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Inrecent decades therise of ultrahigh- and high-resolution mass
spectrometry ((U)HRMS) has enhanced our ability to resolve the molecular

complexity of dissolved organic matter (DOM) and open the black box
linking DOM to the rapidly changing world, including impacts on aquatic

systems. In this Review we highlight how direct anthropogenic signatures,
and indirect anthropogenic-driven or -impacted processes, shape DOM at
the molecular level. For example, changes in heteroatom (N,S) abundance
and compound classes, as well asindicator molecular formulae, are linked
toland-coverimpacts related to agriculture, urbanization, fire and climate
change. We also offer insights into areas to further open the analytical
window for (U)HRMS, bridging the gap between molecular-level composition
and structural analysis of unambiguous molecular tracers for anthropogenic
impacts. Finally, we address practical reccommendations and areas of need,
including standardization and data availability, to further develop (UYHRMS

utility for examining anthropogenicimpacts on aquatic systems.

Dissolved organic matter (DOM) is ubiquitous in global aquatic sys-
tems. This highly complex mixture of organic molecules derived from
both autochthonous and allochthonous sourcesis shaped by physical,
biological and chemical processesin all waters on Earth. Within aquatic
systems, DOM plays a multifaceted role interacting with biological
systems, photochemistry, chemical stability and impacts water qual-
ity (Fig. 1). For example, DOM occupies a central role in ecosystem
biogeochemistry and mediates light in the water columnvia the attenu-
ationofbothvisible and ultraviolet (UV) light' >, Itis the cornerstone of
carbonand nutrient dynamics and represents the fundamental energy
source of aquatic organisms*°, DOM facilitates the complexation of
trace metals, and the mobilization and indirect photodegradation of
pollutants®®. The amount and composition of DOM are key variables

thatimpact the cost and efficiency of drinking water treatment, with
implications for human health’ ™. The land-to-ocean export of DOM
alsorepresents amajor flux of reduced carbon and captures an essential
link derived from terrestrial net ecosystem production into aquatic
ecosystems*'?; therefore, even small changes in processes that regulate
DOM may cascade across the global carbon cycle.

Understanding the composition of DOMis fundamental for com-
prehending the myriad of roles it plays inaquatic systems. Historically,
studies have focused either on bulk properties or the quantification
of small component fractions of DOM"” . Investigating DOM using
UV-visible and fluorescence spectroscopy, Fourier transforminfrared
(FTIR) spectroscopy, and by analysing stable- and radioisotopes (for
example, 8C and A™C, respectively) provides insights into a broad

'National High Magnetic Field Laboratory Geochemistry Group and Department of Earth, Ocean, and Atmospheric Science, Florida State University,
Tallahassee, FL, USA. 2Department of Civil and Environmental Engineering, University of Wisconsin-Madison, Madison, Wi, USA. *Department of Soil and

Crop Sciences and Department of Chemistry, Colorado State University, Fort Collins, CO, USA.

e-mail: rgspencer@fsu.edu

Nature Water


http://www.nature.com/natwater
https://doi.org/10.1038/s44221-026-00682-1
http://orcid.org/0000-0003-0777-0748
http://orcid.org/0000-0003-4285-7638
http://orcid.org/0000-0002-6904-5253
http://crossmark.crossref.org/dialog/?doi=10.1038/s44221-026-00682-1&domain=pdf
mailto:rgspencer@fsu.edu

Review article

https://doi.org/10.1038/s44221-026-00682-1

Photochemical

Photo-produced

CO, peil Soil formation

= 09 -~
Treatment and disinfection ~
\> Adsorption and flocculation

Biotoxins Mobilization and desorption T ;

@ @ @ ) p.% i
Metal mobility @ K@s%"‘*
co, () Metabolites, biotic, .
@ @ processed DOM

Viruses, bacteria, zooplankton, grazers

Burning and charring
C02<

Biological

Fig. 1| The multifaceted role of DOMin aquatic ecosystems. DOM interacts with
biological systems, is shaped by photochemical reactions, isinvolved in carbon
storage and terrestrial stability and contributes to water quality. Each of these key

areasis perturbed either through the direct input of anthropogenic signatures or
indirectly via anthropogenic-driven or -impacted processes. DBPs, disinfection
by-products; e, electron.

swathe of the DOM pool, and, conversely, the analysis of organic mark-
ers (forexample, amino acids, carbohydrates, lignin phenols and ben-
zenepolycarboxlic acids) can often provide very detailed insights into
a specialized subfraction (Fig. 2a). Naturally, both approaches have
limitations, as the first yields relatively qualitative information with
respect to the bulk DOM composition and the second examines spe-
cific components that typically each make up less than a few percent
of the total identifiable DOM pool. Such studies have nevertheless
highlighted the ability to link DOM composition from a host of analyti-
caltechniques to abroad multitude of sources, processes and human
impacts®®*. Utilizing the wealth of information in DOM compositional
data, samples taken from an aquatic ecosystem can integrate all of
the sources and biogeochemical processes acrossits landscape. Con-
necting DOM to its sources and processing is typically benefited by
capturing abroader swathe of the DOM pool, increased datarichness
and greater resolution with non-targeted analysis.

