine sediment (Fig. 5b). In the land, AImod showed a monotonically decreased pattern 246 

(R2 = 0.129, P < 0.001) along the latitudinal gradient, while all the other properties had 247 

a nonsignificant (P > 0.05) pattern.  248 

 249 

Drivers of DOM properties in waters and land systems 250 

The distribution patterns of DOM properties of mass, DBE, AImod, and NOSC were 251 

significantly driven by geographical, environmental, and climatic variables in waters 252 

and land systems, indicated by random forest model (Figs. 6, S3). For the synthetic 253 

properties of DOM properties indicated by the first two axes of principal coordinates 254 

(PCoA1 and PCoA2), showed that mean annual temperature had a significant effect on 255 

DOM PCoA1, followed by geographic variables and pH (Fig. S3a). For the individual 256 

DOM properties, we found that DBE, AImod, and NOSC were most sensitive to 257 

geographical variables, while mass was major explained by mean annual temperature 258 

(Fig. 6a). 259 

Linear mixed model further confirmed the relative importance of environmental 260 

(i.e., pH) and geographical variables on DOM properties, and extremes of climatic 261 

factors showed stronger affects compared to mean annual climates (Fig. 6b, S3, and 262 

Table S4). For the waters, pH and mean annual precipitation had the strongest effects 263 

on PCoA1 (R2 = 0.806, P < 0.01) and PCoA2 (R2 = 0.749, P < 0.05) of DOM properties, 264 



respectively (Fig. S3b). Geographical and climatic variables, such as elevation and 265 

mean temperature of warmest quarter, also strongly influenced on DOM properties, 266 

with the explained variations of 0.454 and 0.421, respectively (Fig. S3b). Moreover, 267 

extremes of climatic variables showed highly significant relationships with 268 

bioavailability properties, such as isothermality and precipitation of wettest month (Fig. 269 

6b). The mass and NOSC were significantly related to pH (R2 = 0.706, P < 0.05) and 270 

elevation (R2 = 0.615, P < 0.05), followed by latitude and extremes of temperature 271 

variables, such as temperature seasonality, min temperature of coldest month, mean 272 

temperature of warmest quarter, and mean annual temperature. For the land, mass, DBE, 273 

AImod, and NOSC were most significantly related to (P < 0.05) mean annual 274 

temperature, precipitation seasonality, pH, and temperature annual range, respectively 275 

(Fig. 6b). For example, bioavailability properties (e.g., DBE and AImod) were 276 

dominantly affected by precipitation of bioclimatic variables, while oxidation state (e.g., 277 

NOSC) were mainly affected by temperature of bioclimatic variables (Fig. 6b). 278 

 279 

Discussion 280 

DOM properties across Earth ecosystems indicated by molecular indices 281 

Our findings indicated the varying roles of DOM indices in defining the DOM 282 

properties across systems and habitats. Comparatively, mass size and bioavailability 283 

properties (e.g., DBE and AImod) of DOM in waters were significantly higher than in 284 

land, however NOSC values were similar between the two habitats (Fig. 2). This 285 

indicates that DOM contains less labile organic matter and a higher abundance of 286 

recalcitrant molecules in waters (D'Andrilli et al. 2015). When considering individual 287 

habitat of waters and land, we observed different DOM properties for the four molecular 288 

indices. For the waters, mass and bioavailability properties showed the greatest value 289 

in specific habitats as river sediment, indicating a lower abundance of more hydrogen 290 

saturated molecules (Hu et al. 2024a). This is mainly attributed to the fact that the 291 

primary source of DOM in rivers is terrigenous input (Wagner et al. 2015, Johnston et 292 

al. 2021, He et al. 2023). Oxidation state (e.g., NOSC) peaked at wastewater, which is 293 

consistent with previous works (Yang et al. 2022, Chen et al. 2023), as hydroxyl radical 294 



could enhance oxygenation, oxidative deamination, decyclopropyl, and deisopropyl 295 

