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Highlights 

⚫ Organic matter molecular richness decreased towards higher latitudes in sediments, 

but not waters. 

⚫ Precipitation and non-purgeable organic carbon strongly associated with organic 

matter. 

⚫ Watershed variables like land cover explained chemodiversity especially in waters. 

⚫ Relationships between watershed and organic matter molecules were dominantly 

positive in waters. 

⚫ Molecules positively and negatively related to watersheds had distinct 

stoichiometric ratios. 
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Abstract 

Riverine dissolved organic matter (DOM) is crucial to global carbon cycling and 

aquatic ecosystems. However, the geographical patterns and environmental drivers of 

DOM chemodiversity remain elusive especially in the waters and sediments of 

continental rivers. Here, we systematically analyzed DOM molecular diversity and 

composition in surface waters and sediments across 97 broadly distributed rivers using 

data from the Worldwide Hydrobiogeochemistry Observation Network for Dynamic 

River Systems (WHONDRS) consortium. We further examined the associations of 

molecular richness and composition with geographical, climatic, physicochemical 

variables, as well as the watershed characteristics. We found that molecular richness 

significantly decreased toward higher latitudes, but only in sediments (r = -0.24, P < 

0.001). The environmental variables like precipitation and non-purgeable organic 

carbon showed strong associations with DOM molecular richness and composition. 

Interestingly, we identified that less-documented factors like watershed characteristics 

were also related to DOM molecular richness and composition. For instance, DOM 

molecular richness was positively correlated with the soil sand fraction for waters, 

while with the percentage of forest for sediments. Importantly, the effects of watershed 

characteristics on DOM molecular richness and composition were generally stronger in 

waters than sediments. This phenomenon was further supported by the fact that 11 out 

of 13 watershed characteristics (e.g., the percentages of impervious area and cropland) 

showed more positive than negative correlations with molecular abundance especially 

in waters. As the percentage of forest increased, there was a continuous accumulation 

of the compounds with higher molecular weight, aromaticity, and degree of 

unsaturation. In contrast, human activities accumulated the compounds with lower 

molecular weight and oxygenation, and higher bioavailability. Our findings imply that 

it may be possible to use a small set of broadly available data types to predict DOM 

molecular richness and composition across diverse river systems. Elucidation of 

mechanisms underlying these relationships will provide further enhancements to such 

                  



predictions, especially when extrapolating to unsampled systems. 

Keywords: dissolved organic matter, chemodiversity, surface water, sediment, 

geographical pattern, molecular characteristics 

 

 

                  



1. Introduction 

Global rivers carry 0.95 Pg C yr-1 from terrestrial inputs to coastal oceans and  

play a central role in biogeochemical cycles of carbon (Battin et al., 2009; Cole et al., 

2007; Regnier et al., 2013). In rivers, dissolved organic matter is an important organic 

carbon component and contributes substantially to global CO2 emissions due to 

decomposition (Stegen et al., 2018; Ward et al., 2017; Wohl et al., 2017). The 

composition, quality and properties of riverine DOM assemblages, which determine the 

fate of organic carbon, are altered during transport and transformation processes along 

the river corridors (Battin et al., 2008; Mosher et al., 2015; Riedel et al., 2016; Zander 

et al., 2020). Accordingly, the chemodiversity of DOM shows extreme heterogeneity in 

the vertical profiles and spatial patterns across riverine ecosystems (He et al., 2016; Li 

et al., 2023; Wang et al., 2018; Zhang et al., 2021). For instance, DOM composition is 

significantly divergent between surface water and subsurface at a forest watershed 

(Danczak et al., 2021). More aromatic and unsaturated small molecules are found at 

higher than lower latitudes in Yenisei river (Roth et al., 2013). However, few studies 

report the geographical patterns and the differences of riverine DOM chemodiversity 

across water and sediment at large spatial scale. 

The chemodiversity of DOM in aquatic ecosystems is mainly driven by 

geography, climate, hydrology, and physicochemical conditions. For instance, in lakes, 

DOM molecular composition is significantly correlated with temperature, precipitation, 

and water residence time (Kellerman et al., 2014). In coastal wetlands, the variation in 

DOM molecular composition is mainly explained by latitude, moisture, and organic 

matter contents (Li et al., 2022). In marine ecosystems, the diversity of DOM is found 

to decrease with increasing degradation time and oxygen concentration (Chen et al., 

2022; Mentges et al., 2017). Unlike the aforementioned habitats, rivers possess distinct 

features such as short water residence time and extensive connection with surrounding 

landscapes (Dillon and Molot, 1997; Hawkes et al., 2018; Wagner et al., 2015). 

Hydrological precipitation and snowmelt events further trigger the release of large 

                  



amounts of terrigenous DOM from basins to rivers (Raymond et al., 2016). These 

features potentially enhance the associations between riverine DOM chemodiversity 

and watershed characteristics (He et al., 2022; Sanderman et al., 2009; Wagner et al., 

2015). Watershed characteristics such as land cover and watershed area are only 

recently reported to affect DOM chemodiversity. For instance, land cover plays a 

significant role in driving DOM diversity and composition in forested and 

anthropogenically impacted watershed (Coble et al., 2019; Roebuck et al., 2020). The 

molecular diversity of DOM in a basin located in the northwestern USA increases with 

increasing upstream catchment area (Danczak et al., 2023). However, most of those 

studies are confined to water habitats at the regional scale, while left understudied is 

the continental-scale DOM chemodiversity in both water and sediment habitats, and 

specifically in context of diverse watershed characteristics. 

Here, to reveal geographical patterns of riverine DOM chemodiversity and its 

association with environmental variables, we analyzed the DOM characteristics from 

279 surface water and 272 sediment samples across 97 rivers collected by the 

WHONDRS consortium (Fig. 1). DOM molecules were identified using ultrahigh-

resolution electrospray ionization Fourier transform ion cyclotron resonance mass 

spectrometry (FT-ICR MS). We examined two aspects of DOM chemodiversity: 

molecular richness and molecular composition. Molecular richness is one metric of 

molecular diversity and represents the number of molecular formulas in each sample. 