In recent decades a number of analytical techniques have been
developed with the ability to provide greater insights into DOM com-
position. Nuclear magnetic resonance spectroscopy (NMR) provides
detail on functional groups and the bonding environments of carbon
atoms in DOM mixtures, but it can often be impeded by long acquisi-
tiontimes and overlapping signatures within complex DOM mixtures
(Fig. 2a)***. Ultrahigh- and high-resolution mass spectrometry ((U)
HRMS), including Fourier transform-ion cyclotron resonance mass
spectrometry (FT-ICR MS), have blossomed in recent decades due
to their ability to resolve DOM molecular complexity at the level of
elemental composition assignment. These techniques have a resolv-
ing power (mass resolution) of >10,000 for HRMS instruments and
of >100,000 for UHRMS instruments®. The most common approach
hasbeen viacoupling (U)HRMS with a softionization technique, such
aselectrospray ionization (ESI), as this enables minimal disruption to
the chemical bonds and capture of a broad swathe of DOM typically
in the mass-to-charge (m/z) range of hundreds of daltons to around

1,000-1,500 Dain size (Table 1and Fig. 2b)**°. Furthermore, quantita-
tive relationships between bulk DOM parameters (for example, §°C,
A™C,atomic Nand S content, optical metrics) have been demonstrated
in numerous studies across diverse aquatic environments® ¢, indicat-
ing that the pool of DOM captured by (U)HRMS can provide environ-
mentally meaningful relationships with the bulk.

Currently (U)HRMS instrumentation enables the identification
and exact stoichiometry of anywhere from thousands to tens of thou-
sands of distinct ion peaks at sub-parts-per-million accuracy within
a single mass spectrum from a DOM mixture (Table 1 and Fig. 2¢)*.
The highest-resolution (U)HRMS instruments enable routine differ-
entiation between ion peaks on the order of the mass of an electron
(0.55 mDa; Fig. 2b)*, making it the most powerful contemporary tech-
nique available for disentangling the overlapping chemical sources and
processes present within DOM at a detailed molecular scale, as well as
assignment toinferred compound class groups (Table 1and Fig. 2c). It
shouldbe noted, however, that underlying each molecular formulaeisa
range of differentisomers (thatis, compounds with the same molecular
formulae but different molecular structures®>®), Translating mass to
structure is an ongoing challenge and remains a limitation for truly
linking compounds to sources®*"**, However, it is readily apparent
that there is a fantastic repository of molecular-level wealth in DOM
that can be harnessed using (U)HRMS techniques to link DOM to the
changing world around us at a resolution never previously feasible.
In this Review we highlight how these approaches can be utilized to
investigate key disturbances on DOM in our aquatic ecosystems cen-
tred on both direct anthropogenic impacts (for example agricultural
expansion, urbanization, wastewaters) and indirect anthropogenically
driven or impacted processes (for example, fire regimes, changing
hydroclimate, climate change). In addition, we examine overlapping
driversand how (U)HRMS analyses may be applied indelineating them,
andwhatis needed in the coming decades to continue to push this field
of research forwards.
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Fig.2|Investigating DOM composition viacommon analytical techniques.

a, Insights into DOM composition highlighting the trade-off between molecular-
level specificity and analytical and data complexity. Both specificity and
complexity increase with coupled online separation techniques (LC-FT-ICR MS)
and tandem mass spectrometry methods (FT-ICR MS/MS). QTOF MS, quadrupole
time-of-flight mass spectrometry; TIMS, trapped ion mobility spectrometry.

b, Characteristic 21 T FT-ICR mass spectrum of aquatic DOM from the kilodalton
scale, showing capture of an m/zrange of 200-1,000 Da, to the sub-millidalton
scale showing commonion patterns and differentiation between ion peaks on
the order of the mass of an electron (0.55 mDa). ¢, van Krevelen diagrams plotting
hydrogen:carbon atomic ratio (H/C) versus the oxygen:carbon atomic ratio (O/C)

foraquatic DOM spectrashowninb. Each pointin the van Krevelen diagram
represents a distinct assigned molecular formula of agiven ion in the mass
spectruminb. The molecular formulae are separated by heteroatom content, for
example, CHO (blue), CHON (orange), CHOS (green) and CHONS (red), and they
are commonly classified into broad compound classes on the basis of criteria**
thatrelate to bulk molecular properties and biogeochemical role?*%%,
Compound classes include condensed aromatic (CA; 0.67 < modified aromaticity
index (Al,,.q), below the solid black line), polyphenolic (PPh; 0.50 < Al,,,,q < 0.67,
between the solid black line and the dashed black line), highly unsaturated and
phenolic (HUP; Al,,,,4 < 0.50, H/C < 1.5, between the dashed black line and the dot-
dashed black line) and aliphatic (ALI; 1.5 < H/C, above the dot-dashed black line).

Land-coverimpacts on dissolved organic matter
The agricultural footprint

Agriculture can have amajorimpact on Earth’sland surface and contin-
ues to be a driver of land-use change and intensification, particularly
in the Global South®~*'. Agriculture leads to a range of disturbances,
including changes in vegetation, soil characteristics and hydrol-
ogy, and anthropogenic inputs such as the addition of nutrients and
pesticides***. Generally, agriculture results in DOM that is indicative
of more microbially derived sources due to the loss of organic-rich
soils and litter layers****. Research from the Mississippi Basin, utiliz-
ing FT-ICR MS for comparing DOM from agricultural versus forested

streams, shows the agricultural streams to be lower in aromaticity and
enrichedinN-and/or S-containing molecular formulae (higher %CHON,
CHOS, CHONS), concurrent withanincreasein molecular formulae with
high H/C (aliphatic enrichment; Fig. 3a)*>*%, FT-ICR MS-derived param-
eters have been shown to behave similarly in sites from Virginia (USA)
inwhich DOM was compared between forest- and pasture-dominated
watersheds*, from southeastern Chinaalong an agricultural gradient of
land use®and fromsites in both the Congo and Amazon Basins that exam-
ined agriculturally impacted and pristine watersheds*°*'. Therefore,
within DOM at the molecular-level, a general response to agricultural
practices, particularly conversion to croplands, is apparent (Fig. 3a)*.