reactions in wastewater treatment processes, reducing unsaturation and aromaticity of 296 

molecules behind and thus high oxidation and aliphatic content. 297 

For the land, the highest bioavailability properties were observed in the order of 298 

cropland > forest soil/grassland > peatland/paddy soil, where disparate soils generally 299 

tended towards a consistent ranking of bioavailability properties (He et al. 2023). DOM 300 

associated with cropland and grassland inputs was dominated by lignin-like species, 301 

and forest soil DOM primarily originates from the degradation products of woody 302 

plants, indicating these habitats contain more high recalcitrant molecules (O'Donnell et 303 

al. 2016, Ge et al. 2022, Sheng et al. 2023). Paddy soil DOM show the lowest DBE, 304 

where fertilization causes more bioavailable fractions with low condensation (Li et al. 305 

2018). We integrated datasets of primary DOM indices such as mass, DBE, AImod, and 306 

NOSC as well as H/C and O/C ratios on a global scale which provides a comprehensive 307 

project for comparing DOM properties from molecular perspective along the aquatic-308 

terrestrial continuum. 309 

Investigation within the properties revealed correlations between mass size, 310 

bioavailability properties, and oxidation states of DOM (Fig. 3). Firstly, DBE and AImod 311 

showed highly negative correlation with H/C, and NOSC showed positive correlation 312 

with O/C in both systems and individual habitats, indicating that molecular properties 313 

were closely related to the bio-recalcitrance of DOM (Hildebrand et al. 2022, Cai and 314 

Jiao 2023). Secondly, mass was strongly positively correlated with DBE in both 315 

systems, and negatively correlated with H/C, indicating that the most recalcitrant DOM 316 

generally accompanies with a low molecular weight, which is consistent with previous 317 

observations (Benner and Amon 2015, Li et al. 2019, Zheng et al. 2019). Lastly, 318 

compared to water systems, land systems exhibited higher oxidation states (e.g., O/C 319 

and NOSC) with higher molecular mass, suggesting a size-reactivity continuum, which 320 

might emerge from a complex reaction cascade, such as litter decomposition to 321 

microbial biomass and DOM (Hertkorn et al. 2006, Roth et al. 2014). 322 

 323 

Variations of molecular indices controlling global DOM 324 



Molecular indices covaried in predictable ways within systems despite high 325 

variability in DOM properties among the systems (Figs. 4, S2). This finding also further 326 

validates the linkages between molecular weight, bioavailability properties, and 327 

oxidation states. Principal components analysis showed that the correlation matrix of 328 

DOM properties was dominantly explained (R2 = 0.76) by the first two axes. 329 

Collectively, the variables H/C, DBE, and AImod were separated on the first dimension, 330 

which related to the unsaturation degree (or aromaticity), indicating that differences in 331 

DOM properties between the systems was mainly caused by the bioavailability 332 

dimension. The bioavailability dimension is associated with the change of recalcitrant 333 

molecules, which is caused by carbon metabolism and microbial processing of organic 334 

matter (Valle et al. 2020, Wang et al. 2021, Hu et al. 2022b). The variables O/C, NOSC, 335 

and mass were separated on the second dimension, suggesting that the oxidation state 336 

also contributed to the variations in DOM properties among systems. DOM properties 337 

in waters are dominated by high molecular weight and highly aromaticity (Frey et al. 338 

2016). Notably, mass size and oxidation states showed the greater loadings in land in 339 

comparison to waters, and were higher in river sediment than river water. The shift of 340 

molecular mass intensities is strongly related to the degradation state of DOM in 341 

grassland soils (Roth et al. 2019) and forest soils (Benk et al. 2018). DOM is degraded 342 

at the molecular level along a gradient from high to low NOSC (Kellerman et al. 2015). 343 