Molecular composition refers to the changes in abundance of each molecular formula 

across samples. Molecular richness could be related to microbial diversity by “diversity 

begets diversity” (Hu et al., 2022; Osterholz et al., 2018). That is, molecular richness is 

relevant to how much the resources could be provided to microbes, and how much the 

organic matter could be produced by decomposition processes (Judd et al., 2006; 

Lehmann et al., 2020). Importantly, molecular richness could also be related to 

ecosystem functions, such as the CH4 emission and the decomposition rates of organic 

matter in lake sediments (Tanentzap et al., 2019; Wen et al., 2023). We related DOM 

                  



chemodiversity to environmental variables such as geographical, climatic, 

physicochemical conditions, as well as watershed characteristics including watershed 

area, land cover, and soil texture. We addressed three main questions: (1) Are there 

general geographical patterns in molecular richness and composition? (2) What are the 

dominant environmental factors associated with molecular richness and composition of 

riverine DOM in waters and sediments? (3) Are there systematic differences in the 

chemistry of DOM molecules that are positively vs. negatively associated with 

watershed characteristics? Through evaluation of these questions, we could provide a 

more integrated understanding of DOM chemodiversity based on the largest data 

available so far. These findings could help predict the spatial-temporal variations of 

chemodiveristy by a relatively small number of broadly available environmental 

variables in regional and global scales. 

 

2. Materials and methods 

2.1. Sample collection and processing 

We obtained datasets from WHONDRS Summer 2019 Sampling Campaign, a 

part of WHONDRS consortium from Pacific Northwest National Laboratory (PNNL) 

(Stegen and Goldman, 2018). Details on datasets are available from the Environmental 

Systems Science Data Infrastructure for a Virtual Ecosystem (ESS-DIVE) 

(https://data.ess-dive.lbl.gov/data). Briefly, during 29 July and 19 September 2019, 

surface water and sediment samples were collected from 97 river corridor systems in 

eight countries: United States, Canada, Israel, Germany, Italy, Norway, United 

Kingdom, and South Korea (Fig. 1) (Goldman et al., 2020; Toyoda et al., 2020). The 

sampling sites spanned the latitude of 18.11° to 68.64° N and the elevation of -164 to 

3,049 m. The mean annual temperature (MAT) at the sampling sites ranged from -9.8 

to 24.5 ℃, and the mean annual precipitation (MAP) ranged from 176 to 2,524 mm. 

The sampled rivers covered tributaries and main streams, with watershed area ranging 

from 0.08 to 262,525 km2. Surface water samples were collected in triplicate using 60 

                  



mL syringe and filtered through 0.22 µm sterivex filter (EMD Millipore) into pre-

acidified 40 mL amber glass vial (I-Chem amber VOA glass vials; ThermoFisher, pre-

acidified with 10 µL of 85% phosphoric acid). To cover the heterogeneity in river 

sediments, three replicated sediments at 1-3 cm depth were collected at three adjacent 

depositional zones (intervals within 10 m) within each sampling site following National 

Ecological Observatory Network (NEON) protocol (NEON.DOC.001193) (Jensen, 

2019), and labeled as upstream, midstream, and downstream along the flow direction 

in rivers. A sterilized metal scoop was used to collect 125 mL saturated sediment 

samples from an approximately 1 m2 region at each depositional zone. The samples 

were transported to PNNL on blue ice within 24 h of collection. Upon arrival, surface 

water samples were instantly frozen at -20 ℃ until analysis, and sediment samples were 

individually sieved to < 2 mm, subsampled, and stored at -20 ℃. 

 

2.2. FT-ICR MS data analysis 

Prior to FT-ICR MS analysis, all samples were thawed in a dark environment at 

4 ℃ for 72 h. Sediment dissolved organic matter was extracted by continuously shaking 

the tubes in the dark at 375 rpm and 21 ℃ for 2 h, centrifuging at 6,000 rcf and 21 ℃ 

for 5 min and filtering supernatant through 0.22 µm polyethersulfone membrane filter 

(Millipore Sterivex, USA). Non-purgeable organic carbon (NPOC) in waters and 

sediments was measured using a Shimadzu combustion carbon analyzer TOC-L 

CSH/CSN E100V with ASI-L autosampler. NPOC concentrations for all samples were 

normalized to 1.5 mg C L-1 by diluting with Milli-Q deionized water. The diluted 

samples were further acidified to pH 2 with 85% phosphoric acid and solid-phase 

extracted using PPL (Priority PolLutant, Bond Elut) cartridges with methanol for final 

elution (Garayburu-Caruso et al., 2020). PPL was an efficient and widely used solid-

phase sorbent, and the recovery rate was about 62% (Dittmar et al., 2008). It should be 

noted that technical limitations in approaches may affect the estimation of molecular 

richness due to the incomplete coverage of molecules. However, this would less likely 

                  



affect our main conclusions, largely because consistent approaches were used for all 

samples to allow for the comparisons across sites and regions. 

To conduct highly accurate mass measurements of DOM in both waters and 

sediments, a 12 Tesla Bruker SolariX FT-ICR MS (Bruker, SolariX, Billerica, MA, 

USA) located at the Environmental Molecular Science Laboratory in Richland, WA was 

used with a resolution of 220 K at 481.185 m/z (Garayburu-Caruso et al., 2020). The 

FT-ICR MS was coupled with a standard electrospray ionization source in negative 

ionization mode with a voltage of +4.2 kV. The instrument was externally calibrated 

weekly to ensure mass accuracy of less than 0.1 ppm. Data were collected with an ion 

accumulation of 0.05 s for waters and 0.1 or 0.2 s for sediments, and scanned 144 times 

over a range of 100–900 m/z at 4 M (Garayburu-Caruso et al., 2020). The FT-ICR mass 

spectra were internally calibrated using organic matter homologous series separated by 

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

singly charged ions across a broad m/z range (100–900 m/z) (Koch et al., 2007). 