Nature Water


http://www.nature.com/natwater

Review article

https://doi.org/10.1038/s44221-026-00682-1

Table 1| Commonly used terminology and descriptions in (UYHRMS data analysis

Terminology Description Relevant
references
Relative abundance/intensity The peak height (signal intensity) of a given ion compared with the total ion intensity within a mass 111,224,225
spectrum
Molecular formulae The formulae (C.H,O,N,SP,) assigned to detected ion peaks in a mass spectrum within a specified 216,226,227
tolerance of error between the measured and theoretical mass
Heteroatomic content The relative proportion of atoms other than carbon and hydrogen in a molecular formula. These are 50,59,228

typically denoted using oxygen-only (CHO), oxygen and nitrogen (CHON), oxygen and sulfur (CHOS)
and oxygen, nitrogen and sulfur (CHONS) (Fig. 2c).

Elemental ratios

The stochiometric ratios of elemental counts determined from a given assigned molecular formula.

31,32,229,230

These typically include O/C, H/C, N/C and S/C (Fig. 2c).

NOSC The nominal oxidation state of carbon represents the average oxidation state of carbon within an 191,231,232
assigned molecular formula:
NOSC = 4 — C+H-20-3N-25+5P—2
c
where zis charge
DBE The double bond equivalent is the sum of the number of double bonds and rings within an assigned 227,233,234
molecular formula:
DBE = 2C+2-H#N+P
2
Alog The modified aromaticity index represents a proxy for the aromatic content of individual molecular 202,233,235
formulae based on the DBE and heteroatom content:
1+C—2 0=5— L (N+P+H)
- 2 2
Almog = C- J0-N-5-P
CRAM Carboxyl-rich alicyclic molecules, whose relative abundance is linked to degradation and stability 199,236,237
10S Island of stability, which represents 361 molecular formulae experimentally linked to old “C ages and is 33,166,238
used as a proxy for environmental stability in a range of aquatic settings
Chemical diversity/chemodiversity ~ An examination of the richness, evenness and diversity of molecular-level data as linked to commonly 37,239-241
used ecological statistical approaches
Compound classes Molecular formulae binned into discrete groups on the basis of elemental stoichiometry and Al .4 in an 242-244

effort to quantitatively upscale to the ecosystem level (Fig. 2c).

Parameters are first determined for individual mass spectra peaks and then can be averaged across all molecular formulae (number-averaged or based on relative abundance) in a given

sample and across datasets as a bulk value.

Atthelevel of individual molecular formulae, FT-ICR MS has been
utilized to directly link agriculturalland cover to DOM molecular signa-
turesinboth tropical*”***' and temperate watersheds*®. For example,
in small Amazonian watersheds, specific molecular formulae were
either consistently enriched in areas with cropland cover or forest
cover, highlighting a dynamic response to changes in land cover at
the molecular level*®. A similar pattern was observed in small Congo
and Mississippi watersheds with shifts in thousands of molecular
formulae linked to agricultural lands, and the linking of changes in
land-cover data obtained via remote sensing to the molecular-level
composition of DOM***35!, Notably for both the Amazon and Missis-
sippi studies, with the examination of unique molecular formulae
found only in agricultural watersheds, similarities with respect to
stream DOM were readily apparent*®. In the Mississippi study, the
unique molecular formulae associated with agricultural DOM were
all highly unsaturated and phenolic CHON and polyphenolic CHON
(Fig. 3a), which is the same classification as the unique molecular
formulae observed in the Amazonian agriculturally impacted sites*®*°.
These highly unsaturated and phenolic CHON formulae are probably
derived from microbially processed organic matter sources in soils*,
reflecting the impacts of agricultural practices onlegacy soil surface
layers*>***, and can provide unique tracers of agricultural DOM into
receiving aquatic ecosystems. Thus, the utilization of (U)HRMS as a
non-targeted approach provides a unique tool in these studies for
tracing agricultural impacts into the DOM pool downstream. The
myriad of different types and management practices with respect
to agriculture, as well as heterogeneity in soils and climate regions,
provides fertile ground for future studies seeking to link land-cover
impacts to DOM composition at the molecular level.

The urban footprint
Waters in urban settings integrate DOM from many sources®*. Urban
DOM includes mixtures of individual chemicals derived from urban
stormwater, industrial waste or wastewater effluent (for example, phar-
maceuticals, per-and polyfluoroalkyl substances (PFAS), pesticides and
tyre-derived contaminants)® ¥, DOM may also be derived from plas-
tics, andis highly variable in molecular composition depending on the
type of plastic®®. In addition, urban water bodies with excess nutrients
that originate from anthropogenic sources are prone to algal blooms,
which may also contribute to DOM that is autochthonous in nature>°,
As aresult of integrating many sources of DOM, the composition
of DOMinurban waters canvary widely across different locations and
evenwithin the same watershed®"*2. However, several common features
have been revealed from the (U)HRMS analysis of DOM from urban
lakes, rivers and stormwater around the world (Fig. 3b). When com-
pared with samples from agricultural and forested watersheds, DOM
in urban waters have unique molecular formulae that have low-O/C
formulae (Table 1)®*%*; this translates into pools of DOM that are lower
in oxygenation on average®>®. In addition, urban DOM often has a
higher relative abundance of aliphatic molecular formulae that have
high H/C®***’_ For example, molecular formulae with low O/C and
high H/C were highly correlated with population density for lakes in
China® and were uniquely detected in urban watersheds compared
with agricultural and forested watersheds in the USA®*. Furthermore,
DOMinurban-impacted water bodies and receiving downstream envi-
ronments typically has a higher relative abundance of formulae with
heteroatoms, particularly sulfur (for example, CHOS and CHONS;
Fig. 3b)®¢%%%%° (U)HRMS analysis often excludes elements, such as
halogens, that are common in many organic contaminants and pose
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Fig. 3| vanKrevelen diagrams highlighting the effects of land-cover impacts
onDOM. a-c, vanKrevelen diagrams of H/C vs O/C for anthropogenic inputs and
disturbances that include agricultural DOM (a), urban DOM and algal blooms (b)
and fire-derived DOM from low-intensity (<250 °C) and medium/high-intensity
(=250 °C) burns (c). The grey points denote H/C vs O/C ratios for Suwannee River
fulvicacid (SRFA; the common standard of the International Humic Substances
Society), and the associated stacked bars show the relative heteroatom
distribution (CHO (blue), CHON (orange), CHOS (green) and CHONS (red)) of
aquatic DOM impacted by the associated anthropogenic input/disturbance from
trends reported in the literature. Heteroatom proportions are approximations
representing various study sites, instrumentation, software and post-processing.
The shaded regions highlight the areas of molecular formulae that are commonly
enriched viaanthropogenic inputs and disturbances as reported in the literature
and discussed in the main text. The black lines denote the same compound class
divisions asinFig. 2c.

