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a b s t r a c t 

Dissolved organic matter (DOM) is ubiquitous and contains a complex pool of thousands of distinct molecules, 

and their chemical characteristics help us inform the fate of global carbon. However, a more holistic perspective 

of the molecular characteristics of DOM and underlying mechanisms across Earth systems and climates remains 

under study. Here, we present a comprehensive analysis of the molecular characteristics of DOM using two 

abundance-weighted average indices, i.e., H/C and O/C ratios, by compiling 2,995 samples from 317 studies 

covering waters, land, plant, petroleum, and atmosphere systems and climatic regions from the tropics to tundra. 

H/C ratios are lower on average in waters (H/C = 1.15 ± 0.005) and land (H/C = 1.20 ± 0.010) than in the other 

systems, while their O/C ratios rank between plant and atmosphere systems. In the waters and land systems, the 

H/C ratios of DOM vary from the highest to the lowest in the habitats of the land-to-ocean continuum gener- 

ally as snow > glacier > marine ≥ freshwater/soil > groundwater. The H/C ratios show predictably U-shaped 

patterns along latitudinal gradients, indicating the lowest abundance of more hydrogen-saturated molecules at 

mid-latitudes of approximately 40°-50° in river water, lake water, and forest soil. The two ratios are primarily 

controlled by environmental factors such as pH, dissolved oxygen, and carbon and nitrogen contents. We further 

unveil additional and considerable links between the ratios and the extremes of climatic factors such as precipi- 

tation of warmest quarter and maximum temperature of warmest month. Our synthesis provides molecular-level 

perspectives to characterize the global distribution and underlying drivers of DOM, which is complementary for 

our understanding of global carbon cycle processes under future global change. 
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. Introduction 

Dissolved organic matter (DOM) is an essential component of the

arth’s biogeochemical cycles in determining carbon sources or sinks

nd is ubiquitous within and across Earth systems [1–3] . Terrestrial soil,

nland waters, and the ocean are key carbon reservoirs, exerting control

ver greenhouse gasses in the atmosphere and influencing Earth’s cli-

ate, as they not only transport and process but also bury large amounts

f organic carbon [2 , 4–6] . For example, global carbon sequestration in

oil, inland waters, and ocean are estimated at ∼0.9, 0.15, and 0.2 Pg

er year, respectively [7 , 8] . The interconnectedness of these systems, as

een in the emerging global carbon cycle perspective, results in the ex-

hange of dissolved carbon and nutrients. This, in turn, impacts the fate

f DOM, such as affecting decomposition and production rates [5 , 9] .

he global carbon cycle processes could be effectively informed from
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he molecular-level perspectives of DOM characteristics (i.e., molecular

raits) [3 , 10–12] . A better understanding of the regulatory mechanisms

f the global variation in DOM traits resulting from the spatial hetero-

eneity of climatic and environmental variables is important for estimat-

ng the responses of carbon cycle processes to environmental changes.

ncorporation of the previously overlooked drivers into predictive mod-

ls (e.g., Earth system models) is needed to reduce the uncertainty of

stimation [13 , 14] . Therefore, it is crucial to develop a more holistic

erspective of the distribution and underlying drivers of DOM molecu-

ar traits across Earth systems and multigradient environments, which

ltimately helps inform modeling for predicting future global carbon

ycle processes. 

Organic matter chemistry is a complex pool of thousands of distinct

olecules, each with unique molecular traits, primarily characterized by

he hydrogen-to-carbon ratio (H/C) and oxygen-to-carbon ratio (O/C)
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15 , 16] . The H/C ratio is relevant to biogeochemical reactions of hy-

rogenation or dehydrogenation, reflecting the degree of hydrogen sat-

ration. A higher H/C ratio reflects a higher degree of hydrogen satu-

ation. The H/C ratio can also be applied to indicate the capacity for a

olecule to be degraded [17 , 18] . The O/C ratio is relevant to chemical

eactions of oxidation or reduction. A higher O/C ratio reflects a higher

egree of oxygenation and more oxygen-containing functional groups,

uch as carboxyl or hydroxyl groups [19] . These two dimensions of traits

ould be constrained by microbes and environmental conditions such

s nutrients, temperature, and sunlight, and further inform the trans-

ormation of organic matter [20] . For example, environmental condi-

ions such as low oxygen availability can enrich compounds with lower

xygenation and make organic matter degradation thermodynamically

nfeasible [21 , 22] . Climatic factors such as the mean annual tempera-

ure can also affect DOM characteristics, with more hydrogen-saturated

ompounds enriched in higher temperature conditions [19] . Despite the

ell-known importance of the average state of the climatic variables,

here are few investigations considering the influences of extremes or

ariability in climatic variables on DOM composition. 
ig. 1. Map of samples included in the compiled dataset of H/C and O/C ratios 