DOM aromaticity significantly improves through degradation processes as mass 344 

decreases (Chen et al. 2021). Thus, although we utilized different ecosystems with 345 

molecular indices, the DOM properties are clearly covariant within the DOM samples. 346 

 347 

Relationships of DOM properties to latitudes  348 

DOM properties had predictable latitudinal patterns across Earth systems 349 

especially in waters. Mass, DBE, and AImod showed the highest values in mid-latitude 350 

waters regions, but a nonsignificant (P > 0.05) pattern was observed for mass (Fig. 5). 351 

These patterns also showed in individual habitats as ocean, river, and reservoir. The 352 

importance by latitude driven trend in DOM properties has been reported such as for 353 

lakes (Roth et al. 2013). The magnitude of aromatic functional groups for DOM shows 354 



an increasing pattern along latitudinal gradients in the Baltic sea, which implies that 355 

more organic contaminants at the high-latitude region (Ripszam et al. 2015). The 356 

abundance of protein-like components was relatively lower towards higher latitudes 357 

lakes, but humic-like component show positively pattern (Zhu et al. 2019). By contrast, 358 

DOM oxidation states significantly increase towards high latitudes in waters, indicating 359 

the conversion of natural aliphatic compounds to aromatic compounds from low to high 360 

latitudes (Kellerman et al. 2014).  361 

For land, DOM bioavailability properties (i.e., AImod) showed a significantly 362 

negative correlation with latitude, while oxidation state (i.e., NOSC) had a weak 363 

positive correlation. Previous studies show that soil organic carbon generally enriches 364 

in shallow soil horizons of high-latitude areas (Hugelius et al. 2014, Krachler and 365 

Krachler 2021), with a monotonically latitudinal patterns on DOM properties (Li et al. 366 

2022, Lin et al. 2023). For instance, DOM in polar regions generally show the low 367 

contribution of aromatic species due to high preservation degree of organic matter 368 

(Ward and Cory 2015, Zherebker et al. 2020). Our results reveal predictable patterns of 369 

DOM properties across ecosystems, and DOM had more unsaturated and aromatic in 370 

the mid-latitudes of 30o-50o, but less oxidation at the equator regions. 371 

 372 

Linkage between environmental variables and DOM properties across systems 373 

Association between DOM properties and environmental variables and climate, 374 

especially pH and mean annual temperature was observed (Fig. 6, S3). This is supported 375 

by previous studies cementing the importantly effect of ecosystem in DOM properties 376 

and biodegradation, such as geographical locations (Zhou et al. 2018, Peralta-Maraver 377 

et al. 2021), climate (Kellerman et al. 2014, Follstad Shah et al. 2017, Hu et al. 2024b), 378 

salinity (Yang et al. 2020), and acidity (Hyung and Kim 2008, Groeneveld et al. 2022). 379 

Climate changes could cause temperature, precipitation, and dust flux to shift DOM 380 

properties, including lakes (Mladenov et al. 2011), river (van Vliet et al. 2023), and 381 

groundwater (McDonough et al. 2020). DOM properties sensitively respond to pH as it 382 

consists of various functional groups susceptive to protons (Chen et al. 2019).  383 

Besides, we also found that the importance of climate extremes on DOM 384 



properties. Compared to land, mass and bioavailability properties (e.g., DBE and AImod) 385 

were more closely related to extremes of precipitation, while oxidation state (e.g., 386 

NOSC) was dominantly affected by extremes of temperature. The molecular 387 

complexity, aromaticity, and highly unsaturated compounds of DOM are greater during 388 

the flood period compared with the dry period (Pang et al. 2021). Drought conditions 389 

can intensity DOM transformation by delaying residence time of water systems 390 

especially summer (Ejarque et al. 2018), river water quality deteriorates under 391 

hydroclimate extremes (van Vliet et al. 2023). Extremes of climatic variables are key 392 

to comprehending the effect of climate change on organic carbon characteristics (Hu et 393 

al. 2024a). Our findings indicated the roles of climatic factors in explaining DOM 394 

properties especially extreme climatic conditions under future global carbon processes. 395 