To convert raw spectra to a list of m/z values, Bruker Daltonics Data Analysis 

software (v4.2) was used. Fourier transform mass spectrometry (FT-MS) peak picker 

module was applied with a signal-to-noise ratio (S/N) threshold set to 7 and an absolute 

intensity threshold to the default value of 100. Then, chemical formulas were assigned 

to peaks using the software Formularity (v1.0) according to the Compound 

Identification Algorithm with the following criteria: S/N > 7 and mass error less than 1 

ppm for a given chemical formula between the measured mass and the theoretical mass 

(Kujawinski and Behn, 2006; Tolić et al., 2017). This algorithm considers the presence 

of C, H, O, N, S, and P and excludes other elements or an isotopic signature, and non-

oxygen hetero-atoms are limited to N0-4, S0-2, and P0-1 (Koch et al., 2007). All formula 

assignments were further screened to meet the following criteria (Hu et al., 2022; Koch 

et al., 2007): (1) formulae with an odd number of nitrogen atoms had an even nominal 

m/z, while formulae with an even number of nitrogen atoms had an odd nominal m/z; 

(2) the number of hydrogen atoms was at least 1/3 of carbon but not exceed 2C + N + 

                  



2; (3) the number of nitrogen or oxygen atoms could not exceed the number of carbon 

atoms; (4) the ratio of O/C was set to 0–1, H/C ≥ 0.3, N/C ≤ 1, and double bond 

equivalents (DBE) ≥ 0. 

The assigned molecules were classified into eight compound classes based on van 

Krevelen diagrams (Kim et al., 2003), which were lipids (O/C = 0–0.3, H/C = 1.5–2.0), 

proteins (O/C = 0.3–0.55, H/C = 1.5–2.2, N/C ≥ 0.05), amino sugars (O/C = 0.55–0.67, 

H/C = 1.5–2.2, N/C ≥ 0.05), carbohydrates (Carb; O/C = 0.67–1.1, H/C = 1.5–2.0), 

unsaturated hydrocarbons (UnsatHC; O/C = 0–0.1, H/C = 0.7–1.5), lignin (O/C = 0.1–

0.67, H/C = 0.7–1.5), tannin (O/C = 0.67–1.1, H/C = 0.5–1.5) and condensed aromatics 

(ConHC; O/C = 0–0.67, H/C = 0.2–0.7). 

 

2.3. Physiochemical, climatic and watershed variables 

The physiochemical properties of each sample were examined by WHONDRS 

consortium. Briefly, for waters, total nitrogen (TN) and dissolved inorganic carbon 

(DIC) were measured as detailed in Toyoda et al. (2020). For sediments, total organic 

carbon content, total nitrogen content, and grain size distribution from the < 2 

millimeter fraction of sediment were measured as shown in Goldman et al. (2020). 

Moreover, water temperature at 50% depth and pH values were measured at each 

sampling site. More detailed information about WHONDRS and the methods used are 

available at https://whondrs.pnnl.gov. We obtained climatic variables, namely, MAT 

and MAP of sampling sites from the WorldClim version 2 database with ~1 km 

resolution (Fick and Hijmans, 2017), which is available at https://www.worldclim.org/. 

We collected 13 watershed characteristics that were related to watershed area, 

nine land cover types, and three soil textures within a catchment. Watershed boundaries 

and area were calculated using ArcMap v10.2. Land cover data with 30 m resolution 

were obtained from the Finer Resolution Observation and Monitoring of Global Land 

Cover (FROM-GLC) (http://data.starcloud.pcl.ac.cn/) (Li et al., 2017), which includes 

ten land cover types: cropland, forest, grassland, shrubland, wetland, water body, tundra, 

                  



impervious area, bare land, snow and ice. Note that tundra was not considered here, as 

less than 8% of catchments contain this land cover type. The percentage of each land 

cover type within a catchment was calculated in ArcMap v10.2. Soil texture, including 

soil sand fraction, soil clay fraction, and soil silt fraction, was extracted from the 

Harmonized World Soil Database v1.2 with ~1 km resolution (Fischer et al., 2008), 

which is available from the Food and Agriculture Organization of the United Nations 

(FAO) soils portal (https://www.fao.org/soils-portal/soil-survey/soil-maps-and-

databases/harmonized-world-soil-database-v12/en/). 

 

2.4. Statistical analyses 

To understand the geographical patterns of DOM, we considered two aspects of 

chemodiversity: molecular richness and molecular composition. For molecular richness, 

we used linear models to explore the relationships between richness and latitude or 

elevation. We examined the differences in molecular richness between waters and 

sediments using Wilcoxon rank-sum test (Legendre and Legendre, 2012). For 

molecular composition, we quantified the variations along geospatial distances using a 

distance-based approach (Soininen et al., 2007; Tuomisto and Ruokolainen, 2006). 

Briefly, we examined the distance-decay relationships using least-squares linear 

regression models by considering Bray-Curtis similarity against the changes in 

geographical distance. Compositional similarity and geographical distance were log-

transformed to fulfill normality criteria, and the significance of the relationships was 

determined using Mantel tests with Pearson correlation by 9,999 permutations 

(Legendre and Legendre, 2012). To visualize the molecular composition of DOM 

between waters and sediments, we performed non-metric multidimensional scaling 

(NMDS) based on Bray-Curtis distance metric (Clarke, 1993). NMDS visually 

represents a set of objects on a predetermined number of axes while preserving the 

inherent ordering relationship between them. The difference in molecular composition 

between waters and sediments was examined by permutational multivariate analysis of 

                  



variance (PERMANOVA) with 999 permutations (Anderson, 2001). We used the first 

axis of non-metric multidimensional scaling for waters and sediments to represent their 

molecular composition. 

To identify the main drivers of DOM molecular richness and composition, we 

performed various statistical methods, such as Pearson correlation (Legendre and 

Legendre, 2012), random forest analysis (Breiman, 2001), and variation partitioning 

analysis (VPA) (Borcard et al., 1992). First, we calculated pairwise Pearson correlation 

coefficients between explanatory variables and molecular richness or composition in 

waters and sediments. We performed log-transformed if the data were not normally 

distributed. Thus, we could identify the explanatory variables significantly associated 

with molecular richness and composition. Second, we used random forest analysis to 

assess the relative importance of each explanatory variable and to identify the primary 

factors predicting molecular richness and composition. We examined explanatory 

variables including geographical, climatic, watershed, and physicochemical variables 

as detailed in Table S1. The relative importance of explanatory variables was 

determined by evaluating the increase of mean square error, which means decrease in 

prediction accuracy, and 2,000 trees were produced using cross-validation (Elith et al., 

2008). Third, we used variation partitioning analysis to quantify the relative 

contributions of different categories of driving factors to DOM molecular richness and 

composition (Borcard et al., 1992). The explanatory variables were grouped by 

geographical, climatic, watershed, and physicochemical variables (Table S1). We 

selected explanatory variables by stepwise regression with Akaike information criterion 

(AIC) (Sakamoto et al., 1986). 