/C and O/C ratios across Earth systems, including waters, land, plant, petroleum, a

ifferent habitats are shown with colored dots. Numbers of studies (N) and samples (n

f samples across the gradients of temperature and precipitation. Polygons depict W

nnual precipitation (mm yr− 1 ): (1) tropical rainforest; (2) tropical seasonal rainfo

easonal forest; (6) woodland/shrubland; (7) temperate grassland/desert; (8) boreal

abitats. The full publication list for the global synthesis is shown in Supporting Info

2122 
Here, we compiled compositional-level H/C and O/C ratios of DOM

rom 3,558 samples derived from 317 studies spanning diverse systems

nd climates worldwide ( Fig. 1 , Fig. S1, and Table S1). The datasets

ncluded waters, land, plant, petroleum, and atmosphere systems, cov-

ring the climatic regions from the tropics to the tundra ( Fig. 1 , Fig.

1, and Table S1). There were 2,876 samples (80.8%) from waters and

and covering the habitats of the land-to-ocean continuum, e.g., soil,

eatland, glacier, pond, reservoir, lake, river, and ocean. The avail-

bility of such large datasets benefits from the recent advances in

ltrahigh-resolution Fourier Transform Ion Cyclotron Resonance Mass

pectrometry (FT-ICR MS) [15 , 16] . FT-ICR MS has been applied to nu-

erous natural organic matter such as terrestrial, aquatic and marine

OM, microbial-derived DOM, and petroleum-derived materials, and

o further determine chemical characteristics (i.e., molecular traits) as

 function of (bio)geochemical or anthropogenic processes [12 , 23 , 24] .

ompositional-level DOM traits reduce the complex mass spectrum data

or the individual peaks to abundance-weighted average indices [15] .

his is beneficial for an intersample comparison by incorporating cli-

atic and environmental factors and has already been well applied in
of DOM. We obtained a total of 3,558 samples from 317 studies that measured 

nd atmosphere, prior to June 2022. The geographic locations of samples across 

) per system are given in the parentheses. The inset figure shows the distribution 

hittaker’s biomes [67] according to mean annual temperature (°C) and mean 

rest/savanna; (3) subtropical desert; (4) temperate rainforest; (5) temperate 

 forest; and (9) tundra. The colored dots indicate the samples across different 

rmation Table S1. 
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OM studies [1 , 10 , 19] . We aimed to provide a comprehensive survey

n molecular-level perspectives of DOM characteristics at a global scale.

pecifically, the synthesis explores the distribution patterns of H/C and

/C ratios of DOM across Earth systems and along latitudinal gradi-

nts and elucidates the roles of climatic and environmental variables

n driving these traits. Such global patterns and drivers for DOM via a

eta-synthesis study could be more important when estimating the ef-

ects of global environmental change on carbon cycle processes given

he limited scopes of individual studies. 

. Materials and methods 

.1. Data collection 

We systematically searched all peer-reviewed publications that were

ublished prior to June 2022, which investigated the molecular traits

i.e., H/C and O/C ratios) of DOM measured by FT-ICR MS using the

eb of Science (Core Collection; http://www.webofknowledge.com )

nd Google Scholar ( http://scholar.google.com ) via the search terms:

organic matter AND FT-ICR MS AND van Krevelen ”. The molecu-

ar traits of thousands of molecular formulae (hereafter referred to as

molecules ”) for each sample’s FT-ICR MS spectrum were evaluated on

an Krevelen diagrams on the basis of their molar H/C ratios (y axis)

nd molar O/C ratios (x axis) [15] . The van Krevelen diagrams enable

he comparison of molecular properties of organic matter and the abil-

ty to assign molecules to major biochemical categories, which include

mino sugar-, lipid-, protein-, lignin-, carbohydrate-, tannin-, and con-

ensed aromatic-like compounds. However, it should be noted that we

ere used van Krevelen diagrams to visualize the H/C and O/C ratios at

he compositional level, and the sample points in the diagrams do not

ntend to assign the samples to these biochemical categories. 

We employed the following criteria to select the studies. (1) They

ad raw mass spectrometry data, from which the compositional-level

/C and O/C ratios could be calculated. (2) They had compositional-

evel H/C and O/C ratios, which are weighted means of formula-based

/C and O/C ratios in a given sample, which are calculated as the sum

f the H/C (or O/C) ratio for each molecule and its relative intensity di-

ided by the sum of all intensities [1 , 10] . (3) They focused on the DOM

xtracted from natural and engineered environments, rather than ma-

ipulated experiments. In total, the H/C and O/C ratios of 3,558 samples

rom 317 studies met these criteria (Table S1). 

