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Abstract

Dissolved organic matter (DOM) represents the largest pool of reactive carbon on
the Earth and plays a crucial role in various biogeochemical processes and ecosystem
functions. However, it is understudied for a global understanding of DOM molecular
properties such as molecular weight, stoichiometry, and oxidation state, and the
linkages among them across Earth systems. Here, a meta-analysis of 2,707 sites in 204
literatures was conducted by synthesizing four representative molecular properties of
DOM, i.e., mass, double bond equivalent (DBE), modified aromaticity index (Almod),
and nominal oxidation state of carbon (NOSC). By exploring H/C and O/C ratios, we
examined the relationships among these DOM properties across waters and land
systems, and their geographical patterns and environmental drivers. We found that,
compared to land system, the mass, DBE, and Almod were all significantly higher in
water systems, with river sediments exhibiting the highest values. DOM oxidation state
indicated by NOSC was greater on average in wastewater (NOSC = 0.226 + 0.06) and
marine water (NOSC = 0.133 £ 0.06) than in other habitats. Compared to waters, the
mass in land system showed more strongly positive correlations with oxidation states

such as NOSC and O/C, and the NOSC showed stronger relations to bioavailability
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properties such as DBE, Almod, and H/C. Among all the properties, H/C and Almod
contributed to the most variations in global DOM properties. In waters, NOSC
monotonically increased towards high latitudes, while DBE and Almod showed
significant hump-shaped patterns indicating peaked unsaturation and aromaticity at
mid-latitudes of approximately 30°-50°. The variations in DOM properties were
significantly correlated with environmental factors such as annual mean temperature
and pH. Collectively, we revealed the spatial distribution and environmental drivers of
DOM molecular properties across Earth ecosystems, which could shed light on our

comprehensive understanding of DOM characteristics and its dynamics.
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Highlights

1.
2.

DOM mass, DBE, and Almod Were significantly higher in the waters than the land.

Across the habitats, the mass, DBE, and Almod Were largest in river sediment, and
the NOSC was largest in wastewater.

Compared to waters, mass showed more strongly positive correlations with
oxidation states such as NOSC and O/C in the land system, and NOSC showed
stronger correlations with bioavailability properties such as DBE, Almod, and H/C.

The H/C and Almod dominantly controlled for DOM properties, while the mass was
less influenced in waters.

In the waters, NOSC linearly increased along latitude gradients, while DBE and
Almod showed significant hump-shaped patterns, and Almod linearly decreased along
latitude gradients in the land.

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

properties.
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Introduction

Dissolved organic matter (DOM) plays a crucial role in the global carbon cycle
and participates in multiple physical, chemical, and biological processes across Earth
systems (Schmidt et al. 2011, Dittmar and Stubbins 2014). The global DOM pool
contains carbon, nitrogen, phosphorus, and elements essential to life (Creed et al. 2018,
Kellerman et al. 2018). Marine DOM represents the largest reduced carbon reservoir
(~662 Pg C) in the oceans and covers about 96% of the ocean's total organic carbon
(Hansell et al. 2009, Wagner et al. 2020). Inland water is the recipient of approximately
5.1 Pg C year™ terrigenous carbon (Drake et al. 2017). Lake and river-derived DOM
conversion releases 2.1 Pg C year™ as COz into the atmosphere (Raymond et al. 2013,
Moody 2020). The contributions of DOM properties to the global carbon cycle’s
processes have been extensively explored by focusing on one or a few ecosystems, such
as glaciers (Singer et al. 2012, Wadham et al. 2019, Nagar et al. 2021), oceans (Jiao et
al. 2010, Dittmar et al. 2021), inland water (Catal&n et al. 2016, Begum et al. 2023),
terrestrial soil (Schmidt et al. 2011, Kleber et al. 2021, Speetjens et al. 2022). However,
the properties of DOM molecules and the drivers that control their recalcitrance and
bioavailability remain poorly understudied across global scales.