To identify the driving factors of DOM at molecular level, we calculated the 

Spearman rank correlation coefficients between relative peak abundance of individual 

molecules and each explanatory variable (Kellerman et al., 2014; Luo et al., 2022). We 

calculated the mean values of significant positive and negative correlation coefficients 

to quantify the effects of drivers for DOM assemblages. To avoid highlighting spurious 

                  



or weak correlations, we considered only the molecules that were present in at least 20% 

of the samples. To examine the differences in the chemistry of DOM molecules that are 

positively and negatively associated with watershed characteristics, we calculated 16 

molecular traits. These traits included mass, the number of carbon (C) atoms, 

aromaticity index (AI), the modified aromaticity index (AImod), double bond 

equivalents (DBE), double bond equivalents minus oxygen (DBEO), double bond 

equivalents minus aromaticity index (DBEAI), standard Gibb’s Free Energy of carbon 

oxidation (GFE), Kendrick Defect (kdefectCH2), nominal oxidation state of carbon 

(NOSC), Ymet: carbon use efficiency, H/C ratio, O/C ratio; N/C ratio, P/C ratio, and S/C 

ratio, detailed in Hu et al. (2022). To reveal the main differences in DOM quality in two 

contrasting land cover types (i.e., forest and impervious area), we performed inter 

sample ranking analysis as described by Herzsprung et al. (2012) and Herzsprung et al. 

(2017). The detailed descriptions can be found in Supplementary Information 1. 

To explore the underlying mechanisms driving the DOM molecular richness and 

composition in waters and sediments, we further used structural equation model (SEM) 

(Grace et al., 2012). Composite variables were generated to account for the combined 

effects of geographical, climatic, watershed, and physicochemical factors. For 

geographical variables, we used principal coordinates of neighborhood matrices 

(PCNM) to represent original spatial distance matrices as a set of orthogonal 

eigenvectors (Borcard and Legendre, 2002). The formulae for calculating the composite 

variables obtained by multiple regression were listed in Table S2. We established an 

initial model that accounted for all underlying causal pathways (Fig. S14), and further 

performed sequential models by dropping nonsignificant paths step by step (Table S3) 

(Hu et al., 2020). We selected the model with the lowest AIC value as the best-fitting 

model (Grace et al., 2010). Thus, we could disentangle the direct and indirect effects of 

explanatory variables on DOM molecular richness and composition via SEM. In 

addition, all variables were Z-score transformed before conducting the SEM to allow 

for meaningful comparison among multiple predictors. 

                  



We performed the statistical analyses in R environment with the packages vegan 

V2.6-4 (Dixon, 2003), BiodiversityR V2.15-2 (Kindt and Coe, 2005), rfPermute V2.5.1 

(Archer, 2016), and lavaan V0.6-15 (Rosseel, 2012). It should be noted that we did not 

include into the above statistical analyses the samples from Norway, which were 

considered as outliers regarding their molecular richness and composition (data not 

shown). 

 

3. Results 

3.1. Geographical patterns of DOM chemodiversity 

In total, we identified 8,718 and 7,204 molecular formulas in water and sediment 

samples, respectively (Fig. S1). This is consistent with the significantly (P < 0.001) 

higher molecular richness in waters than sediments, showing an average of 1,674 ± 440 

and 1,161 ± 348 molecular formulas, respectively (Fig. S2). We also observed more 

unique formulas in waters than sediments, showing 4,628 and 3,114, respectively, and 

4,090 common formulas in both habitats (Fig. S3). 

We further observed that the DOM composition differed in two habitats and had 

a significant separation as shown in the NMDS plot (PERMANOVA, r2 = 0.51, P = 

0.001; Fig. S4). The Bray-Curtis similarity of DOM composition was significantly (P 

< 0.001) higher in waters than sediments with average values of 0.70 and 0.52, 

respectively (Fig. S4). 

We found that there were geographical patterns regarding molecular richness and 

composition across the studied large spatial scales. For molecular richness, there was a 

significantly decreasing latitudinal pattern in sediments (r = -0.24, P < 0.001), but 

nonsignificant in waters (Fig. 2a). The observed decrease in molecular richness with 

increasing latitude was also true for most of compound classes in sediments (Fig. S5). 

The elevational patterns, however, were nonsignificant for the richness in both habitats 

(P > 0.05). For molecular composition, the pairwise Bray-Curtis similarities of DOM 

assemblages significantly (P < 0.05) decreased with larger geographical distances, 

                  



showing significant distance-decay relationships in both waters and sediments (Fig. 2b). 

Similarly, there were significant (P < 0.05) distance-decay relationships for most of 

compound classes in two habitats (Fig. S6). 

 

3.2. Explanatory variables for DOM chemodiversity 

DOM molecular richness and composition in both habitats were associated with 

geographical, climatic, and physicochemical variables (Fig. 3). For molecular richness 

in waters, it decreased significantly (P < 0.05) with MAP and DIC, while increased 

with NPOC and the carbon to nitrogen ratio (C/N) (Figs. 3a, c, S7). The environmental 

factors mentioned above were also confirmed as important predictors of molecular 

richness according to random forest analysis (Fig. 3b). In sediments, molecular richness 

exhibited the strongest negative correlation with NPOC (r = -0.62, P < 0.001; Figs. 3a, 

c), and increased significantly (P < 0.05) with precipitation and temperature (Figs. 3a, 

c, S8). For DOM molecular composition in waters, we found that the first axis of 

NMDS was significantly (P < 0.01) correlated with elevation, water temperature, 

NPOC, and TN (Figs. 3a, c, S9). In sediments, molecular composition (characterized 

by the first axis of NMDS) was strongly correlated with NPOC (r = 0.57, P < 0.001; 

Figs. 3a, c), which was identified as the most important predictor via random forest 

analysis (Fig. 3b). The effects of NPOC on DOM molecular composition were involved 

in the relative abundance of organic carbon compound classes and functional traits (i.e., 

stoichiometric ratios, oxygenation, unsaturation, and bioavailability) at compositional 

level. For instance, the relative abundance of lipids and proteins significantly (P < 0.05) 

increased while lignin and tannin decreased with increasing NPOC in sediments (Fig. 