To minimize the challenges in data comparison and interpretation

cross studies with different instrument types and settings [25 , 26] , we

mployed the following criteria to further subset the data: (1) DOM trait

atasets obtained by FT-ICR MS were retained, but not by other instru-

ent types such as Orbitrap MS. (2) Negative ESI mode was retained for

he following statistical analyses, as it is most frequently documented in

he literature by comprising 88.9% of the total datasets and is the most

uitable ionization method for the analysis of natural DOM. (3) We fo-

used on the compositional-level H/C and O/C ratios calculated based

n all molecules in a given sample, rather than the samples with only

ubsets of molecules. In total, there were H/C and O/C ratios of 2,995

amples from 270 studies using (-)ESI-FT-ICR MS for the robust data

omparison among various systems and habitats. 

The collected dataset included various Earth systems, such as waters,

and, plant, petroleum, and atmosphere, covering climatic regions from

he tropics to tundra ( Fig. 1 , Figs. S1, S2, and Table S2). We further

inned the dataset of each system into fine habitats (Figs. S3, S4, Table

3). Specifically, the waters include habitats of marine water, marine

ediment, marine hydrothermal fluid, lake water, lake sediment, reser-

oir, pond, river water, river sediment, stream, drink water, groundwa-

er, spring, glacier, snow, rainwater, and wastewater. The land includes

abitats of peatland, permafrost, forest soil, grassland, cropland, paddy

oil, riparian soil, and coastal soil. The plant includes habitats of phyco-

hyta, herbage, arbor, and shrub. The atmosphere includes habitats of

erosol, particulate matter (PM) 2.5, and PM 10. The glacier is mainly
2123 
erived from marine ice and lake ice. There were several habitats cate-

orized as “Others ”, including virus, melanin, murchison, mineral, coal,

iochar, and manure. Waters and land systems were discussed in more

etail than plant, petroleum, and atmosphere systems, as more suffi-

ient data derived from these two systems and their finely categorized

abitats were available in the literature. It should be noted that we also

ncluded rarely reported systems such as plant, petroleum, and atmo-

phere systems, as this synthesis was aimed to provide an overview

or comparing DOM traits derived from as many Earth systems as

ossible. 

In addition to the molecular traits of H/C and O/C ratios, we further

ollected climatic and environmental variables for each sample via the

orldClim dataset ( https://www.worldclim.org ) and the original stud-

es (Table S1). A total of 15 environmental variables were collected, in-

luding salinity, temperature, pH, conductivity, and the concentrations

f dissolved oxygen (DO), total organic carbon (TOC), total nitrogen

TN), total dissolved nitrogen (TDN), dissolved organic carbon (DOC),

mmonium (NH4 
+ ), nitrate (NO3 

− ), nitrite (NO2 
− ), phosphate (PO4 

3− ),

ron (Fe), and manganese (Mn). In addition, climatic variables were de-

ived using latitude, longitude and digital elevation data with a spatial

esolution of 0.5°. The gridded data were obtained from the World-

lim dataset for the 19 bioclimatic variables [27 , 28] , including an-

ual mean temperature (BIO1), mean diurnal range (BIO2), isothermal-

ty (BIO3), temperature seasonality (BIO4), maximum temperature of

armest month (BIO5), minimum temperature of coldest month (BIO6),

emperature annual range (BIO7), mean temperature of wettest quarter

BIO8), mean temperature of driest quarter (BIO9), mean temperature of

armest quarter (BIO10), mean temperature of coldest quarter (BIO11),

nnual precipitation (BIO12), precipitation of wettest month (BIO13),

recipitation of driest month (BIO14), precipitation seasonality (BIO15),

recipitation of wettest quarter (BIO16), precipitation of driest quarter

BIO17), precipitation of warmest quarter (BIO18), and precipitation of

oldest quarter (BIO19). 

.2. Statistical analysis 

The significance of differences in H/C or O/C ratios between Earth

ystems was determined using a Kruskal-Wallis test. Pairwise compar-

son was performed for the magnitude of variances of H/C or O/C ra-

ios between habitats using the Wilcoxon test. These analyses were per-

ormed using the R package stats V4.1.3. 

We further explored the distribution patterns of compositional-level

/C or O/C ratios along latitudinal gradients and the influences of

xplanatory variables on these two ratios. The explanatory variables

ncluded 19 bioclimatic and 15 collected environmental variables. It

hould be noted that although DOM molecular traits are also dependent

n microbes and sunlight, we here focused on climatic vs. environmen-

al constraints for the following reasons: (1) there were important roles

f climatic and environmental variables documented in previous liter-

ture, such as Roth et al ., (2019) [1] and Hu et al ., (2022) [10] ; (2)

icrobial data are not always available along with DOM mass spectral

ata in the same literature, and thus, the influences of microbes and sun-

ight on DOM could not be well quantified in our meta-analysis study.

or better statistical power, we performed the analyses with a sample

ize over 30 for the waters or land, or each of their habitats. 