DOM molecular indices have been developed to evaluate the bioavailability state
of DOM such as mass, DBE, Almod, NOSC, H/C, and O/C (Kim et al. 2003, Koch and
Dittmar 2006, LaRowe and VVan Cappellen 2011, Koch and Dittmar 2016) using Fourier
transform ion cyclotron resonance mass spectrometry (FT-ICR MS). These indices can
reflect molecule composition and biogeochemical reactions of DOM (Koch and
Dittmar 2006, Cai and Jiao 2023). Mass, DBE, Almod, and H/C ratio are generally
relevant to recalcitrance of DOM molecules; a higher mass, DBE, and Almod at the
compositional level reflects more recalcitrant state in the DOM assemblage (Medeiros
et al. 2015, Hildebrand et al. 2022, Zherebker et al. 2022). Based on molecular lability
of organic matter, the environments generally ranked from most to least as glacial >
marine > freshwater (D'Andrilli et al. 2015). NOSC and O/C ratio are relevant to
oxidation state of DOM molecules (LaRowe and VVan Cappellen 2011, Laszakovits and

MacKay 2022), and NOSC could be also treated as a thermodynamic threshold to
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determine the decomposition of compounds (Boye et al. 2017, Bahureksa et al. 2021).
Higher NOSC generally represents higher condensed hydrocarbons, lignin-like, and
tannin-like compounds in DOM assemblages (Pracht et al. 2018). DOM properties are
strongly depended on the original source and environmental conditions (Catalan et al.
2016, Ward and Cory 2016, Ward et al. 2017, Zark and Dittmar 2018), as well as on its
susceptibility to microbial and abiotic transformations (Stegen et al. 2018, D’ Andrilli
et al. 2019, Hu et al. 2022a). For example, acidity enhancement causes an increase in
the abundance of oxidized unsaturated compounds (e.g., aromatics and carboxylic-rich
alicyclic molecules) (DiDonato et al. 2016, Zherebker et al. 2020). DOM properties are
also largely controlled by climatic factors and extreme climate. For instance, the
abundances of polyphenol, nitrogen-containing, and unsaturated oxygenated
compounds are higher in the regions increasing in mean annual temperature and
precipitation (Roth et al. 2013, Kellerman et al. 2014), and the organic matter
concentrations and aromatic compounds abundance could be reduced in dry conditions
(Szkokan-Emilson et al. 2017, Butturini et al. 2022). A recent global DOM meta-
analysis indicates that there could be predictable spatial patterns of H/C and O/C ratios
across Earth systems, and reveals the importance linkages between these two ratios and
environmental conditions or extreme climates (Hu et al. 2024a). However, the other
DOM properties such as mass, DBE, Almod, and NOSC are left understudied across
various systems for a global scale.

Here, we compiled three categories of compositional-level chemical properties of
DOM derived from 2,707 sites reported in 204 studies during 2003 - 2022 (Fig. 1, and
Table S1). The properties included 1) sizes of molecules such as mass, 2) bioavailability
such as DBE, Almod, and H/C, and 3) oxidation states such as NOSC and O/C. The
datasets were mainly consisted of waters and land systems, and these habitats spanned
ocean, river, lake, reservoir, engineered water, peatland, and soil. We aimed to
characterize the global properties of DOM molecular indices. Specifically, we showed
the distribution of DOM indices across Earth systems and the relationships among

DOM indices as well as along latitudinal patterns, and illustrated the potential effects
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of environmental variables on DOM traits. Our results provide fundamental insights to

better understand the overall processes of the global carbon cycling.

Materials and Methods
Data collection

We utilized the following keywords: "organic matter" AND "FT-ICR MS" AND
"van Krevelen" to search for papers using the Google Scholar Database
(http://scholar.google.com) and Web of Science (Core  Collection;
http://www.webofknowledge.com)up to the end of June 2022. We extracted studies
based on the following criteria: (1) Weighted means of the H/C ratio, O/C ratio, mass,
DBE, Alnod (Koch and Dittmar 2006) and NOSC (LaRowe and Van Cappellen 2011)
formula-based characteristics were calculated as the sum of the product of the
individual information and relative intensity divided by the sum of all intensities. The
H/C ratio, DBE, and Almod represent the saturation level of a molecule, whereas the O/C
ratio and NOSC mainly represent the carbon oxidation state (Butturini et al. 2020). (2)
There are raw FT-ICR MS data accessible, from which the molecular compositional-
level parameters could be calculated. but only the DOM data with an electrospray
ionization source in negative conditions for subsequent analysis. (3) They focused on
the dissolved organic matter data in the natural ecosystems.