S11). H/C, N/C, P/C, S/C and DBEO increased while O/C and Ymet decreased with 

increasing NPOC in sediments (Fig. S12). 

Interestingly, DOM molecular richness and composition were further found to be 

closely related to watershed characteristics, including soil texture and land cover within 

the catchment. Specifically, the molecular richness in waters was significantly (P < 

                  



0.001) increased with soil sand fraction and decreased with soil clay fraction (Figs. 3a, 

c, S7). In sediments, the molecular richness was more related to land cover than soil 

texture. For instance, the sediment molecular richness was positively correlated with 

the percentage of forest within the watershed, while negatively correlated with the 

percentage of grassland (Figs. 3a, c, S8). 

We also found that watershed characteristics were strongly associated with the 

DOM composition in waters and sediments, while exhibiting stronger association in the 

former. In waters, DOM composition represented by the first axis of NMDS was 

significantly (P < 0.001) correlated with the percentage of waterbody and impervious 

area (Figs. 3a, c, S9). Consistently, these watershed characteristics gained the most 

importance in predicting DOM composition through the random forest analysis (Fig. 

3b). We further found that watershed factors explained the greatest variation of DOM 

composition in waters by accounting for 22.2% based on the VPA (Fig. S13). In 

sediments, watershed factors were not the most important but non-negligible for 

predicting DOM composition. Specifically, DOM composition represented by the first 

axis of NMDS was significantly (P < 0.001) correlated with the percentage of grassland 

and soil silt fraction (Figs. 3a, c, S10), and watershed factors accounted for 9.6% of the 

variance in molecular composition as revealed by the VPA (Fig. S13). 

To synthesize the above findings, we conducted structural equation model to 

illustrate how watershed factors and other explanatory factors influenced the molecular 

richness and composition of DOM assemblages in waters and sediments (Fig. 4). For 

molecular richness in waters, watershed factors had both direct and indirect effects 

through physicochemical factors (Fig. 4a), and showed a total effect of 0.33 which was 

comparable to the dominant physicochemical effect of 0.35 (Table S4). By contrast, in 

sediments, watershed factors influenced molecular richness only through weak direct 

effects, while no indirect effects via physicochemical factors (Fig. 4c). For DOM 

composition, watershed factors were dominant in explaining the first axis of NMDS of 

water DOM, showing direct and total effects of 0.37 and 0.40, respectively (Fig. 4b, 

                  



Table S4). In sediments, watershed factors had a relatively weak but non-negligible 

direct effect of 0.23, whereas physicochemical factors were the most important with a 

direct effect of 0.59 (Fig. 4d). Furthermore, geographical and climatic factors generally 

exerted indirect or nonsignificant effects on DOM composition in both habitats (Figs. 

4b, d). These results collectively show that watershed factors were important for 

molecular richness and composition in waters, while less important but non-negligible 

in sediments. 

 

3.3. DOM molecular associations with watershed characteristics 

We further elucidated the associations of watershed characteristics with DOM in 

waters and sediments from the perspective of molecular level. Specifically, we 

visualized the significant Spearman rank correlation coefficients between the relative 

abundances of individual molecules and watershed characteristics in van Krevelen 

diagrams, and calculated the mean values of significant positive and negative 

correlation coefficients, respectively (Fig. 5). 

Unexpectedly, watershed characteristics exerted both positive and negative 

associations with DOM molecules, while the relative strength was substantially 

different between waters and sediments. However, we found that in waters, positive 

relationships between watershed characteristics and the relative abundance of DOM 

molecules were dominant (Fig. 5a). For instance, 11 out of 13 watershed characteristics 

had stronger positive than negative correlations, such as the percentages of impervious, 

cropland, and wetland (Fig. S15). Even if we removed the relatively high correlated 

variables such as the percentage of forest, soil clay and silt fraction (Fig. S16), 

watershed characteristics (that is, 8 out of 10) were still dominated by the positive 

correlations with molecular abundance in waters. These findings were further 

confirmed by the fact that 57–89% of watershed characteristics showed stronger 

positive associations for individual compound classes, except for condensed aromatics 

(Fig. S17). In particular, high impervious area was associated with proteins and amino 

                  



sugars, while lignin and tannin were positively correlated with the percentage of forest 

(Figs. 5b, c). Altogether, these results show that watershed factors generally increased 

the relative molecular abundances of specific molecules of DOM assemblages in waters. 

Unexpectedly, we found that more than half of watershed characteristics showed 

stronger negative than positive associations with DOM molecules in sediments (Figs. 

5d, S15). This phenomenon was consistently observed across compound classes, with 

46–69% of watershed characteristics exhibiting stronger negative than positive 

correlations (Fig. S17). For instance, the increase in the percentages of grassland and 

shrubland substantially decreased the abundances of lignin, tannin, and condensed 

aromatics (Figs. 5e, f). Collectively, watershed showed significant but divergent 

associations with DOM molecules between waters and sediments, that is, dominantly 

positive associations in the waters. 

The DOM molecules which were positively and negatively correlated with 

specific watershed characteristics regarding their relative abundances had distinct 

stoichiometric ratios. For instance, the DOM molecules positively correlated with the 

percentage of forest had lower H/C, N/C, and S/C, higher O/C than those with negative 

correlations (Figs. 5c, 6a, c). The DOM molecules positively correlated with the 

percentage of impervious area showed lower O/C, higher H/C, N/C, and S/C compared 

to those with negative correlations (Figs. 5b, 6b, d). These results were consistent with 

other metrics such as mass, AImod, Ymet, NOSC, and DBE, which could reflect the 

bioavailability, oxygenation, and unsaturation of molecules. For instance, the DOM 

molecules positively associated with the percentage of forest showed higher mass, 

AImod, and DBE than the molecules with negative associations (Figs. 6, S20). In contrast, 

the molecules positively correlated with the percentage of impervious area had lower 

mass, NOSC, and AImod, and higher Ymet than those with negative correlations (Figs. 6, 

S20). Collectively, natural (e.g., forests) and human-modified (e.g., impervious area) 

land covers within the watershed contributed to the differences in the chemistry of 

DOM molecules. 