The latitudinal patterns of the H/C and O/C ratios were fitted us-

ng generalized additive models [29] . The influences of climatic and

nvironmental variables on H/C and O/C ratios were evaluated by lin-

ar mixed-effects models [30] . In each model, we modeled H/C or O/C

atios in every Earth system (that is, waters or land) as a function of a

limatic or environmental variable and used studies and habitats as ran-

om effects. The omnibus test was used to evaluate model significance,

nd the conditionally explained heterogeneity represented the influence

f each explanatory variable on the H/C or O/C ratios accounting for the

andom effects [31] . To minimize the potential biases of data discrep-

ncies across various instruments or laboratories, we specified random

http://www.webofknowledge.com
http://scholar.google.com
https://www.worldclim.org
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ffects in our model, which are able to factor out the idiosyncrasies of

ur samples and obtain a more general estimate of the fixed effects of

nterest [32] . We further examined the influences of each of these ex-

lanatory variables on the H/C or O/C ratios in each habitat of waters

nd land, in which we used the identity of data-source studies as random

ffects. The analyses of linear mixed-effects models were performed by

sing lmer function in the R package lme4 V1.1.28. This approach en-

bled us to obtain reliable results of the latitudinal patterns of H/C or

/C ratios and the influences of climatic and environmental variables

n the ratios. Further partitioning analysis in linear mixed-effects mod-

ls provided an estimate of the total contribution of a fixed effect of

ach climatic variable to the overall prediction of the H/C or O/C ratio.

e selected climatic variables for partitioning analyses by dereplicating

trongly correlated variables by a threshold of Pearson correlation over

.8. Partitioning analysis was performed with R package partR2 V0.9.1

33] . 

. Results and discussion 

.1. Variation in DOM traits across Earth systems 

The molecular traits of DOM, measured by H/C and O/C ratios at the

ompositional level (hereafter, H/C and O/C ratios), were highly diver-

ent across Earth systems, such as in waters, land, plant, petroleum, and

tmosphere systems ( Fig. 2 a, Fig. S2, Table S2). The H/C and O/C ra-

ios varied from 0.22 to 2.14 and 0.01 to 1.04, with mean values of 1.17

nd 0.41, respectively, in all systems ( Fig. 2 a; Table S2). H/C ratios were

ower than 1.5 in 92.0% of samples, indicating that DOM generally con-

ained a high abundance of recalcitrant (i.e., less hydrogen saturated)

olecules in each system [18] . 

Among these systems, atmosphere samples showed the highest

ean values for H/C (mean ± s.e = 1.47 ± 0.030) and O/C ratios

0.45 ± 0.017), indicating a higher abundance of more hydrogen-

aturated molecules and more abundant oxygen-containing functional

roups [15 , 19] , respectively ( Fig. 2 b, Table S2). The atmosphere ex-

eriences rapid photochemical transformation and, therefore, indicates

hat DOM contains a higher abundance of more hydrogen-saturated

olecules than other systems and thus the highest H/C mean value.

n comparison, petroleum samples had relatively intermediate H/C

mean = 1.37 ± 0.034) and the lowest O/C (mean = 0.29 ± 0.020)

atios, while plant had similar H/C and O/C ratios to those in waters

nd land ( Fig. 2 , Table S2). 

There were 2,140 and 401 samples for waters and land, comprising

1.5% and 13.4% of the collected datasets, respectively ( Fig. 1 ; Table

2). The mean values of the O/C ratios were significantly ( P ≤ 0.05)

ower in waters (0.40 ± 0.002) than in land (0.43 ± 0.005), and their

/C ratios showed a similar pattern, with mean values of 1.15 ± 0.005

nd 1.20 ± 0.011, respectively ( Fig. 2 , Table S2). We recognized the

verlapping nature between waters and land systems, where the mean

alues of H/C ratios were lower than those of the other systems and their

/C ratios ranked between plant and atmosphere ( Fig. 2 , Fig. S2). This

ndicates that DOM in waters and land systems contains a higher abun-

ance of molecules with more recalcitrant and relatively intermediate

xygenation than the other systems. 

.2. Variation in DOM traits across habitats of waters and land 

When considering individual habitats of waters or land, we also

ound some distinct variations in H/C or O/C ratios between habitats

 Fig. 3 , Fig. S4; Table S3), and the significance tests are shown in Fig.