Following these criteria, a total of 2,707 samples from 204 articles, the range of
MAT and MAP are mainly concentrated in 5-15°C and 1500 mm, respectively (Fig. 1;
Table S1). A database was designed to provide a comprehensive sampling of different
systems and habitat types. We considered about 84% database of the database only
those ESI sources in negative mode that had been measured to be relevant for statistical
analysis. 15 environmental variables were collected for subsequent analysis. In addition,
to explore major drivers of DOM properties at a global scale, we extracted bioclimatic
variables based on latitude, longitude, and elevation from the WorldClim database

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

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

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


https://www.worldclim.org/
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Statistical analysis

The pairwise comparison between water and land was analyzed by using the
Wilcoxon test. Principal components were calculated by the six indices matrix of the
water and land. The principal component analysis (PCA) to simplify the interpretation
of principal components across different ecosystems by maximizing/minimizing the
relevance between molecular indices and component axes. These analyses were
conducted by R package stats V4.3.1. The Spearman analyses using the Hmisc (V 5.1.0)
package in R were used to analyze the correlation among DOM molecular indices.

To explore correlation and latitudinal patterns of molecular indices across
ecosystems, we utilized more suitable linear or quadratic model according to the lower
value of Akaike’s information criterion (Yamaoka et al. 1978). To deal with the
limitation of incomplete dataset, we used the Euclidean distance as a dissimilarity index
with the pcoa function in the vegan R package. We calculated DOM molecular indices
in the waters to convert first and second principal co-ordinates component. To reduce
collinearity among variables, we reduced the primary set of 36 drivers to 15 with
variation inflation factor (VIF) below 5. This final set contained 10 variables database,
such as latitude, elevation, BIO1, BIO2, BIO8, BIO9, BIO15, BIO18, BIO19, and pH.
Then, we evaluate the relative importance of variables to DOM properties in waters
using random forest analysis with the randomForest package V4.7-1.1 (Breiman 2001).
The number of trees utilized in the random forest analysis was set as 500. According to
above analyses, the impact of individual environmental variables on molecular indices
in waters were further assessed by linear mixed-effects models (Galecki and
Burzykowski 2013). We utilized literature identity as random factor and evaluated
model significance by omnibus test (Nakagawa et al. 2013). Linear mixed-effects

models were analyzed with R package Ime4 V1.1.28.

Results
DOM properties across systems and habitats

The mass size and bioavailability properties (e.g., DBE and Almod) of DOM in the
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water system had higher values than in the land system, with mean values of mass-to-
charge ratio m/z = 425, DBE = 10, and Almnoa = 0.36, respectively (Fig. 2a, and Table
S2). For the individual habitats of waters, the mass, DBE and Almod values were highest
in river sediment, with mean values of 447, 12, and 0.46, respectively, while were lower
in wastewater, stream water and pond water than all the other habitats (Fig. 2b, and
Table S3). The oxidation states of DOM, i.e. NOSC, varied from the highest to the
lowest generally as wastewater > marine > freshwater in the habitats of waters, with the
lowest average values in river sediment. For the land habitats, the mass, Almod, and
NOSC showed the significantly (P < 0.05) lower values in peatland than in forest soil,
and the DBE and Alnod showed the largest values in cropland compared to other soil

types (Figs. 2, S1).

The relationships among DOM properties

There were generally significant correlations within and between the three
categories of chemical properties of DOM, and these correlations also depended on
systems and habitats. Specifically, within the property categories, the DBE and Almod
showed highly negative correlation with H/C, and the NOSC showed positive
correlation with O/C in both systems, with higher correlations in the waters than land
(Fig. 3). There is one exception to the relationship between NOSC and O/C in marine
water, that is negative correlation with R? of 0.11 (P < 0.05) (Fig. 3a). In between the
property categories, the mass strongly correlated with the bioavailability, with the
positive correlations with DBE in both systems and the negative correlation with H/C
especially in the land system. The mass also showed strongly positive correlations with
the oxidation state properties of NOSC (Spearman p = 0.45) and O/C (Spearman p =
0.46) in the land system, but weak correlations in the waters. The bioavailability
properties (i.e., DBE, Almod, and H/C) strongly correlated with NOSC in the land than
in the waters, while they had relatively stronger correlations with O/C in the waters than

in the land system.