                  



4. Discussion 

The chemodiversity of riverine DOM exhibits considerable variability at broad 

spatial scales and is influenced by various factors. Here, we elucidated the geographical 

patterns and environmental correlates of molecular richness and composition of DOM 

assemblages for 279 surface water and 272 sediment samples across 97 broadly 

distributed rivers using the ultrahigh-resolution FT-ICR MS dataset from the 

WHONDRS consortium (Goldman et al., 2020; Stegen and Goldman, 2018; Toyoda et 

al., 2020). We found that DOM molecular richness decreased towards higher latitudes, 

but only in sediments. We further illustrated the power of watershed characteristics in 

explaining the chemodiversity of riverine DOM, which has rarely been considered at 

large spatial scales in previous studies. Examining patterns in molecular abundances 

also revealed that the chemistry of molecules that increase with specific watershed 

characteristics is distinct from the chemistry of molecules that decrease with those same 

watershed characteristics. 

 

4.1. DOM molecular richness and composition are spatially structured 

DOM molecular richness significantly decreased towards higher latitudes in 

sediments, while showed nonsignificant latitudinal patterns in waters (Fig. 2a). To our 

knowledge, few studies reported the geographical patterns of riverine DOM especially 

for these two habitats at continental-scale. One study that has examined large-scale 

spatial patterns found a shift in DOM chemical properties between eastern and western 

parts of the United States, but formal spatial analyses were not conducted (Garayburu-

Caruso et al., 2020). Our results are also partly consistent with patterns in sediment 

DOM from coastal wetlands in China, where molecular diversity decreases with 

latitude (Li et al., 2022). In marine environments, however, there is no systematic 

pattern of molecular richness across water depths or latitudes in the Southern or Atlantic 

Oceans (Mentges et al., 2017). Additional work will be needed across additional regions 

and ecosystem types to determine if the latitudinal patterns seen here and in Li et al. 

                  



(2022) can be generalized. If general patterns emerge, knowledge of the governing 

mechanisms could be useful for predicting future organic matter patterns and dynamics. 

Despite divergence in the absence vs. presence of latitudinal patterns for water vs. 

sediment DOM molecular richness, there were distance-decay relationships for the 

DOM in both waters and sediments (Fig. 2b). That is, the larger geographical distances 

between two samples, the lower similarity in molecular composition. Thus, DOM 

molecular composition also follows the first law of geography (Tobler, 1970), similar 

to biological communities that show decreased similarity with increasing geographical 

distance across rivers, lakes, and soils (Nekola and White, 1999; Wang et al., 2013). 

The above results generally indicate that the DOM at nearby sites share more similar 

molecular compositions which may be shaped by similar environments (e.g., climate, 

land cover, physicochemical properties). Moreover, we found that the distance-decay 

relationship had a steeper slope in sediments than in waters, which indicates that the 

similarity of DOM molecular composition decreased more rapidly with larger 

geographical distances in sediments. This phenomenon could be explained by the 

greater spatial heterogeneity of sediments than riverine surface waters, as evidenced by 

the fact that compared to waters, sediments are further affected by geological effects 

like parent rock and weathering (Hu et al., 2020), in addition to watershed land covers 

and climate. 

We would like to note that most samples were from North America, but the 

inclusion of the samples from other regions (i.e., Europe and Asia) did not affect our 

main conclusion. For instance, DOM molecular richness showed also decreasing 

latitudinal pattern in sediments and not in waters if only samples from North America 

were considered (Fig. S23). Similarly, there were significant distance-decay 

relationships for the molecular composition in sediments and waters without samples 

from other regions (Fig. S24). 

 

 

                  



4.2. Watershed characteristics have significant explanatory power for DOM 

chemodiversity 

Together, our findings indicate that the molecular diversity and composition of 

riverine DOM assemblages in two habitats were associated with geo-climate and 

physiochemical conditions, consistent with previous work (Kellerman et al., 2014; Li 

et al., 2022; Roth et al., 2013). However, our study indicates greater effects of watershed 

characteristics than previously recognized. Watershed characteristics had direct effects 

on molecular diversity and composition in both waters and sediments, especially the 

dominant effects on molecular composition in waters (Fig. 4). The strong linkages 

between watershed characteristics and DOM chemodiversity have also been reported 

at a recent basin-scale work, which showed water DOM chemodiversity of Yakima 

River increases with increasing watershed area and varies with land covers (Danczak 

et al., 2023). The transferability of site-level results to large spatial scales is currently 

unknown, but our continental-scale analysis suggests that relationships between DOM 

chemodiversity and watershed characteristics may be common. The understanding of 

the main drivers especially the watershed characteristics could help us to predict the 

chemodiversity of riverine DOM at broad spatial scales. This is largely because direct 

sampling may be challenging or impossible in remote or inaccessible regions. The 

predictive model has the potential to acquire the temporal variation of DOM 

chemodiversity in the past or future by inputting watershed variables like land use 

changes. 

Watershed characteristics have greater explanatory power to DOM 

chemodiversity of waters than sediments. Watershed characteristics explained 14.7% 

and 22.2% of the variance in molecular richness and composition in water DOM, 

respectively, while they explained only 4.9% and 9.6% in sediment DOM (Fig. S13). 

These are supported by the correlation between watershed characteristics and DOM 

molecular abundance, which was generally stronger in waters than in sediments. 

Moreover, the average values of correlation coefficients for positive correlation were 

                  



generally higher than for negative correlation within water habitats (Figs. 5a, d). Such 

relationships likely reflect the fact that water DOM assemblages are the result of 

integrated signature across the upstream catchment. Surface runoff carries 

allochthonous DOM within the watershed into rivers, including DOM originating from 

human activities and natural production, such as the disinfection by-products, 

combustion-derived black carbon, and lignin-like compounds derived from plant debris 

(Ding et al., 2020; Riedel et al., 2016). These terrestrial DOM, especially chromophoric 

DOM (e.g., macromolecular aromatics), are sensitive to light and could be degraded to 

smaller compounds during the DOM transport along the river corridor (Hu et al., 2023). 