5. For the waters, H/C ratios were over 1.4 in 12.9% of samples and

howed the significantly highest mean values in snow and rainwater

 P ≤ 0.05; Fig. 3 , Fig. S5). Relatively high values of these two natural

quatic habitats were similar to those of the atmosphere system, which

ould be explained by their shared atmospheric source of DOM. Subse-

uently, the habitats such as stream, pond and spring had mean H/C
2124 
atios ranging from 1.29 to 1.31 ( Fig. 3 c). Similar H/C ratios were also

bserved in glacier and ocean, with mean values of 1.27 to 1.34 ( Fig. 3 c).

hese habitats had relatively higher mean values of H/C ratios over 1.2,

hile their O/C ratios ranged between 0.4 and 0.5 except for those in

now ( Fig. 3 c). Generally, the O/C ratios in each habitat showed signif-

cantly higher variation than the H/C ratios ( P ≤ 0.05; Fig. 4 ). 

In contrast, river and drinking water showed lower means of H/C

atios ranging from 1.08 to 1.10, followed by groundwater, with the

owest value of 0.98 ( Fig. 3 c). We observed significantly lower values in

hese habitats than in most of the other aquatic habitats ( P ≤ 0.05; Fig.

5). Like lake, pond and stream, DOM characteristics in river are also

nfluenced by terrestrial inputs [34] ; however, lower H/C mean values

re associated with lower carbon productivity and turnover rates due

o flowing waters’ short residence time [35] . As an engineered aquatic

abitat, DOM in drinking water is characterized as the rapid microbial

rocessing of labile DOM [36] , leaving recalcitrant molecules behind

nd thus low H/C mean values. The lowest H/C ratios in groundwater

ndicate higher aromaticity than usual for those in aquatic and terrestrial

urface environments, which is consistent with previous reports [37 , 38] .

otably, H/C ratios in lakes showed relatively large variation between

ediment and water ( P ≤ 0.05) and were lower in the former, with mean

alues of 1.01 and 1.25, respectively ( Fig. 3 c, Fig. S5). The lower hydro-

en saturation of DOM in lake sediment is associated with accumulated

ecalcitrant molecules, which could be likely due to higher microbial

iversity and carbon metabolism and thus include residues of microor-

anisms and degradation products of organic matter [39 , 40] . For O/C

atios, the highest and lowest mean values of 0.51 and 0.31 were ob-

erved in drinking water and river sediment, respectively ( Fig. 3 c). The

igher O/C ratio in drinking water is largely caused by the mixture of

atural organic matter from the water source, chemical disinfection,

nd disinfection byproducts, which usually have aromatic structures

41 , 42] . 

For the land, the mean H/C ratios showed the highest and lowest

alues of 1.32 and 1.04–1.07 observed in coastal and cropland/riparian

oils, respectively ( Fig. 3 c). Interestingly, H/C ratios were not signifi-

antly different ( P > 0.05) between coastal soil and ocean, while those

n cropland and riparian soil were similar to those in river and lake

ediment (Fig. S5). This phenomenon agrees with the fact that there is

 land ‒water continuum for the spatial dynamics of DOM to be trans-

orted from terrestrial soils to inland waters and from tidal wetlands

o the ocean. In the context of future climate warming, the increased

xtreme rainfall intensity and frequency would enhance carbon and nu-

rient transport from soil to inland waters and to the ocean [43 , 44] .

onsequently, this mixing of organic carbon sources of contrasting re-

ctivity might result in changes in organic matter degradation through

riming processes [45] . Compared to H/C ratios, O/C ratios showed

ignificantly higher variation within each habitat for most land habitats

 P ≤ 0.05; Fig. 4 ). This suggests that the variations in DOM characteris-

ics, especially O/C ratios, in each habitat should be constrained, such

s by climate and environmental conditions resulting from their global

patial heterogeneity. 

Collectively, DOM traits, particularly H/C ratios, showed clear vari-

tions across Earth systems and habitats, while O/C ratios had less clear

ariation, such as among habitats of waters and land, and showed fewer

ignificant differences between pairwise habitats (Fig. S5). Specifically,

/C ratios were on average lower in waters and land than in other sys-

ems such as plant, petroleum and atmosphere. In these two systems, the

/C ratios of DOM varied from the highest to the lowest in the habitats

f the land-to-ocean continuum generally as snow, rainwater > glacier

 coastal soil, ocean, stream, pond, permafrost > lake water, reservoir,

eatland, paddy soil, forest soil, grassland > river > lake sediment, ri-

arian soil, cropland > groundwater. Based on a smaller number of ob-

ervations, previous studies have also tried to compare the H/C ratios of

OM across a limited number of habitats. For example, H/C ratios were

igher for glacier, followed by ocean and freshwater [18 , 46] , higher

n lake water relative to lake sediment [39] , and higher in paddy soil
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Fig. 2. Variation in H/C and O/C ratios of DOM across Earth systems. (a) Van Krevelen diagram shows the means of compositional-level H/C and O/C ratios 

measured by (-)ESI-FT-ICR MS in Earth systems, including waters, land, plant, petroleum, and atmosphere. The means ± s.e of H/C and O/C ratios are shown with 

colored dots, and the number of samples in each system is indicated by the dot size and in the parentheses. Black dashed lines represent the direction of change in H/C 

and O/C ratios for chemical reactions, including hydrogenation/dehydrogenation, and oxidation/reduction [12] . The marginal density plot shows the distribution 

of compositional-level H/C and O/C ratios in each system, and the small colored dots are their means. (b) Boxplots of compositional-level H/C (left panel) and O/C 

(right panel) ratios in each Earth system. Colored dots in the boxplots are the H/C or O/C values for individual samples, and black dots indicate their mean values. 