Variations of DOM properties across systems and habitats
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To identify the main indices contributed to variation in DOM properties, we
applied the principal component analysis (PCA) of mass, DBE, Almod, NOSC, H/C, and
O/C (Fig. 4; Fig. S2). Among all DOM samples, we found a clear separation of DOM
properties between waters and land systems, and these differences were significant in
the first two axes of principal component (Fig. 4c). The first principal component (PC1)
accounted for 45% of variation in DOM properties, and had loadings of -0.59, 0.46, and
0.58 for H/C, DBE, and Almod, respectively (Fig. S2). This indicates that the first
principal component could be interpreted as a dimension of bioavailability. The second
principal component (PC2) accounted for 31% of variation in DOM properties, and had
loadings of 0.62 and 0.70 for NOSC and O/C, respectively (Fig. S2). This indicates that
the second principal component can be interpreted as an oxidation state dimension. For
the mass, there were minor loadings in the both principal components, and few
contributions to the variation in DOM properties.

Notably, the variations of DOM indices from waters were similarly to those from
land (Fig. 4a, c¢). The PC1 and PC2 explained approximately 46% and 30% of the
variance in waters, respectively (Fig. 4a). The DOM properties showed that the loadings
of -0.59, 0.43, and 0.57 for H/C, DBE, and Alnod were distributed along PC1, and the
loadings of -0.17, 0.71, and 0.56 for mass, O/C, and NOSC were distributed along PC2
(Fig. S2). DOM properties also occurred in specific habitats such as riverine, lake water,
and reservoir water; H/C, Almod, and NOSC generally had lager loadings along PCl1
scores, whereas mass and O/C had major contribution to the variation along PC2 scores
(Fig. 4d). The main variations of DOM indices in river sediment generally showed
significantly differences relative to river water, lake water, and reservoir water, but were
similar to land system (Fig. 4b, d). However, the variations of DOM indices from land
distributed distinctly from waters. The PC1 and PC2 accounted for 46% and 34% of the
variance in land, respectively (Fig. 4a). The DOM properties showed that the loadings
of 0.56 and 0.03 for H/C and mass had positive PC1 scores, whereas the loadings of -
0.37,-0.44, -0.26, and -0.53 for DBE, Almod, O/C, and NOSC had negative PC1 scores
(Fig. 4b; Fig. S2). The DOM properties were also reported in forest soil (Fig. 4d).
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Latitudinal patterns of DOM properties across systems and habitats

The DOM properties of mass, DBE, Almod, and NOSC generally showed
predictable latitudinal patterns across systems and habitats (Fig. 5). In the waters, the
DBE (R? = 0.54, P < 0.001) and Almoa (R? = 0.077, P < 0.001) showed a significant
hump-shaped pattern, with the highest values were observed in the latitudes of absolute
30° - 50° (Fig. 5a). The NOSC (R?> = 0.019, P < 0.001) was significantly and
monotonically increased along latitudinal gradients (Fig. 5a). These latitudinal patterns
also showed in specific habitats especially oceans, river water, and reservoir water (Fig.
5b). For example, the DBE, Alnod, and NOSC showed strongly hump-shaped pattern in
the river water (Fig. 5b). The mass, DBE, and Almoq showed significant U-shaped
patterns in marine water, and the mass and DBE were monotonically decreasing in
marine sediment (Fig. 5b). In the land, Almod showed a monotonically decreased pattern
(R*=0.129, P <0.001) along the latitudinal gradient, while all the other properties had

a nonsignificant (P > 0.05) pattern.