healthand environmental risks (Table 1)°*7°. Future work that incorpo-
rates less frequently studied heteroatoms including phosphorus and
halogens would be valuable to further differentiate urban DOM from
DOM derived from other systems. For example, studies using (UYHRMS

toinvestigate the role of organic Pin temperate lakes have shown that
many of these phosphorus-containing molecular formulae are cycled
seasonally, probably contributing to the pool of organic phosphorus
during algal blooms”. With respect to halogens, non-targeted (U)
HRMS has recently been utilized toidentify PFAS in DOM mixtures®®’2,

Amongthe potential sources of DOM to urban water, wastewater
effluent is the best characterized using (U)HRMS and has a distinct
DOM molecular-level composition. As with urban waters, wastewater
treatment plantsintegrate DOM from multiple sources, and the result-
ing effluent consists of stable DOM present in drinking water sources,
microbial products generated during biological wastewater treatment,
individual organic contaminants and their transformation products,
and disinfection by-products produced during drinking or wastewater
disinfection”"°, Despite the potential for multiple sources of DOM
and transformation within wastewater treatment plants, municipal
effluent DOM has common signatures and is often characterized by
a high relative abundance of S-containing formulae compared with
other water samples (Fig. 3b)**”". A subset of these molecular formu-
laeis attributed to surfactants, such as linear alkyl benzyl sulfonates,
which ionize readily and can dominate mass spectrainsome cases’””®,
In addition, wastewater DOM contains unique lipid- and protein-like
formulae that are highly saturated®*”’, resulting in DOM that is high in
H/C compared with other DOM sources®*””7%°, The presence of highly
saturated and S-rich molecular formulae (Fig. 3b) in municipal waste-
water effluent is consistent with the identification of similar types of
molecular formulae in many urban water bodies.

Aworldonfire

Wildfires, driven by anthropogenicactivity, areincreasingin frequency
and intensity, and have well-documented effects on water quality
and watershed function®#%, The intensity and severity of fire on the
landscape can impact both the quantity and quality of soil organic
matter, with ramifications for the DOM transported into aquatic
ecosystems®®, Studies utilizing (U)HRMS to examine DOM leachate
composition from experimentally heated soils and vegetation have
demonstrated relative nitrogen enrichment and increased aromaticity
at higher heating temperatures (>250 °C) compared with more aliphatic
content at lower heating temperatures (Fig. 3¢)*°°. Nitrogen enrich-
ment and increased aromaticity in DOM have also been reported in
soilsimpacted by high-severity wildfires” % FT-ICR MS-based analysis
of samples fromwatershedsimpacted by high-severity fires have also
shownincreased relative nitrogen, sulfur,and aromatic DOM content
(Fig.3c)®”**. Such observations linking DOM composition to tempera-
ture are well established, as pyrogenic organic matter chemistry is
associated with the generation of polycyclic aromatic compounds at
high temperatures and the release of energy-rich bioavailable com-
pounds at lower temperatures (Fig. 3¢)'**”°*. The relative enrichmentin
N-containing formulae has alsobeen linked through (U)HRMS via mass
difference-based analysis to show that products formed atincreasing
temperatures could be modelled via transformations along the Mail-
lard reaction pathway®.

Wildfire-induced changes in the stream water chemistry alter
DOM reactivity, impacting drinking water treatment, photochemical
degradation and microbial bioavailability®>*®. From (U)HRMS analy-
sis, the composition of fire-impacted DOM is characterized by lower
molecular weight, increased aromaticity, increased oxidation and
enriched nitrogen functionality (Fig. 3¢)°*®. This unique composi-
tion of fire-impacted DOM reduces the effectiveness of conventional
water-treatment coagulation and increases the formation potential
of regulated disinfection by-products such as trihalomethanes and
haloacetic acids®. Beyond reactions that impact water treatment,
fire-impacted DOM acts as areactive organic matter pool within aquatic
ecosystems. For example, fire-impacted DOM is susceptible to pho-
tochemical degradation due to its aromatic nature’””®, Furthermore,
fire-impacted DOM may be as bioavailable and even more bioavailable
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than natural DOM"™*?%°, This augmented bioavailability was further
demonstrated in burned subtropical forest soils, where studies showed
that theincreased potential of oxidative enzyme reactions was corre-
lated with a higher nominal oxidation state of carbon (NOSC; Table 1)*°.