Different letters (a-c) indicate a significant difference ( P < 0.05) by a Kruskal-Wallis test. Regarding the organization of figure panels, we could first look at the 

overall view of means ± s.e of H/C and O/C ratios among all systems in panel (a) and then zoom in to the samples within each system in panel (b). 
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Fig. 3. Variation in H/C and O/C ratios of DOM across habitats of waters and land. Van Krevelen diagram shows the means of compositional-level H/C and 

O/C ratios measured by (-)ESI-FT-ICR MS in the habitats of waters (blue, a) and land (orange, b). Black dashed lines represent the direction of change in H/C and 

O/C ratios for chemical reactions, including hydrogenation/dehydrogenation and oxidation/reduction [12] . The number of samples in each habitat is indicated by 

the dot size. (c) Boxplots of compositional-level H/C (top panel) and O/C (bottom panel) ratios for better comparisons among the habitats. Significances for pairwise 

comparisons between habitats by a Wilcoxon test are provided in Fig. S5. Colored dots in the boxplots are the H/C or O/C values for individual samples, and black 

dots indicate their mean values. The dots with color gradients of blue or orange from light to dark represent H/C ratios varying from low to high, respectively. The 

labels with numbers 1 to 25 indicate all habitats. Marine HF: marine hydrothermal fluid. Regarding the organization of figure panels, we could first look at the 

overall view of means ± s.e of H/C and O/C ratios among all habitats in panels (a) and (b), and then zoom in to the samples within each habitat in panel (c). 
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han upland soil [47] . Different from previous studies, our synthesized

lobal datasets, for the first time, extended such findings with unprece-

ently finely categorized and comprehensive habitats, which provides

n overview for comparing DOM traits along the aquatic-terrestrial con-

inuum. 

.3. Variation in DOM traits with latitude 

The H/C and O/C ratios also showed predictable patterns along lat-

tudinal gradients for the waters and land systems ( Fig. 5 ). Specifically,
2126 
/C ratios generally showed a significant U-shaped pattern in both sys-

ems, with the lowest values occurring in latitudes of absolute 40°–50°

 P ≤ 0.05, generalized additive models; Fig. 5 a, c). This U-shaped pat-

ern was also observed in specific habitats, such as river water, lake

ater, and forest soil ( Fig. 5 b, d). In comparison, the O/C ratios also

howed a significant ( P ≤ 0.05) U-shaped pattern in the waters but a

onsignificant ( P > 0.05) pattern in the land ( Fig. 5 a, c). There were also

on-U-shaped patterns observed in diverse habitats, e.g., hump-shaped

atterns of H/C ratios in marine water, cropland and paddy soil and a

ecreasing pattern of O/C ratios in paddy soil ( Fig. 5 ). Previous studies
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Fig. 4. Variability of H/C and O/C ratios of DOM within each habitat of waters and land. Violin plots of variability of the H/C (a) and O/C (b) ratios of DOM 

measured by (-)ESI-FT-ICR MS across the samples in the waters or land and their corresponding habitats. The variability was calculated as the ratio of standardized 

deviation and mean of the ratios by randomly selecting 50% samples (100 bootstraps) for each system or habitat. Asterisks indicate significant (∗∗∗ , P ≤ 0.001) 

differences between two ratios by t -test analysis. ns: nonsignificant. 
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Fig. 5. The distribution patterns of H/C and O/C ratios of DOM along latitudinal gradients. We plotted the compositional-level H/C and O/C ratios measured 

by (-)ESI-FT-ICR MS against latitudes for the waters (blue, a) and land (orange, c) and the corresponding habitats (b, d). Latitudinal patterns are visualized with 

generalized additive models with 2 knots, and the significant patterns are indicated by asterisks (∗∗∗ , P ≤ 0.001; ∗∗ , P ≤ 0.01; ∗ , P ≤ 0.05). North and South latitudes 

were assigned as absolute latitudes. It should be noted that it would be challenging to show the equator and polar regions in the figures, as we did not obtain samples 

located at latitudes of > 80°. 
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P  
ave shown that DOM traits have monotonically decreasing or increas-