Drivers of DOM properties in waters and land systems

The distribution patterns of DOM properties of mass, DBE, Almod, and NOSC were
significantly driven by geographical, environmental, and climatic variables in waters
and land systems, indicated by random forest model (Figs. 6, S3). For the synthetic
properties of DOM properties indicated by the first two axes of principal coordinates
(PCoA1l and PCoA2), showed that mean annual temperature had a significant effect on
DOM PCoAl, followed by geographic variables and pH (Fig. S3a). For the individual
DOM properties, we found that DBE, Almod, and NOSC were most sensitive to
geographical variables, while mass was major explained by mean annual temperature
(Fig. 6a).

Linear mixed model further confirmed the relative importance of environmental
(i.e., pH) and geographical variables on DOM properties, and extremes of climatic
factors showed stronger affects compared to mean annual climates (Fig. 6b, S3, and
Table S4). For the waters, pH and mean annual precipitation had the strongest effects

on PCoA1 (R*>=0.806, P <0.01) and PCoA2 (R>=0.749, P < 0.05) of DOM properties,
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respectively (Fig. S3b). Geographical and climatic variables, such as elevation and
mean temperature of warmest quarter, also strongly influenced on DOM properties,
with the explained variations of 0.454 and 0.421, respectively (Fig. S3b). Moreover,
extremes of climatic variables showed highly significant relationships with
bioavailability properties, such as isothermality and precipitation of wettest month (Fig.
6b). The mass and NOSC were significantly related to pH (R? = 0.706, P < 0.05) and
elevation (R* = 0.615, P < 0.05), followed by latitude and extremes of temperature
variables, such as temperature seasonality, min temperature of coldest month, mean
temperature of warmest quarter, and mean annual temperature. For the land, mass, DBE,
Almod, and NOSC were most significantly related to (P < 0.05) mean annual
temperature, precipitation seasonality, pH, and temperature annual range, respectively
(Fig. 6b). For example, bioavailability properties (e.g., DBE and Almod) were
dominantly affected by precipitation of bioclimatic variables, while oxidation state (e.g.,

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

Discussion
DOM properties across Earth ecosystems indicated by molecular indices

Our findings indicated the varying roles of DOM indices in defining the DOM
properties across systems and habitats. Comparatively, mass size and bioavailability
properties (e.g., DBE and Almod) of DOM in waters were significantly higher than in
land, however NOSC values were similar between the two habitats (Fig. 2). This
indicates that DOM contains less labile organic matter and a higher abundance of
recalcitrant molecules in waters (D'Andrilli et al. 2015). When considering individual
habitat of waters and land, we observed different DOM properties for the four molecular
indices. For the waters, mass and bioavailability properties showed the greatest value
in specific habitats as river sediment, indicating a lower abundance of more hydrogen
saturated molecules (Hu et al. 2024a). This is mainly attributed to the fact that the
primary source of DOM in rivers is terrigenous input (Wagner et al. 2015, Johnston et
al. 2021, He et al. 2023). Oxidation state (e.g., NOSC) peaked at wastewater, which is

consistent with previous works (Yang et al. 2022, Chen et al. 2023), as hydroxyl radical
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could enhance oxygenation, oxidative deamination, decyclopropyl, and deisopropyl
reactions in wastewater treatment processes, reducing unsaturation and aromaticity of
molecules behind and thus high oxidation and aliphatic content.

For the land, the highest bioavailability properties were observed in the order of
cropland > forest soil/grassland > peatland/paddy soil, where disparate soils generally
tended towards a consistent ranking of bioavailability properties (He et al. 2023). DOM
associated with cropland and grassland inputs was dominated by lignin-like species,
and forest soil DOM primarily originates from the degradation products of woody
plants, indicating these habitats contain more high recalcitrant molecules (O'Donnell et
al. 2016, Ge et al. 2022, Sheng et al. 2023). Paddy soil DOM show the lowest DBE,
where fertilization causes more bioavailable fractions with low condensation (Li et al.
2018). We integrated datasets of primary DOM indices such as mass, DBE, Almod, and
NOSC as well as H/C and O/C ratios on a global scale which provides a comprehensive
project for comparing DOM properties from molecular perspective along the aquatic-
terrestrial continuum.