Recent studies have also used (U)HRMS to investigate the com-
position of smoke by-products obtained from biomass combustion,
to understand the impacts of deposition on aquatic systems. Fol-
lowing combustion, vegetation that represents different land-cover
end-members, such as pinewood and straw, was found to release a
diverse set of compounds in the water-soluble particulate phase,
including highly oxygenated formulae that can bind with heavy
metals'”, unique N-containing formulae'®* and aromatic formulae
with a high affinity for polycyclic aromatic hydrocarbons'®, Overall,
fire-impacted DOM compositional changes exhibit legacy effects for
decades'™, exacerbating the environmental impact of such DOM on
water quality®5%°,

Climate change impacts on dissolved

organic matter

Global temperature amplification

Projected increasesin global air temperatures and changing precipita-
tion patterns will fundamentally alter feedback between carbon stor-
age, organic matter production and decomposition*'*', Recent
studies have demonstrated utility in coupling (U)HRMS characteriza-
tion with physiochemical variablesin controlled incubations to predict
how DOM properties will respond to warming temperatures. In lake
sediments from subtropical, temperate and subarctic zones, increas-
ing and decreasing (U)HRMS peak intensities from many individual
mass spectrawere used to develop anindicator of compositional-level
environmental response (iCER) of DOM molecular formulae to tem-
perature changes'®. The DOM molecular formulae from lakes in warmer
climates were more sensitive to temperature increases asaromatic and
condensed molecular formulae became depleted with warming,
whereas aliphatic and highly unsaturated molecular formulae tended
to accumulate'®. Similarly, sediment DOM properties from lakes across
Chinadisplayed variable responses to overall organic carbon decom-
positionrates (R¢o,) and temperature sensitivity (Q,,)'°°. Under ambi-
entconditions, chemodiversity increased with Rco,and was associated
with aliphatic molecular formulae. By contrast, temperature sensitiv-
ity decreased with chemodiversity and was more related to aromatic
andlow-O/C molecular formulae, which became more biodegradable
with increasing temperature. These findings indicate that a greater
molecular diversity in the DOM pool provides more biolabile carbon,
whichisless temperature-sensitive than DOM molecular formulae that
are traditionally viewed as more biostable. However, DOM composi-
tional trends are highly dependent on their associations with microbial
communities and preferences for carbon utilization'”. Under warmer
temperatures in subtropical climates, biolabile aliphatic DOM formu-
lae were shown to be more vulnerable to decomposition with nutrient
enrichment than in subarctic climates where the DOM composition
was less responsive and, insome cases, the bulk aromaticity decreased
instead. This highlights the complexity involved with upscaling ampli-
ficationresponses to the ecosystem scale, as carbon sourcing, micro-
bial community structure and nutrient availability allimpact DOM
biolability and stability on short timescales.

Additional studies have also applied (U)HRMS to investigate
the response of similar warming conditions on soil decomposition,
and they reported complementary trends to lake sediments across
various ecozones. Short-term incubations with Alaskan boreal forest
soils demonstrated that warming solubilizes a greater proportion of
condensed aromatic and polyphenolic high-O/C molecular formulae
from surface soils, increasing the overall bulk aromaticity of the soil
solution'®, Once solubilized, this DOM pool is highly mobile during
runoff events, potentially impacting connected aquatic systems'%,
and is more susceptible to decomposition over longer timescales.

For example, a 15-year in situ warming experiment of temperate for-
est soils revealed an overall reduction in aromaticity via double bond
equivalentsand NOSC from water-extractable DOM'’, This coincided
with a depletion in polyphenolic molecular formulae while aliphatic
molecular formulae tended to accumulate, which have important
ramifications for the overall soil redox capacity'”. However, trends with
specific DOM compound classes varied between organic and mineral
horizons, indicating that whereas warming may generally increase
overall DOM aromaticity, soil properties and mineral associations will
also dictate the availability of different compound groups.

Extreme events

The importance of storms and other high-discharge events on DOM
export across watersheds has been investigated using (U)HRMS.
These events promote the rapid flushing of terrestrial DOM from the
landscape, with rivers often acting as ‘passive pipes’ for carbon deliv-
ery during the event"?, Across forested river networks, the onset of
high-discharge eventsinitially enriches tributaries in highly aliphatic
and low-O/C molecular formulae from fresh terrestrial litter, but the
composition switches to a greater proportion of aromatic molecular
formulae towards peak discharge, representing the increased con-
nectivity to terrestrial floodplains and soils (Fig. 4a)"""2, Studies from
China have revealed similar trends in eutrophic lakes'”, reservoirs™
and river estuaries™"'* where, compared with low-flow periods, flood
events exported more biostable aromatic DOM formulae, whichwere
more aliphatic and generally enriched in N and S heteroatoms.

Large-scale extreme weather events, such as tropical storms and
hurricanes, directly impact the sourcing and export of aquaticDOMto
inland waters and coastal systems. Anthropogenicincreasesin global
temperatures will probably also increase the occurrence and severity of
extreme storms and deliver greater precipitation to affected areas"’'%°,
Global climate anomalies, such as EINiflo/Southern Oscillation (ENSO),
are also predicted to increase'”"'* and impact precipitation patterns
and river discharge'>., With such increases, (U)HRMS provides an
invaluable tool for tracking the mobilization and export of molecular
signatures during extreme events. These molecular signatures have
been detected in rivers and estuaries using (U)HRMS following hur-
ricanes, and are similar to the typical composition of aromatic DOM
mobilized from the landscape during wet seasons'** ' but represent
amoreintense pulse of mobilization across alarger area. Forinstance,
riverine and estuarine DOM off the coast of Georgia (USA) was enriched
indistinct low-H/C and high-O/C molecular formulae following hurri-
canesand large discharge events (Fig. 4a)'**. These molecular formulae
were probably mobilized from inundated forested wetlands and soils
duetostormsurge and increased precipitation, although the authors
note that the role of these delivery mechanisms s likely to differ with
channel width. Hurricanes canalso contribute DOM to coastal systems
via intense delivery of oceanic rainwater over a short period of time.
A study of Hurricane Irene’s impacts on coastal North Carolina (USA)
revealed that rainwater DOM delivered by the hurricane was more
enrichedinN-containing molecular formulae than rainwater DOM from
a terrestrial squall storm following the event'®. This probably repre-
sented incorporated fresh autochthonous-sourced DOM, which may
amplify organic carbon cycling in coastal systems through enhanced
biodegradation on short timescales.