ng patterns along latitudinal gradients [48 , 49] . For example, bacterial

roduction of fluorescent DOM in alpine and polar lakes, indicated by

ptical properties such as absorption at 250 nm and total fluorescence,

hows a decreasing pattern within absolute latitudes of 30°–75° but is

ower at around mid-latitudes of ∼50° [48] . Considering that our com-

iled datasets with a larger spatial scale spanned from tropics to polar

egions and covered broad gradients of ecosystem properties, such as cli-

atic and environmental factors, we show, for the first time, that H/C

atios had a predictable U-shaped latitudinal pattern for both waters and

and systems. This pattern may not occur for habitats covering a small

ange of latitudinal gradients. Together, our results suggest that DOM
2128 
s more hydrogen saturated towards the extremes at the polar regions

nd at the equator, while less hydrogen saturated in the mid-latitudes

f 40°− 50°. 

.4. Drivers of DOM traits in waters and land 

The distribution patterns of H/C and O/C ratios of DOM were both

ignificantly affected by climate and environmental variables across wa-

ers and land, as indicated by linear mixed models ( Fig. 6 , Figs. S6, S7,

nd Table S4). For the waters, environmental variables such as dissolved

xygen and ammonium had the strongest effects on the H/C ( R2 = 0.775,

 ≤ 0.05) and O/C ( R2 = 0.605, P ≤ 0.05) ratios, respectively ( Fig. 6 ).
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Fig. 6. The influences of climatic and environmental variables on H/C and O/C ratios of DOM. The influences of each explanatory variable on the compositional- 

level H/C (a) and O/C (b) ratios measured by (-)ESI-FT-ICR MS were examined with linear mixed-effects models for the waters and land and their finely categorized 

habitats. The significant ( P < 0.05) conditionally explained heterogeneity ( R2 ) are shown for these variables according to their driver categories of temperature, 

precipitation and environments. Smaller solid dots are the average R2 for each driver category, and open circles are the maximum R2 among the variables in each 

category. We included the habitats with a sample size over 30. The abbreviations of the explanatory variables are shown in the Material and methods. 
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t  
issolved oxygen had strong effects on H/C rather than O/C, which

ay be explained by the fact that high-oxygen conditions could result in

he preferential degradation of high H/C compounds such as aliphatics

nd the production of microbial residues, while low-oxygen conditions

romote the preservation of high H/C compounds such as aliphatics,

ugars and amino acids, which are thermodynamically less favorable to

iodegradation [22] . Climatic variables, such as mean annual precipi-

ation and mean temperature of warmest quarter, also showed strong

ffects on the O/C ratios, with explained variations of 0.564 and 0.527,

espectively ( Fig. 6 ). For the land, the H/C and O/C ratios also showed

ignificant variation explained by climatic variables, such as maximum
2129 
emperature of warmest month ( R2 = 0.332, P ≤ 0.05) and mean temper-

ture of wettest quarter ( R2 = 0.425, P ≤ 0.05), respectively ( Fig. 6 ). Fur-

her partitioning analyses confirmed the stronger relative importance of

xtremes of climatic factors on H/C and O/C ratios than mean annual

limates (Fig. S6). Specifically, the variances of H/C and O/C ratios were

ostly explained by isothermality and precipitation of coldest quar-

er, respectively, in the waters, while by precipitation of coldest quar-

er and mean temperature of wettest quarter, respectively, in the land

Fig. S6). 

However, the dominant effects of climatic and environmental fac-

ors were not always consistent across the individual habitats ( Figs. 6 ,
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7). For example, H/C and O/C ratios in marine water, reservoir water,

iver water, and peatland were most strongly affected by environmen-

al variables, such as total dissolved nitrogen, dissolved organic carbon,

itrate, and pH, followed by extremes of climatic variables, such as min-

mum temperature of coldest month, maximum temperature of warmest

onth, and mean temperature of warmest quarter ( Fig. 6 ). In contrast,

he H/C and O/C ratios in river sediment and soil were dominantly af-

ected by mean annual temperature and extremes of climatic variables

uch as precipitation of warmest quarter, mean diurnal range, isother-

ality, and temperature seasonality ( Fig. 6 ). 