Our results also show that in waters, molecules sensitive to photo-degradation like 

C20H16O14, C18H16O14, and C19H16O14 were significantly positively correlated with the 

percentage of forest (Spearman’s rho ≥ 0.37; Fig. 5c, Table S6), indicating the direct 

influence of land cover on riverine DOM. 

In sediments, organic matter transformations are decoupled from those in waters 

(Stegen et al., 2022). Compared to DOM assemblages in waters, sediment DOM is more 

strongly influenced by nearby abiotic or biotic processes, such as mineral absorption 

and microbial transformation, rather than the watershed characteristics. For instance, 

carboxylic-containing and polyphenolic compounds are preferentially adsorbed by 

minerals (e.g., iron oxides) and buried in sediments, while unsaturated aliphatic 

compounds prefer to remain in waters (Sowers et al., 2019). The fractionation of DOM 

caused by selected adsorption led to the difference in DOM molecular composition 

between waters and sediments. In addition, compared with waters, sediments are more 

heterogeneous and can provide more microhabitats for microorganisms. The high 

microbial diversity of sediments could enhance transformation of DOM, such as the 

utilization and resynthesis of protein and amino acids (Danczak et al., 2021; Stegen et 

al., 2018), as well as the recalcitrant compounds (e.g., C10H10O6, C10H10O7, and 

C11H12O7) (Hertkorn et al., 2006). These abiotic and biotic factors could collectively 

outweigh the influence of watershed characteristics (e.g., land cover) on sediment DOM 

                  



chemodiversity. 

The quantity and quality of organic carbon changes synergistically in sediment 

habitats, as evidenced by the fact that NPOC was the dominant predictor of DOM 

molecular composition (Fig. 3). Higher organic carbon content in sediments was 

accompanied by higher abundance of lipids and proteins, higher bioavailability (larger 

H/C and lower Ymet), as well as higher number of heteroatoms such as N, P, and S (Figs. 

S11, S12). These links contribute to the potential of carbon decomposition and 

greenhouse gas emissions with higher organic carbon content (Stegen et al., 2023), and 

may have detrimental impacts on the riverine water quality, such as eutrophication and 

odour problems (Paul, 2008). Given the weak influence of watershed characteristics on 

molecular composition of sediments, the mechanism of organic carbon turnover in 

sediments and riverine ecosystem functioning should be further investigated in depth. 

 

4.3. Distinct characteristics between DOM molecules positively correlated to 

natural and human-modified land cover 

To gain further insights into mechanisms of watershed characteristics, especially 

land cover, we evaluated how the DOM chemistry of individual formulas was 

associated with the direction of correlations between peak intensity and land cover 

conditions. While this analysis was done for both water and sediment DOM and across 

a broad range of environmental variables (Figs. 5a, d), we focus here on relationships 

for water DOM. This is because DOM chemodiversity was more strongly associated 

with watershed characteristics in waters than sediments. We also focus on the 

percentages of forest and impervious area as two contrasting land cover types to reflect 

natural and human-associated processes. 

The molecules positively correlated with the percentage of forest were dominated 

by lignin-like (43.0%), condensed aromatics (32.2%), and tannin-like (22.5%) 

compounds, while the negatively correlated molecules had higher proportion of 

aliphatic compounds (28.5%, 1.5 ≤ H/C ≤ 2.0; Table S8). This is consistent with the 

                  



inter sample ranking analysis that DOM molecules within the top 50 inter sample ranks 

(relatively high peak intensities) were dominated by lignin-like and oxygen-rich tannin-

like compounds in forest-dominated watersheds (Fig. S22). The molecules positively 

correlated with the percentage of forest had lower H/C (< 1.5), higher AImod, molecular 

weight (most molecules > 400 Da), and degree of unsaturation (higher DBE) than the 

molecules with negative correlations (Figs. 5c, 6a, S20), indicating that upstream 

catchments with more forest cover may contribute to DOM which is relatively 

biological inertia and has high reactivity related to photo-degradation (D'Andrilli et al., 

2015; Riedel et al., 2016; Zhou et al., 2021). For instance, known photo-degraded 

components, such as C18H16O14 and C19H16O14 (Herzsprung et al., 2023), had relatively 

high peak intensities (inter sample ranks in the top 80) in forest-dominated watersheds 

(Supplementary Information 2). 

The molecules positively correlated with the percentage of impervious area 

displayed higher proportion of aliphatic compounds (23.5%) than the molecules with 

negative correlations (0.8%, Table S7). These positively correlated molecules showed 

lower molecular weight (most molecules < 400 Da), AImod, and oxygenation (indicated 

by lower NOSC and O/C), higher H/C and N-content (indicated by higher N/C) (Figs. 

5b, 6b, S20), and are considered to be more bioavailable and less photo-degradable (Hu 

et al., 2022; Li et al., 2023). In the watersheds with the percentage of impervious area 

greater than 25%, van Krevelen diagrams derived from inter sample rankings analysis 

(Fig. S21) showed similar patterns to the van Krevelen diagrams derived from 

Spearman rank correlations between molecular relative abundances and impervious 

area. Specifically, in the above watersheds, the molecules that positively correlated with 

impervious area were dominated by the top 100 inter sample ranks. Taken together, the 

above results indicate that shifts in land cover from natural (e.g., forests) to human-

modified (e.g., impervious area) are associated with systematic changes in DOM 

quantity and quality, i.e., a shift in DOM from biologically inert and photosensitive to 

bioavailable and photo-insensitive. 