Kurek et al.”° demonstrated that the Amazon River exports
approximately 10% higher dissolved organic carbon (DOC) fluxes
(26.86 TgC yr™) during a La Nifa year in comparison with a normal
hydrologic year (24.09 TgC yr™), from widespread precipitation and
associated increased floodplain connectivity. For context, thisincrease
isequivalent to an additional Mississippi River’s worth of DOC export
(2.77 TgC yr™) to the Atlantic Ocean. Much of this excess DOC was
compositionally more aromatic and oxygenated, even when compared
withwhatis exported during a hydrologically ‘non-ENSO’ year and rep-
resented amassive flushing event from the landscape. By investigating
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Fig. 4| vanKrevelen diagrams highlighting the effects of climate change-
related impacts on DOM. a,b, van Krevelen diagrams of H/C vs O/C for
anthropogenic disturbances such as storms and high-discharge events (a) and
permafrost thaw (b). The grey points denote H/C vs O/C ratios for SRFA, and the
associated stacked bars show the relative heteroatom distribution (CHO (blue),
CHON (orange), CHOS (green) and CHONS (red)) of aquatic DOM impacted

by the associated anthropogenic input/disturbance from trends reported
intheliterature. Heteroatom proportions are approximations representing
various study sites, instrumentation, software and post-processing. The shaded
regions highlight the areas of molecular formulae that are commonly enriched
viaanthropogenic inputs and disturbances as reported in the literature and
discussed in the main text. The black lines denote the same compound class
divisions asinFig. 2c.

patterns in the relative abundance of individual molecular formulae,
airtemperature and pressure measurements in the Pacific were shown
to predict the molecular-level composition of DOM exported by the

Amazon River into the Atlantic Ocean™°.

The frozen frontier

Frozen reservoirs of water are at the forefront of climate change.
Glaciers and ice sheets store vast quantities of organic matter, and
as they melt they release DOM to downstream ecosystems'"'*, Past
studies of glacier-DOM composition at the molecular level have
emphasized the importance of fossil-fuel-combustion by-product
depositiontoglacier surfaces in specific geographicregions>"*. The
presence of condensed aromatic and S- and N-containing aliphatic
molecular formulae at high abundance are described as indicative
of fossil-fuel-combustion by-products in glacier environments, as
these are prevalent in the water-soluble organic matter derived from
aerosols derived from the incomplete combustion of fossil fuels>*'",
Glacier DOM has also been ascribed to deposition containing more
contemporary sources encompassing material derived from soil and
vegetation, including biomass burning, and autochthonous sources
within the glacier system™*™*°, Recent insights utilizing FT-ICR MS have
highlighted glacier DOM across the globe to be diverse, with >35,000

unique molecular formulae globally in136 glacier outflow rivers across
elevenglacierized regions, driven by regional patterns inatmospheric
deposition and in situ production'". Despite this diversity within gla-
cier DOM, at its core, glacier DOM is compositionally distinct at the
molecular level in comparison with other DOM sources'*'*, This high-
lights the power within (U)HRMS approaches as the molecular richness
enables the examination of both common formulae and those unique
to different regions or sources. Typically, glacier DOM is extremely
relatively enriched inaliphatic and heteroatom-containing molecular
formulae, and has low relative contributions of aromatic molecular
formulae™*"*""*2 This unique composition has been linked to the high
biolability of glacier DOM"***** Thus, ongoing melt of glacier ice and
subsequent terrestrial ecosystem succession have major ramifications
for fuelling downstream ecosystems as abundant glacier-DOM biolabile
energy-rich high-H/C components of the pool are replaced by more
aromatic and biostable components'*>*¢,

Arctic regions are warming faster than anywhere on Earth'”, and
Arctic permafrost soils contain a vast repository of organic matter,
storingalmost twice the carbon held in the atmosphere**'*, The major-
ity of studies utilizing (U)HRMS to investigate permafrost-thaw DOM
have focused on Yedoma (organic-rich Pleistocene-age permafrost
with a highice content) due to the size of the carbon pool it holds and
its susceptibility to thaw° >, DOM from thawing Yedoma is highly
biolabile, linked toits unique molecular-level composition with relative
enrichment in aliphatic molecular formulae (Fig. 4b)%">%* This ali-
phatic enrichmentin molecular formulae alsoincreases with depth for
Yedoma, concurrent with a higher carbon mineralization potential'®.
When compared with other Arctic surface waters, unique molecular
formulae for Yedoma-thaw DOM have been identified via FT-ICR MS
andinclude alarge swathe of higher-H/C (that s, >1.5) CHO-containing
and lower-H/C N-containing molecular formulae*®"*"’, In a study
comparing different permafrost types (tills, diamicton, lacustrine,
peat and Yedoma) clear variabilityin DOM composition was apparent
between the different types, butin comparisonwith active-layer DOM,
permafrost-thaw DOM was generally elevated inaliphatic and lower in
aromatic molecular formulae and less oxygenated in nature™s. In other
studies examining permafrost DOM both within the Arctic® > and on
the Qinghai-Tibet Plateau’**'®, relative enrichment in aliphatic and
heteroatom-containing molecular formulae are indicative of perma-
frostinputs (Fig. 4b). Ultimately, insights from (U)HRMS in conjunction
with predicted Arctic changes have enabled studies to project at the
molecular level what climate change may mean for the export and fate

of riverine DOM to the Arctic Ocean'.