These findings support previous reports showing the important roles

f ecosystem properties in controlling DOM traits and decomposition

ates, such as temperature [50 , 51] , precipitation [52] , carbon and nitro-

en contents [53 , 54] , and acidity [55] . Furthermore, our findings reveal

dditional links of DOM traits to the extremes of climatic variables be-

ond those drivers known from previous studies. Specifically, H/C and

/C ratios were more closely related to extremes (e.g., monthly or quar-

erly maximum) of temperature or precipitation than to mean annual

emperature or precipitation. Earth’s average temperature has increased

y 1.5 °C since the preindustrial baseline, and even relatively small in-

remental increases in global warming ( + 0.5 °C) can cause statistically

ignificant changes in extremes on the global scale and for large regions

56] . Extremes of climatic factors are key to understanding the effect of

limate change on primary producers, such as plant species diversity and

rowth [57 , 58] and decomposers such as microbes [59] , which would

ffect organic carbon characteristics. For example, maximum tempera-

ure of warmest month and mean temperature of warmest quarter had

ositive impacts on H/C ratios in the land system and in the habitats

f peatland and soil and negative impacts on O/C ratios in waters and

and systems (data not shown), likely suggesting higher decomposition

aused by extreme temperature increases. Thus, our findings highlight

he need to integrate extremes of climatic factors into climate change

odeling when making current inferences and future predictions of or-

anic carbon processes. 

. The implications of this study 

First, our synthesized analysis provided a comprehensive survey of

olecular-level perspectives of global DOM characteristics across Earth

ystems and climates. Trait-based metrics such as H/C and O/C ratios

re relevant to the chemical reaction processes of molecules and thus ef-

ectively inform the fate of DOM, such as decomposition processes. For

xample, the utility of the H/C ratio as a surrogate for reactivity stud-

es could reveal the quantifiable and comparative labile nature of DOM

18] . Our utility of these two metrics provides an overview of the current

tate of knowledge on the spatial distribution of DOM characteristics via

 meta-synthesis approach by compiling data from the unprecedentedly

nely categorized and comprehensive habitats [18 , 60] . 

Second, rather than considering these systems independent of one

nother, a more holistic perspective of DOM characteristics needs to be

eveloped in a system-to-system continuum such as that in Lake Nam

o [61] . Considering that the intensity and frequency of extreme rain-

all would increase with climate warming, carbon and nutrient trans-

ort from soil to inland waters and to the ocean are anticipated to in-

rease [43 , 44] . Consequently, the global patterns of DOM characteristics

cross Earth systems or habitats could help understand how the mixing

f organic carbon sources of contrasting reactivity would influence the

hanges in carbon cycle processes. 

Third, a better understanding of molecular-level perspectives of the

lobal DOM characteristics in response to environmental constraints is

f great interest to a wide readership, as this ultimately helps under-

tand and predict future global carbon cycle processes. It is critical to

nderstand the global variations in DOM characteristics resulting from

he spatial heterogeneity of climatic and environmental variables, which

s important for estimating the potential constraints of DOM character-

stics. Our synthesized analysis highlights the potential influence of cli-
2130 
atic constraints, especially extremes of climatic factors (e.g., monthly

r quarterly maximum temperature or precipitation), on DOM traits.

he inclusion of these novel drivers of climate extremes could help pre-

ict DOM characteristics and further carbon cycle processes under future

limate change scenarios. 

. Future perspectives 

Although our mass spectrum datasets were selected considering

he FT-ICR MS instrument and ESI negative ionization method, there

ay still be uncertainties in data comparison and interpretation across

tudies. For example, the differences in analytical equipment between

aboratories and studies, data acquisition and processing, or sample

reparation methods could be important considerations in achieving

eproducible results [26] . There are also well-known limitations of unre-

overed fractions during DOM extraction for FT-ICR MS, as summarized

n numerous previous publications [62–64] . Our findings should be, if

ossible, validated using consistent measurement methods across sys-

ems and habitats. We, however, could utilize proper statistical models

o account for idiosyncrasies of the data [32] and minimize the potential

iases of data discrepancies across various instruments or laboratories.

urthermore, our datasets were based on the compositional-level H/C

nd O/C ratios of DOM. We did not consider other information in this

tudy, such as the full dataset with individual molecules, or other trait

etrics such as the number of N, P, and S, aromaticity, and nominal

xidation state of carbon. Additional trait information, especially

ith consistent measurement methods, would be helpful to fully

nderstand the global carbon cycle’s processing mechanisms and DOM

ransformations. 

In addition, much larger FT-ICR MS datasets in the literature are de-

ived from waters compared to other systems and mainly from habitats

n subtropical and temperate climates. Further studies are encouraged

o extend the coverage of habitats such as groundwater, spring, soils

nd coastal areas to a larger spatial scale spanning from tropics to po-

ar areas. Although our main aim is to explore the important roles of

limatic and environmental factors in controlling DOM characteristics

cross Earth systems, other potential drivers, such as microbial commu-

ities [1 , 10] , minerals [65] , and water retention time [66] , have been

eported to influence DOM characteristics. Future studies are encour-

ged to focus more on the causal relationships among these potential

rivers, climate, and DOM characteristics, which will improve our un-

erstanding of the underlying mechanisms of global carbon cycle pro-

esses. 
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