 396 

Conclusion 397 

Based on a global survey, we comprehensively revealed the bioavailability and 398 

environmental drivers of DOM properties across Earth systems. Mass size and 399 

bioavailability properties were found to be significantly higher in waters, with the 400 

largest values in specific water habitats such as river sediment, while oxidation state 401 

peaked for wastewater. Compared to waters, mass displayed strong positive correlations 402 

with oxidation state in land system, while NOSC showed stronger relations to 403 

bioavailability properties. Bioavailability indices especially H/C and AImod contributed 404 

most to variations in DOM properties. DBE and AImod showed significant hump-shaped 405 

patterns indicating peaked unsaturation and aromaticity at mid-latitudes of 406 

approximately 30°-50° in waters, while NOSC monotonically increased towards high 407 

latitudes. Climate and environmental variables such as annual mean temperature and 408 

pH showed significant correlations with DOM properties. These findings are pivotal in 409 

our understanding of the characteristics and distribution patterns of DOM at a global 410 

scale and the roles of climatic and environmental variables underlying global carbon 411 

across systems. 412 
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Figures 748 

 749 

Figure 1 750 

Map of samples included in the compiled dataset of mass, DBE, AImod, and NOSC 751 

of DOM. We collected a total of 2707 sites from 204 studies that measure four indices 752 

across Earth systems. Colored dots represent the geographic locations of DOM samples. 753 

Numbers of studies and samples correspond to (N) and (n), respectively. Insert figure 754 

shows the distribution density of DOM samples within temperature and precipitation. 755 
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 757 

Figure 2 758 

Variation of mass, DBE, AImod, and NOSC of DOM across systems and habitats. 759 

Boxplot shows the compositional-level mass, DBE, AImod, and NOSC for better 760 

comparisons among the systems (a) and habitats (b). Significances for pairwise 761 

comparisons by a Wilcoxon test are shown in Fig. S1. Colored dots and black dots of 762 

boxplots represent individual samples and average values in DOM indices, respectively. 763 

We included the habitats with the samples size over 15. 764 
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 766 

Figure 3 767 

Indices relation of DOM across systems and habitats. (a) Linear regression analysis 768 

shows the linkages between mass size, bioavailability, and oxidation state by the 769 

significance of the correlation, and their relationships are estimated by solid (P ≤ 0.05) or dotted 770 

(P > 0.05) lines. (b) The colors from yellow to green represent the Spearman correlation varying. 771 

We included the habitats with the samples size over 30. 772 
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 774 
Figure 4 775 

Association between six DOM indices at the molecular level. Principal component 776 

analysis plots show the variations of DOM indices across systems (a, b, and c) and 777 

habitats (d). Insert boxplot indicated the differences between waters and land by a 778 

Wilcox test, colored dots and black dots represent individual samples and average 779 

values in DOM properties, respectively. We included the habitats with the samples size 780 

over 15. 781 
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 783 

Figure 5 784 

The distribution patterns of mass, DBE, AImod, and NOSC of DOM along 785 

latitudinal gradients. Latitudinal patterns are visualized with linear models across 786 

systems (a) and habitats (b), and the significant properties are indicated by asterisks 787 

(***, P ≤ 0.001; **, P ≤ 0.01; *, P ≤ 0.05). North and South latitudes were converted 788 

as absolute latitudes. 789 
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 791 

Figure 6 792 

The influences of climatic and environmental variables on molecular indices of 793 

DOM. (a) Random forest analysis shows the relative importance of each explanatory 794 

variable on DOM properties at the molecular level. (b) DOM properties were examined 795 

with conditional explained heterogeneity (R2) of linear mixed models for waters and 796 

land. Solid (P ≤ 0.05) and open (P > 0.05) pentagram were indicated by the significant. 797 

We included the habitats with the samples size over 30. 798 
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