Investigation within the properties revealed correlations between mass size,
bioavailability properties, and oxidation states of DOM (Fig. 3). Firstly, DBE and Almod
showed highly negative correlation with H/C, and NOSC showed positive correlation
with O/C in both systems and individual habitats, indicating that molecular properties
were closely related to the bio-recalcitrance of DOM (Hildebrand et al. 2022, Cai and
Jiao 2023). Secondly, mass was strongly positively correlated with DBE in both
systems, and negatively correlated with H/C, indicating that the most recalcitrant DOM
generally accompanies with a low molecular weight, which is consistent with previous
observations (Benner and Amon 2015, Li et al. 2019, Zheng et al. 2019). Lastly,
compared to water systems, land systems exhibited higher oxidation states (e.g., O/C
and NOSC) with higher molecular mass, suggesting a size-reactivity continuum, which
might emerge from a complex reaction cascade, such as litter decomposition to

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

Variations of molecular indices controlling global DOM
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Molecular indices covaried in predictable ways within systems despite high
variability in DOM properties among the systems (Figs. 4, S2). This finding also further
validates the linkages between molecular weight, bioavailability properties, and
oxidation states. Principal components analysis showed that the correlation matrix of
DOM properties was dominantly explained (R> = 0.76) by the first two axes.
Collectively, the variables H/C, DBE, and Almoq were separated on the first dimension,
which related to the unsaturation degree (or aromaticity), indicating that differences in
DOM properties between the systems was mainly caused by the bioavailability
dimension. The bioavailability dimension is associated with the change of recalcitrant
molecules, which is caused by carbon metabolism and microbial processing of organic
matter (Valle et al. 2020, Wang et al. 2021, Hu et al. 2022b). The variables O/C, NOSC,
and mass were separated on the second dimension, suggesting that the oxidation state
also contributed to the variations in DOM properties among systems. DOM properties
in waters are dominated by high molecular weight and highly aromaticity (Frey et al.
2016). Notably, mass size and oxidation states showed the greater loadings in land in
comparison to waters, and were higher in river sediment than river water. The shift of
molecular mass intensities is strongly related to the degradation state of DOM in
grassland soils (Roth et al. 2019) and forest soils (Benk et al. 2018). DOM is degraded
at the molecular level along a gradient from high to low NOSC (Kellerman et al. 2015).
DOM aromaticity significantly improves through degradation processes as mass
decreases (Chen et al. 2021). Thus, although we utilized different ecosystems with

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

Relationships of DOM properties to latitudes

DOM properties had predictable latitudinal patterns across Earth systems
especially in waters. Mass, DBE, and Almod showed the highest values in mid-latitude
waters regions, but a nonsignificant (P > 0.05) pattern was observed for mass (Fig. 5).
These patterns also showed in individual habitats as ocean, river, and reservoir. The
importance by latitude driven trend in DOM properties has been reported such as for

lakes (Roth et al. 2013). The magnitude of aromatic functional groups for DOM shows
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an increasing pattern along latitudinal gradients in the Baltic sea, which implies that
more organic contaminants at the high-latitude region (Ripszam et al. 2015). The
abundance of protein-like components was relatively lower towards higher latitudes
lakes, but humic-like component show positively pattern (Zhu et al. 2019). By contrast,
DOM oxidation states significantly increase towards high latitudes in waters, indicating
the conversion of natural aliphatic compounds to aromatic compounds from low to high
latitudes (Kellerman et al. 2014).

For land, DOM bioavailability properties (i.e., Almod) showed a significantly
negative correlation with latitude, while oxidation state (i.e., NOSC) had a weak
positive correlation. Previous studies show that soil organic carbon generally enriches
in shallow soil horizons of high-latitude areas (Hugelius et al. 2014, Krachler and
Krachler 2021), with a monotonically latitudinal patterns on DOM properties (Li et al.
2022, Lin et al. 2023). For instance, DOM in polar regions generally show the low
contribution of aromatic species due to high preservation degree of organic matter
(Ward and Cory 2015, Zherebker et al. 2020). Our results reveal predictable patterns of
DOM properties across ecosystems, and DOM had more unsaturated and aromatic in