Integrating multifaceted impacts on dissolved
organic matter
In the Anthropocene, a number of impacts do not have a clear singu-
lar driver on DOM composition in aquatic ecosystems. For example,
increased nutrient export fromboth urban and agricultural watersheds
concurrent with elevated temperatures and shifting precipitation pat-
terns have all been linked to algal blooms and eutrophication®°%7",
Despite the different drivers, the response of the DOM pool has been
shown to be similar. Algal signatures for (U)HRMS are dominated by a
highrelative abundance of H/C molecular formulae, often spanning a
broad O/C range and with a relative enrichment in both N-containing
and particularly S-containing formulae (Fig. 3b). Conversely, in many
systems, the browning of waters has been observed in northern lati-
tudes driven by changesinland use, recovery fromacidification and cli-
mate change'® %, Again, the different drivers resultinacommon DOM
compositional response. Browning signatures in DOM examined by (U)
HRMS so far highlight arelative increase in molecular formulae assigned
at higher O/C and low H/C, as would be expected”®'”", but this has not
yet been addressed mechanistically in studies utilizing (UYHRMS.
Eveninthese scenarios withasimilar DOM compositional response
due to a range of drivers at the landscape scale, (U)HRMS provides
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markers for these large-scale impacts. Future studies are required to
examine whether individual drivers can be tied to outcomes in the
DOM pool. As (U)HRMS datasetsincreasein size concurrent with other
relevant measurements, the ability to tease apart confounding and
overlappingdriversincreases, asdemonstrated in studies incorporat-
ing other geochemical tracers, environmental data and/or statistical
approaches”%">"* Naturally, the same rationale improves our ability
to assess multiple separate humanimpacts with defined outcomes on
the DOM pool, particularly through the tracking of molecular formulae
tied to distinct human footprints.

Outlook

Given the immense complexity contained in mass spectra, comple-
mentary and additional techniques have been increasingly applied
to expand the analytical possibilities of (U)HRMS and reveal pools
of DOM that have previously been undetected and uncharacterized.
Although these approaches have mostly beenapplied to natural compo-
nents of DOMinaquatic systems, they will be especially important for
understanding the composition and role of impacted DOM as several
anthropogenic drivers converge on overlapping stoichiometries and
heteroatom content. For instance, DOM from both agricultural and
urban watersheds is often enriched in CHON formulae and occupies
similar low-O/C and high-H/C regionsin van Krevelen space (Fig.3a,b),
whereas DOM originating from medium/high-intensity burns and that
mobilized from peak storm events are similarly condensed and aro-
matic (Figs. 3c and 4a). We review several key developments of the
field and identify opportunities for characterizing anthropogenic
DOM via (U)HRMS.

Opening the analytical window

Solid-phase extraction, which is necessary for desalting samples and
concentrating DOM'”, is typically conducted using styrene divinylben-
zene resin (PPL columns) and methanol for (U)HRMS analysis via ESI,
but several recent modifications have expanded the compositional
range of extractable molecular formulae. These include changes to
the sorbent-to-water or loading mass ratios"®, stepwise elution”” and
various solvent-to-water ratios"® to target DOM based on its reten-
tion and mobility. Such amendments enable the ionization of amuch
greater range of oxygenated species, expanding the coverage of DOM
formulae from nearly all anthropogenic impacts (Figs. 3 and 4). Other
commercial sorbents have been applied to DOM end-members as a
comparison with PPL extraction”*"®!, and identified the affinity of
silica-based resins for high-H/C and N-containing formulae, which can
be useful for further characterizing wastewater inputinto urbanrivers
or the biological lability of permafrost thaw in river networks™. Further-
more, recent advances in coupling chromatographic separation with
(U)HRMS analysis has revealed DOM pools previously unidentified due
toionsuppressionand the chemical complexity of these mixtures's*'%,
These techniques add an extra dimension to DOM spectra by further
separating compounds on the basis of mass and polarity within asingle
sample. Forinstance, many additional aliphatic and low-O/C molecular
formulae from DOM and water-soluble petroleum by-products canbe
separated vialiquid chromatography and characterized with (UYHRMS
to expand the compositional space of the molecular formulae that are
normally ionized via direct injection'.

Additional ionization techniques provide acomplementary tool
for expanding the molecular diversity of anthropogenically impacted
DOM. Routinely, (U)HRMS analysis is performed in negative electro-
spray ionization (ESI-) mode due to the preferential ionization of
aromatic carboxylic acids in DOM extracts and its wide comparability
to both past and contemporary studies?”**'°°, Analysis in positive
electrospray ionization (ESI+) mode yields a large overlap between
both DOM pools and ionizes additional formulae, including a series
of high-H/C and low-0O/C features'"* in addition to organic N and P
not present in ESI-, which have been used to index algal blooms and

permafrost soil DOM”***, Similarly, other ionization modes, including
atmospheric pressure chemical ionization (APCI) and atmospheric
pressure photoionization (APPI), have also been successfully applied
across arange of DOM end-members and revealed similar patterns to
ESI+ (high H/C, low O/C) but withamuch greater relative composition
of N-containing formulae and additional radical ions not produced
via ESP*"*'%_ Paired analysis that uses ESI- for broad comparability
alongside other ionization techniques could be useful for detecting
unique organic signatures within agricultural and urban watersheds,
such as N-enriched compounds from combusted biomass'** or poly-
cyclicaromatic hydrocarbon-associated formulae'®.