                  



5. Conclusions 

Our study reveals the geographical patterns of DOM molecular diversity and 

composition in riverine systems at a large spatial scale, and provides new insights into 

the driving forces of chemodiversity in waters and sediments. Molecular richness 

showed decreasing latitudinal pattern only in sediments. Molecular composition 

showed significant distance-decay relationships in both waters and sediments. We 

emphasized that the connections between DOM chemodiversity and watershed 

characteristics were stronger in waters than in sediments. This indicates that DOM 

chemodiversity in waters is governed by environmental processes that are distinct from 

that in sediments. Furthermore, the systematic nature of patterns shown between DOM 

molecules and natural or human-modified landscapes emerged from data spanning 

broad geographical and environmental conditions. This indicates that there may be 

globally coherent linkages between land cover and numerous river water regarding 

DOM properties such as molecular stoichiometries, thermodynamic properties, and 

structural elements. This is remarkable given the uncontrolled nature of field sampling 

scheme, whereby no attempts were made to focus on land cover gradients while 

controlling for confounding variables that could diminish otherwise strong connections 

between land cover and DOM chemistry. We suggest that especially for water DOM, 

watershed characteristics could be used to predict highly detailed properties of DOM 

chemistry. If true, such predictions could be used to drive by mechanistic models aimed 

at predicting river corridor biogeochemical function via explicit representation of DOM 

chemistry. Our work provides a key step towards generating global predictions of 

riverine DOM chemical properties and contributes to better predictions of future 

patterns/dynamics of riverine carbon and nutrient cycling. 
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Figure legends 

 

Fig. 1. Map of sampling sites in 97 global rivers. Sampling sites covered eight 

countries across North America, Europe, and Asia. Thick black lines denote the 

watershed boundaries of each sampling site. The categories of land cover are indicated 

in different colors. 

  

                  



 

 

Fig. 2. Geographical patterns of DOM chemodiversity in waters and sediments. 

(a) Variations of molecular richness with latitude and elevation. Lines denote the least-

squares linear regression across all water or sediment samples. Pearson correlation 

coefficients are listed in panels. Solid and dotted lines indicate statistically significant 

(P < 0.001) and nonsignificant (P > 0.05) relationships, respectively. The shadow area 

represents 95% confidence intervals. (b) Relationships between DOM molecular 

similarity based on Bray-Curtis metric (log10(X)) and geographical distance (log10(X + 

1)). Solid lines indicate statistically significant (P < 0.05) based on Mantel tests 

(Pearson’s correlation) with 9,999 permutations. 

  

                  



 

 

 

Fig. 3. Explanatory variables for DOM chemodiversity in waters and sediments. 

(a) Heatmap of Pearson correlation between DOM molecular richness or composition 

and explanatory variables. DOM composition is represented by the first axis of NMDS. 

(b) Major predictors of DOM molecular richness and composition. Increase of mean 

square error (MSE) of each predictive variable are acquired using random forest 

analysis. The predictive variables are grouped by geographical, climatic, watershed, 

and physicochemical variables with different colors. The asterisks denote the 

significance levels. ***P < 0.001, **P < 0.01, *P < 0.05. (c) Relationships between 

DOM molecular richness or composition and explanatory variables. Solid and dotted 

lines indicate statistically significant (P < 0.05) and nonsignificant (P > 0.05) 

relationships, respectively. Pearson correlation coefficient is shown in each panel. MAT: 

mean annual temperature. MAP: mean annual precipitation. Area: watershed area. 

Temp: water temperature. NPOC: non-purgeable organic carbon. TN: total nitrogen. 

DIC: dissolved inorganic carbon. 

  

                  



 

 

Fig. 4. Structural equation models of DOM molecular richness and composition. 

Direct and indirect associations of geographical, climatic, watershed, and 

physicochemical factors with molecular richness and composition in waters (a, b) and 

sediments (c, d). Formulas to calculate composite variables are described in detail in 

Table S2. Model fit statistics and best-fitting model derivation process are summarized 

in Table S3. Black arrows indicate statistically significant (***P < 0.001, **P < 0.01, 

*P < 0.05) relationships. Numbers near the arrows represent standardized path 

coefficients, and arrow width is proportional to path coefficients. R2 denotes the 

proportion of variance explained for endogenous variables. 

  

                  



 

 

Fig. 5. Correlations between DOM molecules and explanatory variables. Mean 

significant (P < 0.05) Spearman rank correlation coefficients of DOM molecules with 

each explanatory variable in waters (a) and sediments (d). The dotted lines denote the 

1:1. Significant (P < 0.05) Spearman rank correlation coefficients of individual 

molecules with the percentages of impervious area (b) and forest (c) in waters, and with 

the percentages of grassland (e) and shrubland (f) in sediments. The color indicates the 

direction and strength of the correlation, with positive in red and negative in blue. The 

shape indicates the element combination of DOM molecules: CHO (circle), CHNO 

(square), CHOS (triangle), and others (rhombus). The dot size is proportional to 

molecular mass. The dotted lines separating compound classes on van Krevelen 

diagrams are for visualization only. Other van Krevelen diagrams of correlations 

between DOM molecules and watershed characteristics could be found in Figs. S18 and 

S19. MAT: mean annual temperature. MAP: mean annual precipitation. Area: 

watershed area. Temp: water temperature. NPOC: non-purgeable organic carbon. TN: 

total nitrogen. DIC: dissolved inorganic carbon. Carb: carbohydrates. UnsatHC: 

unsaturated hydrocarbons. ConHC: condensed aromatics. 

  

                  



 

 

Fig. 6. Molecular traits of positively and negatively correlated molecular 

formulae with natural and human-modified land cover in waters (a, b) and sediments 

(c, d). The data are standardized to zero mean and unit variance. The t-test revealed that 

the means for all the traits within-pairs were significantly different (P < 0.05), except 

for traits of P/C in panel (a), AI in panel (b), N/C, Ymet, AI in panel (c), P/C, N/C, AImod 

in panel (d). kdefectCH2: Kendrick Defect. DBE: double bond equivalents. Mass: mass 

of DOM molecules. C: the number of carbon atoms. AImod: the modified aromaticity 

index. NOSC: nominal oxidation state of carbon. DBEAI: double bond equivalents 

minus aromaticity index. DBEO: double bond equivalents minus oxygen. AI: 

aromaticity index. O/C: O/C ratio. P/C: P/C ratio. N/C: N/C ratio. S/C: S/C ratio. GFE: 

standard Gibb’s Free Energy of carbon oxidation. Ymet: carbon use efficiency. H/C: H/C 

ratio. 
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