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

Linkage between environmental variables and DOM properties across systems

Association between DOM properties and environmental variables and climate,
especially pH and mean annual temperature was observed (Fig. 6, S3). This is supported
by previous studies cementing the importantly effect of ecosystem in DOM properties
and biodegradation, such as geographical locations (Zhou et al. 2018, Peralta-Maraver
et al. 2021), climate (Kellerman et al. 2014, Follstad Shah et al. 2017, Hu et al. 2024b),
salinity (Yang et al. 2020), and acidity (Hyung and Kim 2008, Groeneveld et al. 2022).
Climate changes could cause temperature, precipitation, and dust flux to shift DOM
properties, including lakes (Mladenov et al. 2011), river (van Vliet et al. 2023), and
groundwater (McDonough et al. 2020). DOM properties sensitively respond to pH as it
consists of various functional groups susceptive to protons (Chen et al. 2019).

Besides, we also found that the importance of climate extremes on DOM
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properties. Compared to land, mass and bioavailability properties (e.g., DBE and Almod)
were more closely related to extremes of precipitation, while oxidation state (e.g.,
NOSC) was dominantly affected by extremes of temperature. The molecular
complexity, aromaticity, and highly unsaturated compounds of DOM are greater during
the flood period compared with the dry period (Pang et al. 2021). Drought conditions
can intensity DOM transformation by delaying residence time of water systems
especially summer (Ejarque et al. 2018), river water quality deteriorates under
hydroclimate extremes (van Vliet et al. 2023). Extremes of climatic variables are key
to comprehending the effect of climate change on organic carbon characteristics (Hu et
al. 2024a). Our findings indicated the roles of climatic factors in explaining DOM

properties especially extreme climatic conditions under future global carbon processes.

Conclusion

Based on a global survey, we comprehensively revealed the bioavailability and
environmental drivers of DOM properties across Earth systems. Mass size and
bioavailability properties were found to be significantly higher in waters, with the
largest values in specific water habitats such as river sediment, while oxidation state
peaked for wastewater. Compared to waters, mass displayed strong positive correlations
with oxidation state in land system, while NOSC showed stronger relations to
bioavailability properties. Bioavailability indices especially H/C and Almod contributed
most to variations in DOM properties. DBE and Almod Showed significant hump-shaped
patterns indicating peaked unsaturation and aromaticity at mid-latitudes of
approximately 30°-50° in waters, while NOSC monotonically increased towards high
latitudes. Climate and environmental variables such as annual mean temperature and
pH showed significant correlations with DOM properties. These findings are pivotal in
our understanding of the characteristics and distribution patterns of DOM at a global
scale and the roles of climatic and environmental variables underlying global carbon

across systems.
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Variation of mass, DBE, Almed, and NOSC of DOM across systems and habitats.
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comparisons among the systems (a) and habitats (b). Significances for pairwise
comparisons by a Wilcoxon test are shown in Fig. S1. Colored dots and black dots of
boxplots represent individual samples and average values in DOM indices, respectively.
We included the habitats with the samples size over 15.
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Association between six DOM indices at the molecular level. Principal component
analysis plots show the variations of DOM indices across systems (a, b, and c¢) and
habitats (d). Insert boxplot indicated the differences between waters and land by a
Wilcox test, colored dots and black dots represent individual samples and average
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Figure 5

The distribution patterns of mass, DBE, Almod, and NOSC of DOM along
latitudinal gradients. Latitudinal patterns are visualized with linear models across
systems (a) and habitats (b), and the significant properties are indicated by asterisks
(***, P<0.001; **, P <0.01; *, P <0.05). North and South latitudes were converted
as absolute latitudes.
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Figure 6
The influences of climatic and environmental variables on molecular indices of

DOM. (a) Random forest analysis shows the relative importance of each explanatory
variable on DOM properties at the molecular level. (b) DOM properties were examined
with conditional explained heterogeneity (R*) of linear mixed models for waters and
land. Solid (P <0.05) and open (P > 0.05) pentagram were indicated by the significant.
We included the habitats with the samples size over 30.