Finally, several steps can be taken to expand the analytical window
within routinely collected spectra (that is, PPL column extraction,
ESI-). A large portion of (UYHRMS DOM formulae, which some have
termed ‘dark DOM’, represents tens of thousands of ions that remain
unassigned due to limitations in formula-annotation software and
uncertainty in the assignment of molecular formulae'®"°, On average,
these peaks represent between 14 and 24% of the relative abundancein
DOM formulae within the anthropogenically impacted Yangtze Estu-
ary®. Part of this pool of dark DOM may include the elusive multiply
chargedionsthat are omitted from (U)HRMS ion-peak lists. These ions
occur betweenthe1 Damass spacings of singly charged peaks at lower
ion abundance and may expand the typical mass range of (UYHRMS
spectra to higher m/z (>1,200) and highly oxygenated series'”’. Char-
acterizing these unknown peaks could potentially identify changes to
high-molecular-weight aromatic DOM across soil-burn sequences and
provide insight into organohalogen formation during treatment’®'*®
or PFAS characterization®®.

From mass to structure

One of the perceived disadvantages of (U)HRMS analysis is the lack of
structural information that this data-rich molecular-level analysis pro-
vides. In a given mass spectrum, each highly accurate mass peak is a
mixture of potentially thousands of differentisomers that cannot be
distinguished using mass differences alone. However, coupling (U)HRMS
spectrawith additional techniques that describe the functional groups of
bulk DOM (for example, NMR, XANES (X-ray absorption near-edge struc-
ture)) has become increasingly useful for narrowing the gap between
molecular-level composition and structural analysis of unambiguous
molecular tracers and potential degradation pathways. For instance,
data from (U)HRMS and NMR spectra have been successfully applied
toidentify processed microbial DOM signatures (carboxyl-richalicyclic
molecules; Table 1)?°° and structural components of marine DOM
compared with other water masses®. Furthermore, analysing trendsin
organicSstoichiometry via (U)HRMS spectra with quantified functional
groups derived from XANES spectra have uncovered sulfurization reac-
tionsinimpacted wetlands and enabled the quantification of organic S*.
Additional work has revealed quantitative trends between bulk organic
N content and (U)HRMS CHON trends™®, redox DOM properties*” and
carboxylic acid groups using isotopic labelling”.

Tandem MS techniques have recently demonstrated their utility
for the structural analysis of (U)HRMS DOM spectra, and may be inte-
grated into the pipeline of routine DOM analysis to better distinguish
between anthropogenic signatures overlappingin vanKrevelenspace,
and the fate of these molecular formulae. Collision-induced dissocia-
tion experiments have highlighted differences between water masses
dueto patterns between precursor and fragmentions?*****, and similar
methods have provided strong evidence for degradation pathways that
produce common DOM features over long timescales”. These could be
readily applied to identify potential compounds of concern and their
persistence in anthropogenically impacted DOM mixtures originat-
ing from algal blooms, disinfection and combustion by-products, as
reaction pathways are not always apparent from changes in stoichi-
ometry?”. Additional techniques such as infrared multiple photon dis-
sociation have successfully differentiated commonion peaks between
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forested and anthropogenically impacted rivers due to differencesin
CHOS fragments®, paving the way for non-targeted analysis of other
impacted systems by matching mass differences toaglobal repository
of identified fragments®°.

Standardization and comparability

The ongoing rise in DOM analysis via (UYHRMS has generated far more
data and revealed greater chemical complexity than was previously
attainable, with recent questions on how the DOM community can
best synthesize these findings. Differences in operating protocols,
instrument parameters, ionization methods, software and detectors
(including magnetic field strength) all influence the distribution of
DOM mass spectra. So far, several studies have attempted to assess how
these differencesimpact DOM composition across various instruments
including both Orbitrap and FT-ICR MS**?'°, Generally, instruments
canreasonably differentiate between end-member reference material
with good comparability in saturation and aromaticity; however, there
remain large variations in mass distributions, oxygenation and other
heteroatom content. Other studies have similarly demonstrated the
impact of processing software and formula annotation on DOM com-
position from the same instrument, with robust trends in saturation
and similar variability in oxygenation and heteroatom abundance"*2,
This variationin workflow can complicate the interpretation of anthro-
pogenicsourcing inaquatic systems as well as observing the impact of
climate anomalies over multi-annual time series from different instru-
ment analyses against benchmark measurements.

Several recommendations have been made for best practices,
including using treatment replicates and repeatinjections to optimize
instrument parameters®®, utilizing predefined peak shapes and resolu-
tions from standard reference material to guide specific instrument
parameters™* and assessing the intensity variations and mass accuracy
of BC isotopic peaks and monoisotopic patterns to optimize both the
ionaccumulation time”®and mass accuracy?'®. As suggested viainter-
comparison exercises’’®, we recommend that users routinely analyse
reference materials alongside samples and report these (U)HRMS
spectra with average parameters for each instrument and through
time. Common reference materials from the International Humic
Substances Society, such as Suwannee River fulvic acid (SRFA) and
Suwannee River natural organic matter SRNOM), are widely used and
well-characterized (Figs. 3 and 4), with efforts toimplement standards
for coastal marine end-members®”. Finally, several online databases
have been made available, synthesizing libraries of potential DOM
metabolites, chromatographic properties, molecular transforma-
tions and fragmentation pathways***?'¢22° which will probably assist
with detecting and interpreting anthropogenic signatures in com-
plex DOM mixtures. We strongly recommend the public availability
of raw datasets so that, as new processing tools become available,
legacy datasets can bereanalysed to identify potential anthropogenic
signatures® as they are uncovered in real time. Public availability of
legacy datasets has the potential to develop new tracers for many of
the anthropogenicimpacts discussed here, as it enables the examina-
tionof persistence across different studies. As datasets become larger,
machine learning integration becomes more routine?”>?*, observation
timeframesincrease and new pools of molecular formulae are uncov-
ered, the (U)HRMS community must come together to standardize
cross-comparisons for a consistent understanding of how anthropo-
genic DOM signatures impact our aquatic ecosystems. Ultimately,
(U)HRMS provides an increasingly powerful tool that can be used to
provide environmental and social accountability with respect to the
human footprint on Earth’s water resources in the Anthropocene.
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